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Introduction

| ntroduction

By definition, one nanometer is one billionth of a meter. One nanometer is about aslong as our
fingernail growsin one second. It's asize scale that we can't see with naked eyes but has drawn
tremendous attention to researchers (and also worries to many people). The scientific interest
comes from the fact that reducing the size of a material to the nanometer scale, changes its
physical and chemical intrinsic properties. Also, at the nanometric size, controlling the surface
chemistry is mandatory to ensure stability of the nanostructuresin various environment. At the
nano scale, materials arein ametastabl e state because of the very high surface energy compared
to an object at the micron scale. To obtain such objects, it is necessary to limit the growth of
the nanoobjects and to stabilize them with regards to an evolution in suspension. According to
La Mer's model regarding the particles formation, after the nucleation step, phenomena of
growth happen, first by the diffusion of the monomersin the solution, and then by aging process
due to the high solubility and surface energy of small particlesin solution. In thisfinal step, the
size of particles increases by Oswald ripening (dissolution of the smallest particles and
redeposition of the dissolved species on the surface of larger crystals), by aggregation, by
coal escence/oriented attachments of the nanoobjects (particles rotate in the range of 0.5-1 nm
to make contact with an alignment of atomic lattices and grow together into asingle crystal) or
by diffusion of monomers aong the surface of a nanomaterial to change the shape of the
nanoobject (intraparticle growth). For particular nanoobjects such as nanoclusters, the
formation mechanism is not yet well described. Nanoclusters could be considered as “super
nuclei” since their evolution can lead to the formation of bigger nanoparticles during the
ripening stage or to their redissolution in molecular complexes of low nuclearity.* Nanoclusters
correspond to well-defined molecular structure.?

The choice of ligands is critical for the synthesis of nanoobjects since they play arolein the
shape, stability and dispersion of the nanomaterials. Indeed, ligands have a role in the
nanoparticles colloidal stability as they contribute to minimize the surface energy, in the
regulation of the nanoparticles solubility and in their functionality (e.g. active components
complexation ability). Thus, the choice of the ligand involves several important parameters.
One of them is the chemical composition of the nanoobject surface that must be taken into
account, since the nature and strength of bonding between the ligand and the surface is strongly
correlated to the type of nanomaterials (oxide, sulfide, metal). The strength of the ligand binding
drives the colloidal stability of the nanomaterials during the growth step. The ligand must be
sufficiently complexing to lower the surface energy and prevent the formation of larger particles
but not too complexing to preserve the metal core at the detriment of redissolution into
monometallic molecular species.® It is in this context that N-heterocyclic carbenes (NHCs) 4,
carbon-based organic molecules, are being increasingly used as ligand. In molecular chemistry,
they have been widely employed as ligands for various transition metal complexes over the last
two decades. Indeed, they form stable metal-ligand bonds which resist harsh conditions. For
anti-cancer therapy, Au-NHC complexes have been explored aiming at better chemotherapeutic
index in terms of increased bioavailability and fewer side effects than their platinum
counterparts. A report by Bertrand et al. showed the antiproliferative effects of caffeine based
NHC Au(l) complex, [Au(caffein-2-ylidene)2] [BF4]. ® The complex appeared to be poorly toxic
on non-cancerous human embryonic kidney cellsin vitro. NHCs are thus promising ligands for
the stabilization of stable gold and silver sulfide nanomaterials of interest. Regarding materials
1
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science,®’ Weidner et al. reported the synthesis of NHC-based Self-Assembled Monolayers
(SAMS) on solid gold substrates using 1,3-diethylbenzimidazol-2-ylidene.? Later, Crudden et
al. reported the synthesis of ultra-stable self-assembled monolayers of N-heterocyclic carbenes
on gold.° These SAMs demonstrated considerably greater resistance to heat and chemical
reagents than their thiol-based counterparts. Also, severa teams developed NHC stabilized
AUNCs syntheses. %412 |n our laboratory, Hippolyte et al. reported new syntheses of N-
heterocyclic carbene-stabilized gold nanoparticles in different ways. The team was able to
obtain stable nanoparticles synthesized from a separate gold source, an imidazolium salt and
sodium borohydride or from an NHC-borane and a gold source.*314

Thisthesis describes the use of NHCs as ligands to stabilize gold nanoclusters and silver sulfide
nanostructures. In 2018, when | started this thesis, the main goal was the synthesis of NHC
stabilized gold nanoclusters under the supervision of Pr. Corinne Chanéac and Dr. Frangois
Ribot at LCMCP (Laboratoire de Chimie de la Matiére Condensée de Paris) and nothing had
been reported yet on this topic. During the course of the thesis, first NHC capped gold
nanocl usters syntheses were reported by Narouz et al.*>® and by Shen et al.1” 8, These teams
were able to obtain nanoclusters through ligand exchange®® or by the reduction of gold-NHC
complexes. The commonly used separation method of the nanocluster was through
crystallization followed by Single-crystal X-ray Diffraction analysis done by Pr. Hannu
Hakkinen. Then, the properties of the nanoclustersthat crystallized were further studied. In this
case, we did not have an insight of the suspensions complete composition after synthesis since
only speciesthat crystallize are clearly identified. In this context, we decided to conduct a study
on the kinetics of the nanocluster formation and their stability over time. We aim at having a
better understanding of the formation of all species according to the synthesis parameters
(choice of precursor, solvent, time, etc.). For this purpose, we developed an analysis method
mainly based on mass spectrometry, and a homemade data software to be able to characterize
the suspension with its diversity of molecular clustersincluding high mass species. This part of
the thesis was developed in collaboration with Denis Lesage from IPCM (Institut Parisien de
Chimie Moléculaire) laboratory. With this approach, we were able to analyze the composition
of complex mixtures of nanoclusters, and demonstrate the very large diversity of species with
different nuclearities and chemical compositions. The effect of the ligands on the formation of
gold nanoclusters was studied by varying both NHC ligands and gold precursors, highlighting
the competition between phosphine and NHC ligands in nanoclusters structure regarding
nuclearity and chemical composition. We aso extended the study to another type of particles
of interest, silver sulfide nanoparticles using NHCsligands. In this part of the work, we focused
on the synthesis of silver sulfide nanoparticles, dispersible in water, and emitting in a precise
window of the infrared for future applicationsin in vivo imaging and nanothermometry.

The manuscript consists in an introductive first chapter, then four experimental chapters, a
conclusion and appendix.

The first chapter is a general introduction on gold nanoclusters. We described the chemistry
and reactivity particular to gold nanoclusters. Then, usual phosphine and thiolate protected gold
nanoclusters synthesis were outlined. Finally, we made a state of the art on NHCs and the NHC
stabilized gold nanoclusters syntheses, which were reported during the course of thisthesis.

The second chapter focus on the characterization and optical properties of gold nanoclusters.
We discussed the most relevant technics for nanocluster characterization such as UV-Vis

2
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spectroscopy, X-Ray Diffraction spectroscopy and finally the technic that we had retained, the
Mass Spectrometry (MS). The various mass spectrometry devices that we used were presented.
More specifically, we presented the methodology that we developed for mass spectrometry
analysis of complex gold nanoclusters mixtures.

The third chapter is related to the development of gold nanoclusters synthesis stabilized by
phosphine and NHCs. This synthesis uses AuCIPPhs as gold source, different imidazolium salt
as NHC precursors and sodium borohydride, as both base and reducing agent. The aim of this
study was to understand the behavior of NHC ligands when it isin competition with phosphine
ligands. Also, the composition of the nanoclusters and their stability toward aging was studied
thanks to mass spectrometry analysis among other techniques.

The fourth chapter present the synthesis of NHC capped gold nanoclusters. HAuUCl4.3H20 was
used with variousimidazolium salt, NaH as a base and sodium borohydride as areducing agent.
We studied the composition of the nanoclusters in the mixture, their stability is correlated to
the type of ligands and the reaction conditions that favors the formation of gold nanoclusters
over gold complexes, such as[Au(NHC)2]*, or gold nanoparticles are identified.

The fifth and last chapter describe the synthesis and characterization of silver sulfide
nanoparticles stabilized by NHCs. A water soluble PEGylated imidazolium salt was
synthesized and used to crystallize Ag=S NPs through conventional and microwave heating.
The morphology and composition of the particles were studied. We also got interested in the
photoluminescence properties of some of NHC-AQ:S particles. The goa being to synthesize
NPs emitting in the NIR-11 window.

Finaly, we concluded this work by summarizing the results obtained in this work and by
presenting the future prospects for these projects.
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State of the art on gold nanoclusters

PART | - NHC STABILIZED GOLD NANOCLUSTERS:
A STUDY ON SYNTHESISAND
CHARACTERIZATION

Chapter |: State of theart on gold nanoclusters
|.A. Chemistry and reactivity of gold nanoclusters

Gold metal was chosen in this study for its very interesting photo-physical properties.
Although bulk gold metal is considered to be chemically inert, researches have shown that this
statement is not true for gold in its nanometric form.

Nanoparticles

NP TR W ETTT B EETTITAR.

'_'_' 1 nm 10 nm 100 nm 1um
Bulk metal

Molecular
complexes

Figure 1-1: Sze relationship between individual molecules, nanoclusters, nanoparticles and
bulk material

At a nanometric size, gold exhibits various characteristic properties depending on the particle
size (among other parameters). Two types of nanometric objects can be distinguished:
- Small particles referred to as gold nanoparticles which size varies between two to
hundreds of nanometers.
- Ultrasmall particles referred to as gold nanoclusters which size varies between 1 to
about 2 nm.!
However, the size is not the only parameter taken into account to completely differentiate gold
nanoclusters and gold nanoparticles (Figurel-1). Asitiswell known, gold nanoparticles exhibit
alocalized surface plasmon resonance (L SPR) due to collective oscillation of the free electrons
upon excitation (it causes a characteristic enhancement of the local field around the
nanoparticle). The resonance frequency of the oscillations depends on the dielectric properties
of the metal, the surrounding media (Figure I-2) and a so the shape and size of the nanoparticles.
For example, spherical gold nanoparticles usually exhibit a characteristic plasmon absorption
band in UV-Visible spectroscopy in the range of 500-600 nm.>® The suspensions are also
usually characterized by their red color.
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Figurel-2: [A] Schematic diagram of electron charge displacement in metallic nanoparticles. [ B UV—

visible absorbance spectra of polyelectrolyte functionalized AuNPs conjugated with different

biomolecules.?

When it comes to gold nanoclusters, plasmonic behaviors are not observed. However discrete
energy level transitions do occur. It is said that gold nanoclusters have a “molecular like”
behavior. They are the link between atoms and nanoparticles. These precise gold nanoclusters
properties will be developed in chapter 11. Although gold nanoclusters and gold nanoparticles
are made of the same metal and both at the nanometric scale, their structural organization are
different. While the structural organization for al gold nanoparticles is similar to the one in
gold metal with a periodical organization of the atoms, gold nanoclusters that are composed of
smaller number of atoms in the metallic core, present a molecular organization which depends
on the nuclearity. For example, Auis and Auzxs nanoclusters have a different structural
organization (Figure -3 and Figure I-4). Indeed, Auzs nanoclusters core is usualy composed
of icosahedral Auiscore and an exterior shell composed of Auz- Ligands motifs (Figure 1-3).4

Figure I-3 Crystal structure of a Auzs(SR)1s (R = phenylethyl group):[A] the icosahedral Auis
core;, [B]) the Auis core plus the exterior 12 Au atoms,; [C] the whole Auzs nanocluster
protected by 18 thiolate ligands (Au = magenta; S= yellow).*

Regarding gold nanoclusters, there is a number of atoms that can be exactly counted and their
properties are sensitive to their precise atomic composition. In the < 2 nm size range, the
nanoclusters are composed of countable number of atoms (consisting of five to hundreds of
gold atoms) and their properties are extremely sensitive to their exact atomic composition:
adding or removing gold atoms significantly changes the structure and then the electronic and
optica properties of the nanoclusters. ® Gold nanoclusters exhibit many unique properties such

10
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as luminescence,®"8 catalytic activity,® chirality’® and magnetism'!. These properties make
them attractive for a wide range of applications such as chemical sensing,*? photocatalysis,*3
biological labelling,'* etc.

For example, in 2009 Muhammed et al., reported the synthesis of Auzz, Auzs and Auss
glutathione capped gold nanoclusters.’* The nanoclusters were obtained by etching of Auzs
glutathione protected nanoclusters. Different properties were observed with Auzz and Auzs
being highly water soluble and fluorescent with quantum yields of 2.5 and 1.3%, respectively.
By contrast, Auss hanocluster was only soluble in organic solvents and less fluorescent, with a
guantum yield of 0.1%. Among the synthesized nanoclusters, Auzs exhibited interesting
biological components detection properties. Indeed, quenching of Auzs fluorescence in the
presence of Cu?* ions in biological media happened and thus it showed potential use as Cu?*
Sensor.

Another interesting example for the use of gold nanoclusters is the reversible switching of
magnetism in thiolate protected Auzs nanoclusters reported by Zhu et al.** The team showed
that the paramagnetism is reversibly switchable by controlling the charge state of the
nanoclusters.!' The magnetic properties of the nanoclusters were evaluated with electron
paramagnetic resonance (EPR) spectroscopy. The EPR signa disappeared after the
[ Auzs(SR)18]° nanocl usters were treated with NaBHa to produce the anionic form [Auzs(SR)1s] .
When [Auzs(SR)18]” nanoclusters were treated again with H20z, the EPR signal was recovered.
Therefore, the paramagnetism in the Auzs nanocluster can be switched on or off simply by
controlling the charge state. The obtained results showed the interest of gold nanoclusters as
paramagnetic probes.

Also, regarding their catalytic properties, the most active nano-gold catalysts have been shown
to be around 1 to 3 nmin size.'® Indeed, the high catalytic activity of these smaller nanoclusters
is generally attributed to two main effects: scalable effects and quantum confinement effects. !t
The decrease of the particle size in nanoclusters leads to an increased surface-to-volume ratio
which results into a higher ratio of low-coordinated surface atoms. These surface atoms
arrangements allow for better breakage and making of bondsin catalytic cycles. Lavenn et al.,'®
reported in 2015, the deposition of Auzs(SPh-pNH2)17 nanoclusters (gold particles average
diameter of 0.9 + 0.2 nm and gold loading of 1.07 wt%) on mesoporous silica SBA-15. This
catalyst has been used in the oxidation of benzyl acohol. Comparison for the oxidative
dehydrogenation of benzyl alcohol with other standard catalysts such as Au@TiO2-WGC (gold
particles average diameter of 3.5 £ 1.5 nm and gold loading of 1.5 wt%) was performed. A
value of 50% conversion of the alcohol after 20 h for catalyst Au@TiO2 was obtained when for
Auzs(SPh-pNH2)17@SBA-15 catalyst (calcinated at 400°C), 50% conversion of the acohol
after only 45 min was obtained.® Also, Auzs(SPh-pNH2)17@SBA-15 has agood selectivity for
benzaldehyde at half conversion. Although, it was reported that the presence of ligands
prevented oxygen dissociation and was an obstacle to aerobic dehydrogenation of benzyl
alcohol, calcination of the catalyst did increase the catalytic activity. The size of the particle
went from 0.9 to 1.8 nm (limited size growth) and a maximum of activity was observed at a
calcination temperature of 400 °C corresponding to complete loss of the ligands. This example
shows how the use of gold nanoclusters in catalysis can be very promising because of high
activity but also for better understanding of the cluster size influence on the catalytic activity.
There are various examples of the use of gold nanoclusters for different applications and other
exampleswill be developed later in this chapter. Indeed, studies of gold nanoclusters properties
stabilized with diverse ligands have been reported.

The synthesis of metal nanoclusters usually relies on the reduction of ametal salt in the presence
of protecting ligands. Severa experimental parameters affect the type of nanoclusters obtai ned:
the nature and concentration of the reducing agent, the solvent, the reaction temperature, the
reaction time, the nature and concentration of the ligand. Indeed, some ligands have received

11



State of the art on gold nanoclusters

particular attention in the aim of obtaining stable gold nanoclusters. First studies on gold
nanoclusters in the 70s were about phosphine protected gold nanoclusters,*”® followed by
thiolate, selenolate or acetylene protected gold nanoclusters.'®2%2 More recently anew type of
ligands for gold nanoclusters synthesis drew particular attention: N-heterocyclic carbenes
(NHCs). Our focus will bein the next part on the synthesis of gold nanoclusters obtained using
the main ligands used in literature, phosphines and thiolates then we will describe the synthesis
of NHC capped gold nanoclusters.

|.B. Synthesis of usual gold nanoclusters
|.B.1. Phosphine protected gold nanoclusters

Phosphine ligands exhibit two characters, they are both ¢ donors and n back-donors,
The single electron pair of the phosphorus is responsible of the ¢ donation towards empty
orbitals of the metals. The n-back-donation occurs from filled metal orbitals to empty orbitals
of the phosphorus ligands. According to literature, & back-donation occurs from the d orbitals
of the metals into the o* orbitals of the phosphorus ligand.?> The electronic parameters of
phosphines ligands have been investigated by various methods. One of the known procedure
determines the el ectronic changes at the metal center of phosphorus and non-phosphorus mixed
ligand complexes, depending on the nature of the phosphine ligands, by IR and NMR
spectroscopies.?®2*For mixed carbonyl phosphine complexes, the carbonyl stretching IR
frequencies are useful when we want to compare the electronic parameters of various
phosphines ligands toward a given metal. For example, the electronic properties of the ligands
can be determined by comparison of the IR stretching frequency of the carbonyl ligandsin trans
RhCI(CO)L2) with L being a diphenyl-substituted phosphinite ligand and a monodentate
phosphorus amidite ligand.? Based on these considerations, Tolman has described an el ectronic
parameter to determine electron donor-acceptor properties for various phosphine ligands in
coordinated metallic complex NiL(CO)s (L = ligand) using P(t-Bu)s as phosphine reference
ligand. The electronic parameter is obtained through differences in the IR frequencies of the
symmetric CO stretching (Vo). From these veo values, it was concluded that the more a
phosphine ligand is electron donor, the more the vco frequency decreases. In contrary, the more
a phosphine ligand is el ectron withdrawing, the more the vco frequency increases. Phosphines
being two electron donors that engage alone pair for binding to metals and thus considered as
good o—donors, the phosphines with the lower veo should be better ligands according to
Tolman’s parameter. As an example, the value for PPhzis 2068.9 cm™ when for PFsitis2110.8
cm®. It means that according to Tolman’s parameter PPhs are better ligands than PF3. When
comparing the values for 70 monodentate phosphorus ligands, it was shown that PPhs isavery
good ligand for metal binding.?

The bulkiness of the ligand must also be taken into account. The most often used parameter to
measure the steric bulk of a phosphine ligand in a metal complex, is the Tolman’s 6 parameter.
This parameter was introduced to reveal the ability of phosphorus ligands to compete the
coordination positions on Ni(0) that could not be explained in terms of their electronic
character. The steric parameter 6 for symmetric ligands (all three substituents are the same) is
the apex angle of acylindrical cone, from the center of the P atom, which includes the van der
Waalsradii of the outermost atoms of the ligand at the perimeter of the cone. If thereareinternal
degrees of freedom, the substituents are folded back to give a minimum cone. For
unsymmetrical ligands, the parameter can be calculated by using a model to minimize the sum
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of half-angles given by: 0 = (2/3) > 6i/2. However, studies showed that ligands rarely form a
perfect cone. An analysisof crystal structures has shown that the anglesrealized in the structure
are smaller than the 0 predicted values using this model.?” Determining the electron donor
properties and the bulkiness of the phosphine ligands towards metals could help at a better
understanding of the variation of stability and structure of gold nanoclusters depending on the
type of phosphine ligand.

Nowadays, there are high performances computer models that simultaneously evaluate steric
hindrance and electronics parameters. They provide ligands tables that allow predictive
replacement of phosphines by others type of phosphines. It is useful for applications such as
the optimization of catalytic activity for example.?®

As we have just seen, phosphines ligands can be considered as morphology and properties
directing agents for metal complexes, thus there is an interest in using them to synthesize
AUNCs. Moreover, the strong gold-P interactions compared to previously used ligands such as
citrates increase the attractivity for this ligand. PPhs is one of the most used phosphine due to
its strong sigma donor ability (see previous paragraph) and due to its easy synthesis. An
example of PPhs capped AUNCs of interest are PPhs protected Auii NCs. It’s one of the smallest
gold nanocluster having at least one gold atom surrounded by a neighboring metal atom.?
Furthermore, the phosphine to ligand ratio on the surface of the AUNCs can be controlled to
understand the effect of different bonding types between ligands and the gold surface defined
in Green’s covalent bond classification.*

Thefirst examples of phosphines protected gold nanoclusters can be attributed to Naldini et al.
in 1966.3' This team reported that they obtained 1,2-bisdiphenylphosphine-ethan (DPE)
protected Aus nanoclusters (Aus(DPE)2Cl2). It was characterized by infrared spectroscopy.
Anion exchange with low nucleophilic character such as perchlorate, hexafluorophosphate, and
tetraphenylborate indicated that the two chlorine atoms are not equivalent in the structure. They
compared the obtained band at 288 cm™ for ([ Aus(DPE)2Cl]PFs with the chlorine to metal band
of CIAu(DPE)AUCI, the precursor metallic complex, at 325 cm, and concluded that the band
shift to lower wavelength, was due to a bridging chloride in the Aus cluster. Few years later,
Au11(PPhs)7(SCN)3 was synthesized and reported by the same team.®? The structure was
resolved by X-ray diffraction studies. A large number of phosphine protected gold nanoclusters
with different gold atom number, were later isolated and characterized. Also computationally
modelling using DFT (Density functional theory) were done to predict energetically stable
structures.

Concerning their structures, many phosphine protected gold nanoclusters are based on a
centered icosahedral Auis metal core (Figure 1-4) which is capped by the ligands. For the
nanoclusters containing more than 13 gold atoms, most of them follow this growth pattern: the
Auis icosahedron serves as a primary building block, which undergoes further growth by
sharing acommon Au vertex with other Auis unitsto form polyicosahedral supraclusters, 333435
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Figure |-4: Icosahedral Auiz of PPhs (dppm = Ph2PCH2PPh2) capped gold nanoclusters (view
without ligands (a), schematic view with ligands (b), X-ray crystal structure (c)) 33343

However, phosphine protected gold nanoclusters present alow stability. For example, study of
their suspensions over time unveils their tendency to undergo photodegradation under ambient
conditions. This problem limits their use in regards to industrial applications. To overcome
these issues, researchers decided to use thiolates as protecting ligands, since a strong gold-
thiolate interactions had been discovered in self-assembled monolayers (SAMS) of thiolates on
bulk gold surfaces during the late 1980s by Nuzzo and Allara.>

@=Au [
— :’
—— /
\
p

_/

~~
dppm = P P

Thus, two strategies have been devel oped to increase the gold nanoclusters stability:

- Having amix of thiolates and phosphines in the gold nanoclusters structure,
- Using 100% of thiolates ligands.

|.B.2. Thiolate protected gold nanoclusters

First of al, thiolates and phosphine ligands do not only have different bonding energy to gold.
Indeed, phosphines ligands prefer to bind to the top sites of gold atoms while thiolates
typically tend to bridge two gold atoms in nanocluster structures. Thiolate capped AUNCs

B[(RS);AU,] + Au;; — Auy(RS)q

Figurel-5 “Staple” motif: structure of Auzs(RS)1s nanocluster consisting of anicosahedral Auis
core protected by 6 RS—Au—RS—Au—RS unit.>’

form linear RS-Au-SR and RS-Au-SR-Au-SR bonding motif called « staple motifs » (Figure
1-5).3" Indeed, Jadzinsky et al. succeeded in crystallizing Aui02(SR)44 clusters and found that
al 44 thiolate groups formed linear RS-Au-SR motifs on the nanocluster surface, which they
termed the “staple” motif.%®
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This statement can be observed in several nanocluster structures such as in a mixed
phosphine and thiolate-protected [Auzs(PPhs)10(SC2Hs)sCl2]?* (Figure 1-6) nanocluster
synthesized by Shichibu et al. in 2007, obtained by reacting phosphine-capped Aui: clusters
with an excess of ethanethiol. =

Figure -6 . Schematic illustrations of the molecular structures of [ Auzs(PPhs)10(SC2Hs)sCl2] 2*
nanocluster®

The gold core of this cluster can be seen as being composed of two icosahedral Auis
cores joined by sharing a common vertex gold atom.® Gold-thiolate chemistry interest started
in the 1980°s thanks to the researches on SAMs as stated previously. Then, in the 1990’s,
researcherslike Brust et al.** devel oped synthesis of only thiolates capped nanoparticlesand in
2005 the first study determining gold nanoclusters structure.*

In genera, the synthesis of AuNCs is done by bottom-up or top-down approaches
(Figure 1-7). The top-down approach is based on getting the AUNCs from larger materials
(nanoparticles) by reducing the size of the fragments by etching (Figure 1-7, left). Some of the
etching process are ligand induced etching,*? others are temperature induced etching for
example.®® In the bottom-up way, AuUNCs are built by chemical reactions in solution starting
from molecular species (Figure 1-7, right).* These two paths have both distinct advantages and
disadvantages.”® In the top down synthesis path, the addition of ligand or heating make it quite
simple to pursue, however tuning of the reaction conditions to stop the degradation process of
gold nanoparticles to form only gold nanoclusters (and not molecular specie) is difficult.
Bottom-up procedure by chemical reduction method, for example, is one of the simplest
methods used for “one step” preparation of nanoclusters. However various limitations are
associated with reducing agents such as toxicity, high reactivity or poor reducing ability, high
cost and impurities.
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Figure |-7: Synthesis of AUNCs by "top down" and "bottom up" approaches.*

In 1994, Brust et al. reported the synthesis of very small gold particles that he referred to as
gold protected nanoclusters thanks to a two phase’s method using a phase transfer catalyst.*
They were not able to determine the nanocluster formula or structure at that time since only
UV-Vis spectroscopy, TEM, IR and XPS were performed thus the team could not determine if
gold nanoclusters or very small gold nanoparticles were synthesized. It is only in 2005 that the
first mass spectrometry study giving gold nanocluster formulawas reported (from Auioto Ause
thiolate protected nanoclusters).*
Later, Zhu et al. highlighted three main steps for thiolates protected AUNCs synthesis:*°
- Phase transfer of gold precursor (AuCls) from aqueous solution to toluene using
tetraoctylammonium bromide (TOAB) as the phase-transfer reagent
- Au(ll) reduction to Au(l) using thiolate ligand (dodecanethiol named HSR in the
following)
- Au(l) reduction to Au(0) using an aqueous sodium borohydride solution in the presence
of dodecanethiol. The surface reaction with thiolate ligands takes place during metal
nucleation and growth.

The team developed a kinetically controlled one-step method for synthesizing Auzs(SR)1s
isol ated nanoclusters with high purity (Figure 1-8).# To synthesize [ Auzs(SR)1g], they decreased
the temperature to 0°C during the first step of [Au(l):SR] formation and allowed the reaction to
run for 1h after slowing down the stirring. After this time, the stirring was increased to 1000
rpm and then the reducing agent (agueous solution of NaBH4, 10 eq.) was added all at once and
left for 24 hours under stirring. In UV spectroscopy the crude mixture showed optical behavior
related to Auzs(SR)18 NCs without further purification.

The type of AUNCs synthesized depends on the synthetic conditions. As an example, we can
consider the synthesis of Auzs(SR)1s and Aui44(SR)eo, reported by Jin et al. The differences
between these two syntheses are really not significant. Indeed, the stirring speed during the
reduction of Au(lll) into Au(l) isdifferent and there is an additional thermal treatment at 80°C
applied to obtain pure Aui44(SR)s0.*4" Thus, we can see that they were able to carry out the
reactions by controlling the reaction temperature and the aggregation conditions for the [Au(l)-
SR]x intermediates.
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Figure I-8: Synthesis of Auzs(SR)1s nanoclusters reported by Zhu et al .4

In 2009, Wu et al. optimized the synthesis of Auzs(SR)1s nanoclusters. Their approach was
based on one phase size focusing method in THF, improving the purity of the crude mixture,
and the yield of Auzs NCs.*® The reactions conditions are similar to the synthesis performed by
Zhu et al.,*® however the reaction was allowed to further proceed for over 60 hours (aging
process) and not only 24 hours.

The use of ESI mass spectrometry (Figure 1-9), led to the discovery of numerous Au-thiolate
nanoclusters including  Auio(SR)13,%  Auss(SR)24,°  Auss(SR)31,>!  Au02(SR)a*  or
Au144(SR)60.%
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Figure I-9: Isolation and identification of atom-precise glutathionate protected gold nanoclusters

through PAGE separation of Aun(SG)m nanoclusters mixture followed by ES-MS analyses*

The nanoclusters were separated through PAGE (polyacrylamide gel electrophoresis) whichis
an electrophoresis separation technique usually used for proteins that allows separation by
mass. The medium is a polyacrylamide-based discontinuous gel and SDS (sodium dodecy!
sulfate) is used to mask the analytes intrinsic charges. Upon application of a constant electric
field, the proteins migrate towards the anode, each with a different speed, depending on its
mass. Usually for nanoclusters the gels are made in higher concentration (~40%) than the gels
used in protein separations.> Moreover, single crystal X-ray crystallography allowed to find
out the atom packing structures of some of these nanoclusters has been used in several
examples.> The first X-ray crystal structure of athiolate protected nanocluster was of a

17



State of the art on gold nanoclusters

Aui2(p-MBA)as (p-MBA = p-mercaptobenzoic acid) which was reported in 2007 (Figure |-
10).8

Figurel-10: First X-ray crystal structure of the Auio2(p-MBA)44 nanoclusters. Electron density
map (red mesh) and atomic structure (gold atoms depicted as yellow spheres, and p-MBA
shown as framework and with small spheres [sulfur in cyan, carbon in gray, and oxygen in

red]). 38

Thiolates capped AuNCs synthesis methods have been successfully developed and researchers
started to use their interesting properties for application such as catalysis and imaging.

Different factors affect the catalytic behavior of thiolate protected AuUNCs. One of the factors
can be the type of ligands due to electronic and steric effects. For example, shorter aliphatic
chains alow easier penetration of substrates and so facilitate their interaction with gold atoms
enhancing a desired reaction. Also, for aromatic ligands m — 7 stacking between the ligand and
the reagent can improve the catalytic process.>® An example of catalytic reaction using AUNCs
is CO oxidation tested with Auzs(SR)1s (SR = phenylethanethiol) in 2012 by Jin et al.*
Auzs(SR)1s was deposited on different oxides supports (TiOz, CeO2, Fe20z3) to study the support
effect. Supported Auzs(SR)1s catalytic activity was tested in a fixed bed reactor after a
pretreatment step in Oz atmosphere. The reaction was performed at different temperatures,
starting from room temperature up to 160°C. Auzs(SR)1son TiOz support exhibited no activity
and Auzs(SR)1s on Fe2O3 support showed low activity whatever the temperature. In contrast,
Auzs(SR)1s8 on CeO2 support showed 94 % conversion at 80°C and 100% conversion at 100°C.
CeO2 has been known to be one of the best supportsin CO oxidation. In the second part of this
study, Auzs(SR)18/CeO2 is calcined at different temperatures to study the ligand effect. The CO
oxidation on intact Auzs(SR)18/CeO2 does not work (FigureI-11.a). Theincreasein temperature
allows partial or complete dethiolation of the supported NCs depending on temperature value
(Figurel.8b and c¢). Indeed, with theincrease of the partial removal of thethiolate ligands, active
oxygen species on the support interacts with CO near Au accessible sites and then forms CO2
(Figure 1-11.b). This suggests that Auzs(SR)18/CeOz2 interface should be the catalytically active
centers for CO oxidation. When total calcination occurs, other Au sites become accessible, and
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CO and atmospheric Oz bound at the gold/ceria interface and at the NCs surface to form CO2
(Figure 1-11.c).%55" |t appears that the Au nanocl usters do not increase significantly in size even
after the complete removal of thiolate ligands and high-temperature treatment. It probably
means that there is a strong interaction between the gold nanoclusters and CeO: rods to prevent
their agglomeration at high temperatures.
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Figure 1-11 Oxidation mechanism on Auzs(SR)18/CeO2 depending on ligand density.>’

In 2018, Li et al. also studied the catalytic behavior of supported thiolate-protected NCs on
CeO2 for CO oxidation by investigating three series of catalysts, including Auss(SR)24 with
three types of ligands, Auss(SR )24 with four types of ligands, and Auzs(SR”)1s with three types
of ligands.® Doing comparison of the catalytic activity within each series (Auss, Auss, Or Auzs),
it was identified that the steric hindrance of the ligand at the interface between the thiolate, Au,
and CeOz, can be a limiting factor. Indeed, the ligand blocks the CO adsorption onto Au sites
like illustrated in figure I-11.a before heat treatment and thus negatively affects the activation
of CO at the Auzs(SR”)18/CeOz interface. Other important factor isthe AUNCs structure. Indeed,
comparison between Auss and Auss NCs revealed that Auss(SR)24/CeO2 has an optimum
activity in CO oxidation when pretreated at 150 °C, whereas the A uss(SR *)24/CeO2 performance
does not change much with pretreatment temperatures.®

Other non-catalytic applications were found for SR protected AUNCs. Shang et al. reported
DPA-capped AuNCs studied for cell internaization.® The AuNCs had good stability over the
physiologically pH range of 5 to 9. Cell viability upon exposure to DPA capped AuNCs was
examined by a trypan blue exclusion assay and no reduction in viability was apparent after
Incubation even at ahigh concentration. It showsthat they have good biocompatibility potential.
The capability of imaging of DPA capped AuNCs internalized by human cancer (Hela) cells
was tested. Luminescence from the NCsingested by the Hel a cells could easily be seeninside
the cells after incubation of 2 h using confocal microscopy with two-photon excitation.>®

Various others interesting applications have been demonstrated for SR protected AUNCs. This
highlightstheinterest of finding new ligands that can increase the stability of gold nanoclusters,
increasethe diversity of cluster nuclearity, and improvetheir promising propertiesfor extending
the possible applications field. In this way, our group interest focused on the use of NHCs as
privileged stabilizing ligands for AUNCs synthesis. NHCs have been known for many years but
their interest grew in the last decade in material chemistry. They are characterized by their
ability to strongly bind metals and high structure variability. Density functional theory (DFT)
calculations predicted differencesin the Au-NHC bond and the Au-S bond interaction energies:
40to 45 kcal.mol ™ for Au-S%¢1 and 46 to 122 kcal.mol for NHC-Au-L complexes depending
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onthe nature of L (e.g. NHC-Au-H = 46 kcal.mol* / NHC-Au-Br = 67 kcal.mol™%).5> Moreover,
their use as efficient stabilizing ligand for nanoparticles®%* has been reported and the interest
for gold nanoclusters involving NHC has been growing. Indeed, during the thesis, other
researcher’s team also developed NHC protected nanoclusters synthesis pathways. In the next
part of this chapter, we first report the state of the art on NHCs ligands and after the state of the
art on NHC stabilized gold nanoclusters of the three latest years (no synthesis of NHC capped
nanoclusters had been published before).

|.C. NHC protected gold nanoclusters

NHCs have been known for many years in molecular chemistry but their interest grew in the
last decade for material chemistry and more precisely in nanochemistry. Indeed carbenes, were
considered to be very reactive with short living speciesthat could not beisolated. Their isolation
and stabilization were abig turning point in their use in chemistry.

|.C.1. N-heterocyclic carbenes structure

N-heterocyclic carbenes (NHCs) are carbon-based organic molecules that have been
extensively employed for their interesting properties in the past years. Indeed, their ability to
bind any transition metal (in low or high oxidation states) and also other elements (beryllium,
sulfur ...) make them great ligands in organometallic and inorganic coordination chemistry.
Also, they can stabilize and activate metal centers in different catalytic steps of organic
syntheses (C-H activation, C-O bond formation ...).%> NHCs are the most stable aminocarbenes
(in comparison to the more fragile acyclic aminocarbenes).%® For this carbene, the divalent
carbon atom (carbenic carbon) is part of a five atoms ring and linked to at least one nitrogen
atom. NHCs with six- and seven-membered rings have also been reported.®” The sp2 -hybrid
orbital on the “carbenic” carbon is typically described as ¢ orbital and thus NHCs behave like
ac-donor ligands with two available electrons (Figure I-12) .8 They can substitute classical two
electrons donor ligands such as amines or phosphines in metal coordination chemistry. They
are thus highly nucleophilic molecules.

Figure 1-12: Schematic representation of NHC imidazole-2-ylidene and orbitals of the
“carbenic” carbon
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The NHC stability is in part ensured by the bulkiness of the N substituents (-R) on the ring
preventing dimerization, and also by the electronic effects induced by the nitrogen atoms.5°7°
Indeed, there is an overall electronic stabilization by mesomeric interaction between the
nitrogen atoms lone pairs and the empty p orbital of the sp2 hybridized carbenic carbon. The
stabilization energy is approximately 70 kcal.molX.”* The cyclic nature of the NHC also
influence the electrons arrangement of the carbenic carbon because it can contribute to an
additional stabilization of 25 kcal.mol1.%>"™  This explains why NHCs are electron-rich
nucleophilic species, whereas other carbenes, like Fisher carbenes, are generaly more
electrophilic being strong n-acceptors.’

In the early 90’s, Arduengo et al. isolated the first stable N-heterocyclic carbenes, 1,3-di-1-
adamantylimidazol-2-ylidene, thanks to bulky adamantyl substituents on both nitrogen atoms
of the imidazole ring (Scheme 1-1).” The team was also able to carry an analysis of its crystal
structure showing that the adamantyl N substituents added steric hindrance, which contributes
to the kinetic stability. Also, it showed thereis sufficient room at the carbene center for chemical
reaction to take place. It was the real beginning of a special interest for this type of ligands,
particularly in the organometallic chemistry field.
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Scheme |-1 Synthesis of thefirst isolated 1,3-di-1-adamantylimidazol-2-ylidene by Arduengo et
al _73

NHCs are usually prepared from the corresponding "azolium" salts, more stable, by
deprotonation. The most common NHCs, that are quite easy to prepare, are derived from
imidazoline, imidazole, 1,2,4-triazole, and benzimidazole salts, giving respectively imidazolin-
2-ylidene, imidazole-2-ylidene, triazole-2-ylidene, and benzimidazole-2-ylidene (Scheme |-
2.A). NHC precursors can be prepared using several methods. One of the most used synthesis
pathway is carried out by the quaternization of the nitrogen atoms of the imidazole ring by
reaction with primary akyl-/aryl- halides in presence of a strong base (Scheme 1-2.B). With
this procedure, it is possible to introduce two different substituents on the N atoms by reacting
an imidazole with different primary alkyl- /aryl- halides |eading to unsymmetrically substituted
NHCs. The disadvantage is that this method is mainly limited to primary alkyl halides because
secondary and tertiary alkyl halides are subject to unwanted elimination reactions.
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Scheme1-2: [A] Scheme of common NHC structuresimidazolin-2-ylidene, imidazole-2-ylidene,
triazole-2-ylidene, and benzimidazole-2-ylidene. [ B] Synthesis pathway of an imidazolium salt
by quater nization of the nitrogen atoms of the imidazole ring with primary alkyl-/aryl- halides
in presence of a strong base.

The presence of the two N atoms is not requisite to the stability of NHCs. Thus, “abnormal”
NHCs are NHCs with an imidazole ring deprotonated in the C5 position (Scheme 1-3). For
example, NHCs where one of the nitrogen atoms is replaced by other atoms (oxygen giving
oxazol-2-ylidene, sulfur giving thiazol-2-ylidene, carbon giving pyrrolidin-2-ylidene) have
been reported.””™ These change in the structure usually give different electronic properties to
the carbenes and, as potential ligands, it allowsto tune the reactivity of the complexes. Indeed,
the N substituents can be more or less bulky, more or less electron donors or acceptors etc.
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Scheme 1-3 Three examples of "Abnormal” NHC structures where one N atom is replaced by
other atoms.
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|.C.2. NHC-Metals complexes
|.C.2.a. NHC-Metals complexes synthesis

NHCs have been employed as ligands for the formation of transition metal complexes.
Indeed, they form complexes that stay stable under reactions conditions where other would
break down. For example, Bertrand and coworkers reported studies of intermolecular
hydroamination reactions of allenes and alkynes. They showed that a gold catalysts based on
abnormal NHC ligands have amazing thermal stability.”®’” Indeed, the reactions of allene’s
aminations are carried out at temperatures up to 200 °C (165°C in the following example)

(Scheme 1-4).
5mol % A
Et, 5 mol % KB(CgFs)s  Et. =
* H

Et = Et
Dipp’r\I

Au

Cl A

Scheme 1-4: Cationic NHC-gold(l) complex promoting the addition of non-tertiary aminesto a
variety of allenes at (130—165°C) forming allylic amines’s"’

NHCs are able to bind a wide range of metallic and non-metallic species. In fact, examples of
NHC complexes have been reported for al transition metals™ as well as for a large range of
main group elements.” In most metallic complexes, both N sites of the heterocycle can be
linked to different type of R substituents that bring variability in terms of steric and electronic
properties of the NHC ligands. Vaddamanu et al. reported how n-alkyl group can influence the
luminescence properties in the crystalline state of gold(l)-N-heterocyclic carbene (NHC)
complexes.®® Density Functional Theory calculations were carried out for three Au(l)-NHC
complexes using NHC ligands precursors, N-(9- acridinyl)-N’-(n-butyl)-imidazolium chloride
[1], N-(9- acridinyl)-N’-(n-pentyl)-imidazolium chloride [2], and [N- (9-acridinyl)-N’-(n-
hexyl)-imidazolium chloride [3]. The fluorescence decay pattern and fluorescence lifetimes of
gold(I) complexes were largely different from each other’s. In the solid-state, the emission
properties are different (yellow emission for [1], greenish-yellow emission for [2], and blue
emission for [3]).

Transition metal complexes of NHCs are mainly formed using four main synthesis methods:

- Thefirst one consists on the reaction of atransition metal complex with afree carbene that is
generated in situ by imidazolium deprotonation due to instability of free carbenes. An example
of in situ NHC generation is the use of masked carbenes, which wasfirst introduced by Enders
and co-workers.®! They found that the thermal decomposition of a methoxy adduct under
reduced pressure induced the formation of the NHC by elimination of methanol (Scheme-5).8!
Accordingly, masked carbenes have been thermally decomposed in the presence of a metal
source to generate the corresponding NHC metal complexes. This relevant method permits a
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large choice of transition metal complexes as starting material. However, the isolation of the
desired NHC is not always easy and the use of strong bases can sometimes be incompatible
with the carbene’s functional groups or with the desired final complex.

Ph " Ph—\_N
oo T ST 0.1 mibar A e T
§ —N., N— -  C . o N—, 3
e U neat, B0 °C, 16h \—/ L
H OmMa
guant.

Scheme 1-5 Thermal decomposition of methoxy NHC precursor its analogous NHC .8t

- The second oneisthe reaction of atransition metal complex, which has abasic anion, with an
imidazolium salt. This procedure works best if the imidazolium salt contains an anion, such as
chloride or bromide. This is a gentle method to prepare metal complexes but limited to the
imidazolium salt with anions such as chloride or bromide, because if not, this anion has to be
provided by additional inorganic salts in the reaction medium.

- Thethird oneisthe reaction of atransition metal salt with an imidazolium salt in the
presence of aweak base. An equilibrium between the imidazolium salt form and the carbene
(deprotonated form) is established if the reaction is performed with a gentle base (such as
K2COs, NEts, or NaOAc). The equilibrium is shifted towards the carbene by strong
coordination of the NHC ligand to the transition metal. Examples have been reported such as
for the synthesis of [Au(NHC)CI] in Scheme 1-6.828384

[Au(DMS)CI] e \ [Au(THT)CI] [ \
[\e KiCO;  R-NSN-R [\e KOs _ R-NZN-R
R/N Nep ————» R’N N-p ————»
Y o acetone, 60 °C Al Y o) CH,Cl,, RT Au
H cCl 1h-24h | H cCI 1,5h |
Cl Cl
Nolan, 2013 Gimeno, 2013
[Au(THT)CI] [\
'''' ® NBu,(acac) R/N\/N‘R
Y ) CH,Cl,, RT Au
H cl 1h |
Cl
Gimeno, 2016

Scheme -6 Synthesis of [ Au(NHC)CI] complex using the weak base route reported by Nolan
in 20138 and Gimeno in 20132 and 20168

- Thelast oneisatransmetal ation reaction using protected Ag-NHC complexesas NHC transfer
agent to once again avoid the synthesis of free carbenes. Usually, silver complexes are
synthesized by reaction of the corresponding imidazolium salts with silver oxide in the first
reaction step. Then another metallic complex with labile ligands is added to transfer the
NHC 8887 Two examples are given on the scheme I1-7. They illustrate this synthesis way
reported by Lin et al. and Cazin et al. This latter does not use an Ag-NHC complex but a Cu-
NHC complex.888°

24



State of the art on gold nanoclusters

AgBr,y)

A A=
—\ Ag,O | 2 [AWDMS)CI| 2 N, N
———— Ag - =
CH,CL, RT,2h CH,CL, RT, 2 h
" #,0 P -2AgBr, -20MS A
B¢ Br
2 [AWDMS)CI
1AuC 1 e 2 R-NesN-p
CH,G,, 40°C. 20
B8 -1 Au
2CuCl, -20MS
Cl
Cu0
2 R R : - R R
H,0. refhax, 24
" X H,0 Cu
) R R
Cazin and coworkers 2 [PECL(PRCN),) A
- —s N~ C
CH,CL, 40°C. 20 R Pd Pd R
2CuCl Cl Cl Cl

Scheme |-7: [A] Synthesis of [Ag(NHC)2][AgBrz2] and transmetalation on gold center.®’
[ B] Preparation of [ CuNHC)CI] complex and transmetalation on gold and palladium centers.8¢

|.C.2.b. Applications of NHC-Metals complexes

Metal complexes with N-heterocyclic carbene ligands are mostly investigated for their
catalytic properties. For example, the second and third generation of Grubbs catalysts are used
for the olefin metathesis in organic and polymer chemistry.® The initiation rate is increased
more than a million time from the second to the third generation catalyst by replacing the
phosphine ligand with more labile pyridine ligands (Scheme I-8). The main application of fast-
Initiating catalystsis asinitiators for ring opening metathesis polymerization.

»
&
A\

& M\ o, 'r—\_ o,
_Q_.\- N—Q— —Q—-\' —@—
\E*‘:' T 1
=\ =

Y
Cl
Ru 'J N=——Ru >
o’ Ph A
Cl Fh
PCy, X

N
|
=~
X
Second generation catalyst Third generation catalyst

Scheme 1-8 Example of second and third generation Grubbs' catalyst

Regarding other applications, NHCs gave promising results concerning photophysical and
photochemical properties when coordinated to luminescent metal. It was reported that NHC
acts as high field strength ligand, which gives rise to high energy emissions and, consequently,
to ablue shift, which is needed to obtain the desired blue color for organic light emitting diode
(OLED) applications.®® For example, a series of NHC-Iridium complexes were used as adopant
for the fabrication of a'Yellow OLED (Figure I-13).%2
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Figure 1-13 [A] NHC iridium complexes used for the fabrication of yellow OLEDs
(CN)2lr(NHC)- Ir(111):  3-methyl-1-(4-nitrophenyl)benzimidazol-3-ium iodide (L1), 1-(4-
cyanophenyl)-3-methylbenzimidazol-3-ium iodide (L 2), 3-methyl-1-phenylbenzimidazol -3-ium
iodide (L3), 1-(4-methoxyphenyl)-3-methylbenzimidazol-3-ium iodide (L4), 1-(4-
dimethylaminophenyl)-3-methylbenzimidazol-3-ium  iodide  (L5),  5-nitro-3-methyl-1-
phenylbenzimidazol-3-iumiodide (L 6), and 5-dimethylamino-3-methyl-1- phenylbenzimidazol-
3-ium iodide (L7)) and benzo[h]- quinoline as the C/N ligand. [B] Experimental emission
spectra of NHC-iridiumcomplexesIrl (ex = 434 nm), Ir2 (Aex = 437 nm), Ir3 (1ex = 442 nm),
Ir4 (Aex = 444 nm), Ir5 (1ex = 445 nm), Ir6 (Aex = 433 nm), and Ir7 (lex = 444 nm) in
deoxygenated toluene at room temper ature.®?

The cyclometalated iridium(l11) complexes (named [(CAN)2lr(R-NHC)]) were bearing NHC
ligands (derived from 1-phenylbenzimidazole) and benzo[ h]quinolone ligands (named C~N).
All complexesexhibitedw,n* charge transfer (d,d transitions at ca. 440 nm) that originated from
the CAN ligand (Figure 1-13.A) and very weak metal-to-ligand charge transfer and ligand-to-
ligand charge transfer (beyond 500 nm). Also, yellow m,m* metal-to-ligand charge transfer
emission at room temperaturein fluid solutionsis observed. Moreover, all complexes exhibited
long-lived (except Irl and 1r6) and oxygen-sensitive bright yellow luminescence. Generally,
el ectron-withdrawing substituents caused minor blue shifts of the low-energy absorption band
and the emission band, while the electron-donating substituents induced red shifts (Figure |-
13.B). The results were obtained through spectroscopic methods and time-dependent density
functional theory. %2

NHC-Au complexes also received a great interest for their photophysical properties. In 2014,
Gimeno et al. reported the synthesis of luminescent NHC-gold(I) complexes.® Their lifetimes
and high quantum yields make them good candidates for future application as OLEDSs.
However, for OLEDs applications iridium or platinum complexes are generally preferred to
gold complexes, as they possess the best luminescent characteristics so far.%

Metal NHC species have also shown to be good candidates as potential drugs for treating
various biological afflictions and diseases. Some of the first reports on biological activity of
metal NHC complexes were published in the very late 90°s by Durmaz et al., who reported the
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antibacterial properties of ruthenium(l1) and rhodium(l) NHC complexes.®®* The growing
interest in these bioactive NHC drugs is mostly focused on antimicrobial and anticancer
activity. For example, platinum-based organometallic complexes are studied as anticancer
agents especially due to the discovery of the antitumor properties of cisplatin.®* In this context
platinum NHC complexes were also investigated. Wai-Yin Sun et al. reported that platinum
NHC complexes (Figure 1-14.A) exhibits in vivo significant inhibition of tumor growth in the
nude mice model.* The NHC ligands allow great biological stability of the complexes while
the platinum induces an anti-cancerous effect. X-ray crystal structures revealed that the
orientation of the NHC ligand disfavors the approach of two [(C*N~N)Pt'"]+ (where HC N~N
= 6-phenyl-2,2’-bipyridine) planes in close proximity. These mononuclear complexes have
thus a low tendency to aggregate in solutions, maximizing the probability for such NHC-
platinum complexes to enter inside cancerous cells.
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Figure1-14: [A] Representation of NHC platinum complex [ (C"N"N)Pt''(NHC)]* reported by
Cheet al. with high anticancer potential. ® [ B] Cytotoxic compound based on a benzimidazol -
2-ylidene core for anticancer properties against human ovarian cancer cells.%

For anti-cancer therapy, Au-NHC complexes have also been explored aiming at possible better
chemotherapeutic index in terms of increased bioavailability and fewer side effects than their
platinum counterparts. A report by Bertrand et al. showed the antiproliferative effects of
caffeine based NHC Au(l) complex, [Au(caffein-2-ylidene)z2][BF4]. Indeed, caffeine and its
analogues have drawn attention for their possible therapeutic applications as anticancer agents.
Various complexes were tested in vitro on the human ovarian cancer A2780 cell line, its
cisplatin resistant variant (A2780/R), on human ovarian cancer SKOV 3 cells and on the human
lung cancer A549 cell line. Moreover, they also studied the selectivity of the Au-NHC
complexes for cancerous cells compared to healthy cells. Indeed, the gold complexes were
tested on human embryonic kidney HEK-293T cells. One of the complex (Figure 1-14.B),
showed interesting anticancer properties in vitro against the human ovarian cancer cell line
A2780 and its cisplatin resistant variant A2780/R. Furthermore, it appeared to be poorly toxic
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on non-cancerous human embryonic kidney cellsin vitro. It also showed low toxicity in healthy
tissues ex vivo in liver and in kidney slices.%

Aswe have seen, NHCs can be used for many applications in association with transition metals
due to their interesting binding ability and their structure versatility. However, even though
metallic NHC complexes have showed promising results in the biomedical field for example,
gold nanoclusters have intrinsic great properties that make them better candidates for some of
these applications. To name just two of them, their highly fluorescence ability or their possible
magnetic properties (see previous part 1.B).>* In the following part, NHCs will be presented for
their use as stabilizing ligands for the synthesis gold nanoclusters. Very few examples, have yet
been reported but so far the synthesis gave promising results.

|.C.3. NHC stabilized gold nanoclusters synthesis

In the beginning of this thesis in 2018, there was no reported examples of NHC capped gold
nanoclustersin theliterature. However, the stabilization of gold nanoparticles by NHC had been
studied by our team with the development of a synthesis method of stable NHC capped gold
nanoparticles with tunable size.®® The aim at obtaining monodispersity and displaying different
properties led to growing interest on the synthesis of NHC stabilized gold nanoclusters.

The first synthesis of mixed PPhs and NHC capped gold nanoclusters was reported in 2019, at
the end of my PhD first year, by Narouz et al. who performed ligand exchange on a phosphine
protected gold nanocluster. They used [Au11(PPhs)sCl2] Cl in the presence of benzimidazolium
hydrogenocarbonate salts in THF and under reflux (Scheme 1-9). Benzimidazolium
hydrogenocarbonate salts are in equilibrium with NHC<CO2 adducts, which correspond to
masked NHC. This process resulted in the formation of new NHC containing nanoclusters.®’
The number of PPhs exchanged on Auii nanoclusters depends on the NHC structure (Scheme
[-9 (8)), the number of NHC equivalentsrelative to gold (1.2, 5 or 9 equiv.) introduced and the
reaction conditions (addition of water or not).

: '\f b ° 1% [Auy4(PPh,);(NHC)CI]*
F={ HCOy; :[AU4(PPhy),CL]* ——» 3x
NN~ : 2 THF,
R . R i .
T : refluxing, 2h [Auy;(PPh,)(NHC),Cl2]
H . 4x
1a,R="Pr 1b, R =Et : Pure mono-substituted (3) or
1c, R=Me 1d, R =CH.Ph - mixed mono and di(4) NHC

Scheme 1-9: (a) Sructure of NHC precursors (benzimidazolium bearing different R organic
groups, 1x = 1a, 1b, 1c and 1d) employed in the study for ligand exchange. (b) Reaction of
[Au11(PPhs)sCl2] Cl  (2) with corresponding NHC precursors (1x) giving rise to
monosubstituted NHC (3x) and disubstituted NHC (4x) Au11 nanoclusters. ¥

Narouz et al. were able to observe great stability for mixed PPhs and NHC protected gold
nanoclusters, greater than for pure phosphine capped gold nanoclusters. They observed a better
stability of the nanoclusters when only one NHC substitutes one PPhs inside the gold
nanocluster structure. Also, the performance of various clusters in electrocatalytic CO2
reduction was found to correlate with nanoclusters stability. The most stable cluster
(corresponding to nanocluster 3c with R=Me) was also the most activein electrocatalysis. DFT
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studies associated with single crystal X-ray diffraction revealed the structure for mono-
exchanged NHC 3a (R = 'Pr) nanocluster. It confirmed that the most favorable position for the
NHC is P2 (Figure I1-15), in agreement with the as-obtained monosubstituted NHC clusters
([Au11(PPhs)7[NHC]CI2]Cl). However, according to DFT, introduction of NHC onto the
phosphine protected nanocluster was found to be thermodynamically favorable at most sites,
with the exception of phosphine P8. This later position gives an unfavorable reaction energy
change, probably due to steric constraints (Figure I-15).%7
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Figure I-15[A] Labelling of phosphinesin [ Aui1(PPhs)sCl2] Cl and position of NHC
ligand exchanged on structure. [B] DFT-predicted changes in potential energy for
reaction shown for each phosphine.®’

This ligand exchange method allowed the first reported synthesis of mixed PPhs and NHC
capped gold nanoclusters. Shortly after in 2019, the same team reported the synthesis of highly
luminescent NHC protected Auis nanoclusters. They obtained afull NHC capped nanocluster,
namely [Aus(NHC)oCl3]?*, from NHC—Au—Cl complexes, as monomeric precursors, in the
presence of NaBHa acting as reducing agent (yield: 6.6% based on Au). These clusters were
shown to have higher stability than the corresponding phosphine clusters toward heating
treatment (Figure I-16). Moreover, naphthyl-containing nanoclusters were found to emit at 730
nm when excited at 485 nm in fluorescence studies. A quantum yield of 16.0% was obtained,
which is more than twice the best QY previously reported for Auiz nanoclusters (Figure |-
16 .98,99
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Figure I-16: UV—vis spectra of naphthyl-containing Au nanoclusters before and after 20h of heating
in acetonitrile at 70 °C (left) followed by fluorescence characterization of compound (right): in pink,
emission spectrum (with 485nm excitation) and in green, excitation spectrum (monitoring 730nm
emission). *
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The same year, Shen et al. published the synthesis of [Auzs('Pr2-bimy)10Br7]?* (‘Prz-bimy= 1,3
diisopropylbenzimidazolin-2-ylidene). In this case, the team used as gold precursor a mixture
of AuSMexCl and 'Pr2-bimyAuBr, dissolved in ethanol, on which they added a fresh solution
of NaBHa4 in ethanol. The reaction proceeded for 20h to give a brown AuNCs suspension.
According to this team, these NCs displayed ultra-high thermal and air stability in solution,
above all other reported Auzs NCs.1®

Inspired by this synthesis, the same team reported in 2021 the synthesis of Auaa('Pro-
bimy)s(PA)sBrs, which features carbenes (1,3-diisopropylbenzimidazolin-2-ylidene, 'Pra-
bimy), alkynyls (phenylacetylide, PA), and halides (Br).1°* They observed that when used as
catalyst, this AUNC displays different reactivity toward different substrates. For example, it is
highly efficient in hydration of aromatic alkynes, especially those bearing electron-donating
groups, while it is practically inactive towards aiphatic akynes. Failure of the hydration
activity for aliphatic alkynes can be explained by the fact that they cannot be exchanged onto
the surface of Auaa('Pr2-bimy)s(PA)sBrs.

For all these reported AUNCs involving carbenes as ligand, there are few similarities in the
reaction conditions. Indeed, the syntheses are performed using gold-NHC complexes and
sodium borohydride as a strong reducing agent.

As we can see the interest on NHC protected AUNCs is growing with interesting very recent
publicationson their stability and properties. Theliterature on NHC protected gold nanoclusters
shows that their synthesisis based on the reduction of NHC-gold complexes. Mixtures of gold
nanoclusters are usually obtained with both nuclearity and number of ligands varying among
the species. Accordingly, characterizations are mostly done on crystallized gold nanoclusters
(mass spectrometry or XDR). Indeed, there are several nanoclusters structures synthesized at
the same time and crystallization, using empirical process, is the only purification process
which has been reported so far for NHC protected AuNCs. In addition, the reaction yields are
usually low (around 20%)*® and no strategy to improve them was reported.

Our team did adopt another strategy based on the use of imidazolium salt, gold complexes and
a reducing agent. Mass spectrometry of the nanoclusters mixtures was performed to follow
aging of the suspension in order to study the kinetic of formation and the stability of the various
obtained species. In the following study, NHCs are used as stabilizing ligands for the synthesis
gold nanoclusters in Chapter I11 and IV and we will mainly focus our attention exclusively on
imidazole-2-ylidenes and benzimidazol e-2-ylidenesthat are the most widely used NHC ligands.
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|.D. Conclusion

To conclude, in this first chapter we reviewed the chemistry and reactivity of gold
nanoclusters and the different gold nanoclusters synthesis that have been reported in the
literature stabilized by various types of ligands, such as phosphines and thiolate. Also, various
potential applications were presented. Moreover, we reviewed N-heterocyclic carbene (NHC)
ligands synthesis methods and structures, which will be used throughout this thesis to stabilize
our nanostructures. As we previously explained, their ability to act as electron donors and the
resulting stable bonds to most transition metals make them excellent ligands for all kind of
metallic structures, such as metallic complexes, gold nanoparticles and eventually gold
nanoclusters.

One of the major challenges in gold nanoclusters characterization is finding techniques
that give us precise atomic composition (nuclearity and number of ligands). The next chapter
presents the various characterizations methods that were developed to obtain information on
gold nanoclusters composition, structures and properties.
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CHAPTER IlI: Gold nanoclusters characterization
developments

Gold nanoclusters are quite difficult to characterize due to their specificity, an intermediate
state between molecules and nanoparticles. There are well-established analytical techniques
used to obtain information on the composition of AUNCs and information on their structure
(such as: transmission electron microscopy (TEM), X-Ray diffraction (XRD), but also: X-Ray
photoelectron spectrometry (XPS) ...). However, they are not always accurate enough to
address all information such as size, chemical composition and structure or they are not easy to
execute. Hence, there is an interest to develop further characterization techniques. Two
particular techniques have been used: (i) UV-Vis spectroscopy which is fast and allows us to
know if we have clusters (absence of plasmon absorption peak) or nanoparticles (presence of
plasmon absorption peak) and (ii) mass spectrometry which allows us to obtain the chemical
composition of the mixture without discriminating the species (as opposed to other techniques
such as diffraction on monocrystals where we only saw the specie in a mixture of metallic
clustersthat crystallizes) and to obtain the chemical formula of the clusters.

II.A. UV-Vis spectroscopy and X-Ray diffraction crystallography
contribution for gold nanocluster s characterization

II.A.1. Theoretical and experimental UV-Vis spectroscopy studies of gold
nanoclusters

Nanoclusters stand out to gold nanoparticles. Indeed, gold nanoparticles have a metallic state
characterized by plasmonic excitations, while nanoclusters exhibit a molecular state with
discrete energy levels and particular single electron transitions. Nanoclusters are therefore,
situated in between gold nanoparticles and molecular complexes. Thissizedomainisinteresting
to study the size effects on catalytic activities, for example. Indeed, obtaining monodispersed
nanoclusters is one of the objectives for catalysis, to have a better fundamental understanding
of the mechanisms involved.

The ultra-small size of nanoclusters generates quantum confinement effects which result in
discrete energy levels transitions visible on UV-Vis spectroscopy (Figure I1-1). These single
electron transitions of HOMO-LUMO type are different from the collective mode of electron
excitation encountered in the localized surface plasmon resonance (L SPR) characteristic of gold
nanoparticles. In terms of applications, the discrete energy level structure of these nanoclusters
conduct the availability of electronsfor redox processes and the interactions with the adsorbate
reactant moleculesin catalytic processes, for example. The free-electron model can be referred
for describing gold nanoclusters, even though it is an approximation since it doesn’t take into
account the surface effects and the influence of the ligands on the electronic structure.t

2 nm is approximatively the particle size, at and below which, quantum confinement effects
dominate over surface plasmon resonance (Figure 11-1). The optical properties in absorption
are characteristic of the HOMO-LUMO transitions of nanoclusters molecular orbitals diagram
(Figurell-2).t
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Figure I1-1 (A) Kohn-Sham orbital level diagram and (B) peak assignment for the UV-Vis
absor ption spectrum of [ Auzs(SR)18] - nanoclusters.?

Jin et al. reveded three bands located at 688, 450 and 400 nm on the optical absorption
spectrum of the well know Auzs(SCH2CH2Ph)1s” gold nanocluster.? TD-DFT (Time-dependent
density-functional theory) experiments showed that the optical bands were due to particular
excitations. For example, the band at 688 nm was due to HOMO-LUMO excitation (Figure I1-
1). Also, adding 13 gold atoms in the gold nanocluster completely modify the metal core
structure thus the optical properties. Indeed, Tsunoyama et al. reported the UV-Vis spectrum
of gold nanocluster Auss(SR)24.2 For this nanocluster the lowest energy transition was at 1370
nm and corresponded to HOMO-LUMO excitation. It means that depending on their
stoichiometry gold nanoclusters show a specific profile of the absorption spectra. The optical
absorption spectra cannot be understood as a simple linear combination of the core and ligands
spectra. It was proven that gold nanoclusters UV-Vis spectra are strongly influenced by the
Au-Aulengthintheir inner metal cores. However, the electronic interactions of the ligandswith
the core also influence the orbital energies and hence the optical absorption spectra. 24 Other
studies, reported by Lugo et al., unvelled that the charge redistribution between the gold core
and the ligand shell can be controlled by the electron donor or acceptor character of the
protecting ligands.>® This has a direct effect on the UV-Vis spectra because the more negative
the partial charge of the metal core is, the more the spectrum will be red shifted. To conduct
this study on the effect of the global charge states, the team used thiolate protected Auzs
nanoclusters as models.

They discussed three cluster models: cluster Auzs(SCH3)1s™%, cluster Auzs(SCHs)1s ™ and cluster
Auzs(SPh)1s™L. They cal cul ated the Auzz icosahedral core partial chargesfor all of them (Figure
11-2).
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Figure I1-2 DT-DFT computed optical absorption spectra of the anions Auzs(SCH3)is',
Auzs(SPh)1s and the cation Auzs(SCH3)1s*. ©

Thus, it seems possible by UV-Vis spectroscopy analysis to gain mgjor information on the
nanoclusters optical properties and on the effect of the different protecting ligands. In our case,
this characterization technique could help identifying very rapidly the formation of gold
nanoclusters (opposed to formation of nanoparticles) or assess the electron donning or
withdrawing ability of the ligands for example.

This technique has also limitations since, the details regarding interfacial electronic
interactions, electronic structure of the nanoclusters, and environmental perturbations are
difficult to extract from experimental spectra. Indeed, broadening effects common to electronic
spectroscopy, environmental heterogeneity, ligand dissociation equilibria, and sample
impurities contribute to the breadth of the line shapes on the experimental spectra. Without
well-defined features in these spectra, comparison to theoretically predicted electronic spectra
is very difficult and no conclusions on potential electronic properties trends can be made.’
Severa options have been tested to solve this problem such as the cooling of gold nanoclusters
to cryogenic temperatures reported by Ramakrishna et al. They demonstrated that cooling
considerably sharpens the UV-Vis absorption spectra, implying that thermal vibrational
broadening greatly reduces the spectral details observed in room temperature measurements.®
Also, Negishi et al. showed that chromatographic separation of mixtures improves the
resolution of the UV-Vis spectra.® When direct experimental determination isno possible, much
of the knowledge of features of gold nanoclusters electronic structure comes from the use of
DFT.%° Other characterization techniques have been develop to increase knowledge on gold
nanoclusters structural properties such as X-Ray crystallography.
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I1.A.2. X-Ray crystallography studies on gold nanoclusters

X-ray crystallography haslong been used in molecular chemistry for the structure determination
of organic molecules, proteins and organometallic compounds. The use of X-Ray
crystallography on gold nanoclusters has been a major breakthrough as it allowed to obtain
precise gold nanocluster structure and gold atoms/ligand positions relative to each other. The
X-Ray crystals determination confirmed the predicted hypothesis obtained through theoretical
methods (DFT) most of the time. For example, X-Ray crystallography performed on
[Auzs(L)1s] - (L=ligand) nanoclusters with various ligands showed that each nanoclusters
organize into different patterns due to different inter-ligand interactions, albeit the Auzs core is
the same (Figure 11-3).2* For thiols protected Auzs NCs, [Auzs(L)18] is composed of 25 gold
atoms and has 13 atoms icosahedron inner core that remains the same in various [Auzs(L)1s]
formulation with different types of ligands.?2 The remaining 12 atoms of gold go to the surface
and form 6 dimeric staple-like motifs. -L-Au-L-Au-L- (Figure 11-3). In the structure of
[Auzs(SC2H4Ph)1s] ~ (Figure I1-3), the ligands are less crowdedly arranged on the surface along
the C3 axis, exposing two “pockets” cavities.? These “pockets” were identified to be the active
sites for electrochemical reduction of CO2.12 In comparison, for [Auzs(SCioH7)18] ~ (SC7H10 =
1-naphthalenethiolate), which has the same stoichiometry (both AuxsSRis) as
[Auzs(SC2H4Ph)1s]~, the ligand shell displays non-covaent interactions between the
1-naphthalene groups involving n-r stacking (Figure 11-3).2 In the structure of Auzs, there are
6 pairs of L-Au-L-Au-L dimeric staples, which makes 18 ligands. There are 6 pairs of ligands
in -m interaction, and 6 other ligands localized in the equator of the core (Figure I1-3). The 6
pairs of n-nt stacked ligands are found by X-Ray crystallography to be around the quasi-C3 axis
of the Auzs core and covers the two “pockets” at the top and bottom. This structural difference
would probably affect its catalytic activity. Moreover, in addition to the different patterns
caused by the different interactions between thiolate ligands, a structural rearrangement of the
Six -L-Au-L-Au-L- motifs can happen on the icosahedral Auis inner core. It was reported for
the nanocluster [Auzs(C=CPh(CF3)2)18]", where -C=C-Au motifs are almost linear. Indeed,
alkynyl ligands adopt a more stretched conformation along the surface, compared to thiolate
ligands.!! If the alkynyl protected Auzs would adopt the same ligand pattern as of thiolate
protected Auzs nanoclusters, unreasonable contacts between phenyl groups would occur. The
steric hindrance of akynyl ligands is responsible here for the D3 arrangement of this Auzs
nanocluster.
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Figure 11-3 The structure of AuzsLis core (L = ligand). Different patterns formed by ligands on
the surface of [ Auzs(L)18] ~for [ Auzs(SC2H4Ph)is]~ and [ Auzs(SCioH7)18] —. 1
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Single crystal X-Ray diffraction study is a good characterization method to obtain gold
nanoclusters structure and accordingly their formula. 1t also allows association of the gold
nanoclusters structure to their properties. It shows the influence of interaction with ligands on
the structure (ligand conformation and also general structure rearrangements). Thanksto X-Ray
crystallography even bigger gold nanocluster structures were revealed such as
Au144(SR)s0 nanocluster.

The highest challenge relies on how to obtain single crystals of high quality, especialy with
very bulky or long chained ligands. Also, with crystallization we only look at what crystallizes
and it is not necessarily characteristic of every species in solution, especially in the case of
clustersmixture. To be ableto precisely study the type of gold nanoclustersthat are synthesized
in our protocols, we chose another characterization method that does not require crystals and
can directly be used on suspensions: mass spectrometry.

Whetten et al. did work to determine the chemical composition of gold nanoclusters in the
1-3 nm size range, using mass spectrometry in the 10-300 kDa mass range.® Since then, MS
has been growingly used for the characterization of varioustypes of metallic nanoclusters. Most
MS analyses conducted on gold nanoclusters were done using either ESI or MALDI ionization
sources in both positive and negative modes.*”8

I1.B. Mass spectrometry purpose and development for the analysis
of gold nanoclusters

Mass spectrometry is based on at the analysis of ions in gas phase formed, for instance, by
protonation or deprotonation of the species of interest. As aresult, it gives [M-H] * cations or
[M-H] anions (M = specie of interest) in positive and negative mode respectively. Charging
may also be induced by intake of small ions such as of Na" or K*. It can aso give fragmented
parts of the species due to the strong ionization. The mass measurement relies on the ability of
electric and magnetic fields to separate charged particles based on their mass to charge ratio
(m/z).X° Theions are then detected and the information processed to display the mass spectrum.
The mass spectra show the relative abundance (it is relative abundance of the ions in the gas
phase one to another and not the amount of the species in the starting material) on the Y axis
and the mass to charge ratio on the X axis. As one can imagine the product is not preserved
during the analysis by mass spectrometry. However, it is not critical since this technique
consumes very minute quantities of product (ug and less).

Globally, atypical mass analyzer is composed of (Figure 11-4):

e adevicethat volatize and ionize the speciesinto acloud of charged particles (under high
vacuum or at atmospheric pressure)
e amass analyzer that separates ions according to their mass-to-charge ratio (under high
vacuum)
e a detector that records the ions relative intensity (under high vacuum) with a data
analyzer and computer to display the mass spectrum
In some mass spectrometers the analyzer and the detector form one element (analyzer-detector).
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There are different types of each devicesthat compose a mass spectrometers. Each combination
has advantages and disadvantages, depending on the type of compounds that must be
analyzed.?® For example, there are quadrupole, time of flight-or ion trapping based mass
analyzers. The mass spectrum that is obtained is optimized to determine the specie composition.
It can also give information on the structure (through fragmentation of the species, for example).
Moreover, when the analyzed compound has been databased (into repertories) it is easier to
find its structure.

Source Mass Data analyzer
Sample inlet R Detector
P (lonizer) Analyzer system

Vaccum system

Mass spectrum

Figure I1-4 Set-up of a Mass Spectrometer with the different components.

In this thesis, the samples ionization was done by electrospray ionization (ESI). Several mass
anayzers have been tested with a focus on Time of Flight (TOF) and Fourier-transform ion
cyclotron resonance (FT-ICR).

11.B.1. ESI-QTOF mass spectrometry

I1.B.1.a. ESI ionization source

The electrospray ionization source was created by Fenn et al. in 1984 to analyze high mass
compounds that cannot be accessed by conventional ion sources:?* The interest of this source
relies on the fact that it is quite Simple in use, requires alow quantity of product and allowsto
limit the fragmentation of molecules in the source. Also, this source is a soft ionization source
allowing easy observation of the precursor ions, which is not the case for conventional source
like electronic impact ionization.?? Therefore, weak bonds such as non-covalent bonds are
preserved in the gas phase. Moreover, it allows to observe compounds of high mass and charge.
ESl ionization allows the transformation of the liquid phase sample to a gaseous phase sample
while charging the molecules (positively or negatively depending on the mode of use of the
spectrometer). A volatile solvent (methanol, etc.) facilitates desolvation during ionization.

Basically, ESl works as followed: a dilute solution of the compound of interest isintroduced at
alow rate (a few puL/min) into a metal capillary using for instance a syringe pump. A high
electrical voltageis applied between the metal capillary and the inlet of the mass spectrometer,
usually from 2 to 5 kV. This leads the liquid to form a Taylor cone at the tip of the capillary
from which small droplets containing an excessive amount of charges are emitted. To ease the
spraying process, nebulizing gas are usually introduced with the sample solution. Moreover, a
heated gas (200-300°C) is also used to help the desolvation of charged droplets. These charges
will be distributed on the surface of the droplets (Gauss law).?® The produced droplets move
towards the entrance of the mass spectrometer and, along the way, produce the ions (Figure I1-
5).2* Indeed, the dropl ets migrate towards the entrance of the mass spectrometer under the effect
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of the electric field and of the nebulization gas. Their diameter depends on the value of the
electric potential, the flow rate of the solution, the nature of the solvent and gas temperature.
The size of the droplets gradually decreases by evaporation of the solvent, using gas and
heating. When the electrostatic repulsions between surface charges exceed the surface tension
of the droplet, the so-called Rayleigh limit, the fission of the droplet into several smaller
droplets occurs.?® This fission will take place several times before the entrance of the
spectrometer to produce increasingly small and charged droplets, which can reach nanometric
sizes. At the Rayleigh limit the average charge on each droplet is given by Qrayieigh:

QRrayleigh = 8R 3% \yeo

where R is the radius of the droplet, y the surface tension and go the vacuum permittivity.
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Figure 11-5 Pictorial representation of the electrospray ionization (ES) operating in positive
ion mode 23
Three different mechanisms have been proposed for the production of ions from charged

droplets: theion evaporation model (IEM), the charge residue model (CRM) and Chain Ejection
Model (CEM).

I[EM is based on the idea that during the process of evaporation/fission of solvents when the
radii of the droplets becomes smaller than 10 nm, instead of Coulomb fission, the droplets start
emitting the analyte ions.?® In fact, due to the high electric field produced by charged droplets
whose radii are close to the Rayleigh radius, the solvated ions are gected from the droplet
surface to form a small cluster composed of a few molecules of solvent. It will then evaporate
during the journey in the mass spectrometer thanks to the gas (Figure 11-6). It is assumed that
the mechanism of electrospraying of low molecular weight ions is achieved through |EM.

For CRM, the repetition of the evaporation/fission process leads to the formation of a few
droplets containing solvent, ionic charges and a single macro-molecule.?” Then further
evaporation of the solvent from these droplets leads to the generation of ions analytes (Figure
[1-6). Studies have shown that ions are formed through CRM in ESI source for proteins with
compact globular structure in which the hydrophobic parts are folded inside the molecule and
where the polar parts are located on the outside (mostly in neutral agueous solutions).?

CEM is used to describe the formation of ionsin ESI source for unfolded proteins or nonpolar
polymer chains that are disordered, partially hydrophobic and have the ability to bind a large
number of ionic charges.?>?° After repeated solvent evaporation/fission processes, when fine
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droplets are formed, the unfolded and disordered chains move to the surface of the droplet.
Then, the protein chain is gradually ejected from the droplet (Figure I1-6).2%°

Figure1-6 Different proposed mechanisms for electrospray ionization: ion evaporation model
(IEM), charged residue model (CRM), and chain ejection model (CEM). %

These three ionization models are not really separated as they depend on the starting compound
nature. Thanks to the development of molecular dynamics (MD) simulations, researchers were
able to conclude on which ionization model did happen for a precise analyte.!

The use of electrospray ionization source isagreat way to ionize gold nanoclusters, our species
of interest, in a soft way and avoid over-fragmentation. Actually, the first unfragmented mass
spectrawere obtained using ESI (glutathione capped Auzs NC).1%2 However, some compounds
are traditionally difficult to ionize (such as akanethiolates for example) but pre-oxidation or
pre-reduction of gold nanoclusters using Ce(SOa)2 or NaBHa4 can alow the observation of
relatively large, intact gold nanoclusters.® Another solution to enhance ionization that can
alow the observation of highly charged gold nanoclusters is ligand exchange.®* ESI can be
associated with various mass analyzer but in this thesis two of them were chosen: Quadrupole-
Time-of-Flight (Q-TOF) and Fourier Transform-lon Cyclotron Resonance (FT-ICR) mass
analyzers. Soft ionization sources have proven to be extremely versatile to ionize and transfer
intact gold nanoclusters in the gas phase of the mass spectrometer.
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11.B.1.b. Quadrupole-time-of-flight mass analyzer

The quadrupole-time-of-flight (Q-TOF) is a mass analyzer based partially on the ion’s time-0f-
flight (TOF). During the time-of-flight (TOF) process, the ions are accelerated at the inlet of
the flight tube by using an intense and uniform electrostatic field over the same distance. All
these ions acquire the same kinetic energy. Subsequently, the ions are simultaneously € ected
from the source and start their journey keeping a constant speed. All theions are then separated,
according to the speed they acquired in the acceleration zone, before reaching the detector
placed at the other end of the flight tube. A high vacuum is maintained in order to avoid possible
collisions of theions with residual species present in the flight tube. The time taken by theions
to reach the detector is correlated to their m/z ratio. Indeed, the speed is inversely proportional
to the square root of the m/z ratio of the ion considered (Ec =1/2 mv?), the lightest ions arrive
first at the level of the detector due to their flight speed. This type of analyzer has no limit in
m/z ratio but has a limitation coming from the sensitivity of the detectors for high m/z ratios.
This system alows determination of the m/z ratio of various ions as a function of their time of
flight. The TOF mass analyzer is mainly combined with pulsed ionization sources such as
MALDI (Matrix Assisted Laser Dissociation lonization) because it is not adapted with a
constant arrival flow of ions. For ESI, pulsed injection of ions into the TOF is necessary to
allow their analysis (injection is done along the z axis called injection ‘pusher’).3>¢ Also, TOF
analyzers incorporate a reflectron device for kinetic energy dispersion correction and spatial
spread of ions having the same nVz but varying velocities. The reflectron correction allowsions
of the same n/z to arrive at the detector at the same time. The reflectron device aso increases
the flight path length, allowing mass resol ution improvement.*’

The Q-TOF mass analyzer is composed of the association of %

e ahexapoleto transfer and focus ions
e aquadrupole capable of operating as a mass filter for the selection of particular ions
based on their m/z or in radio frequency (RF) only mode where all ions are transmitted
through the quadrupol e without selection.
e acollision cell whereions collide with neutral gas molecules such as N2 or Ar, resulting
in fragmentation of theions by aprocess known as collision-induced dissociation (CID).
It can also be used in RF only mode without fragmentation of ions
e aTOF analyzer in an orthogonal position where ions are accelerated orthogonally to
their original direction (pulser) then enter the flight tube where mass separation occurs
(as explained previoudly).
After passing through, the ions are detected and a mass spectrum is obtained. Detection of ions
is achieved by a detector system known as atime-to-digital converter which converts the time-
of-flight of theion into amass signal. 3940

Q-TOF mass spectrometry isan analytical technique that combines the benefits of two different
mass analyzers. With Q-TOF, samples can be measured faster (fast data acquisition) and with
an increased sensitivity in comparison to quadrupoles. ESI Q-TOF can provide high-accuracy
and high resolution data for the analytes. Although Q-TOF uses time as a key metric, other
techniques use frequency as measurement reference, such as FT-ICR (Fourier Transform-lon
Cyclotron Resonance) mass spectrometry. This technique uses accurate measurements of
frequency, and then Fourier transform provides ions m/z. Mass resolution generally increases
from Q-TOF to FT-1CR mass spectrometry and for the highest level of performances, scientists
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typically choose FT-ICR, even though it also comes with its own limitations as we will see
later.
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11.B.2. ESI-FTICR mass spectrometry

We previously saw that Q-TOF uses time as a key metric, but other techniques use frequency
as measurement reference. It is the case of FT-ICR (Fourier Transform-lon Cyclotron
Resonance) mass spectrometry. This technique uses accurate measurements of frequency, and
then Fourier transform provides ions m/z. Mass resolution generally increases from Q-TOF to
FT-1CR mass spectrometry and for the highest level of performances, scientiststypically choose
FT-ICR, even though it also comes with its own limitations as we will see later.

The concept of mass spectrometry using the ionic cyclotronic resonance was invented in 1974
by Comisarow and Marshall. * It is based on works that demonstrated that a charged particle
subjected to a magnetic field, B, perpendicular to its motion is constrained to a circular motion
whose angular frequency is independent of the radius of the particle's orbit. This frequency is
expressed by the following cyclotronic equation:

w = gB/mwhere w isthe angular frequency, g the particle charge, m the particle mass and B the
magnetic field. The angular frequency of an ionisinversely proportional to its m/z.

It is therefore possible to separate ions of different m/z by making them rotate in a cell and
detecting a periodical signal. By applying the Fourier transform to this periodical signa, its
different frequencies can be separated and, accordingly, the different m/z. These works aso
show that it is possibleto excite acharged particle to very large kinetic energies by ssimply using
a magnetic field. FT-ICR analyzers are thus composed of a superconducting magnet in the
middle of which is located a cell in which the ions will be able to be excited, separated and
detected.

FT-1CR mass spectrometry involves a series of steps. After production of theionsin the source,
they are transferred to the analyzer through electrostatic devices (quadrupole). First, ions are
cooled, focused, and accumulated. Next, the ions go in a Penning trap (ICR cell), which stores
the ions and excites them to their cyclotron frequencies. These frequencies are related to the
ionsm/z (1 MHz for a 7 Tesla magnet, for m/z 100 ions). The processing, followed by the
Fourier transform of the data, gives the mass spectrum of a sample. FT-ICR analyzer is
composed of a cylindrical ICR cell under high vacuum inside a superconductor magnet. It is
composed of 6 trapping plates: two trapping plates perpendicular to B, two excitation plates
and two detection plates. The electric field generated by the trapping plates combined to the
magnetic field of the magnet generate awell of potential which keep the ions in the middle of
the cell and hinders their movement along the z axis (principle of Penning trap).*>* The
trapping frequency (vr) of an ion can be described by the following formula where d is the
distance between the plates, V1 the trapping tension that is applied, q the charge of the ion and
a, ageometrical coefficient:

1 |2qVTﬁr
- \| md?

The ions describe a movement of magnetron and cyclotron type rotation around the magnetic
field vector B and pursue ahelical tragjectory. These movement are due to the fact that Penning's
trap is not perfect (no perfect homogeneity of electric and magnetic field), thus the radial

51



Gold nanocluster s char acterization developments

component of the electric field generates the magnetron movement. This movement disturbs
the cyclotron frequency of theions and therefore induces afrequency dispersion.** The reduced
cyclotron frequency (ver) and the magneton frequency (vm) can be expressed by the equations:

2
U I’ Ve, Ur
u — {_ —_——

2 J 2 2
_ Ve | Ve, vr?
Um = 5 qtz} 2

where vcisthe cyclotron frequency of theion.

This frequency being inversely proportiona to the m/z, the lower the ion's m/z, the more
negligible is the influence of the magnetron. In order to limit the impact of the trapping
frequency on the generation of magnetron motion and therefore on the cyclotron frequency,
low trapping potentials are used.

In general, the detection experiments within an FT-ICR takes place in four main steps (Figure
11-7).% The first step corresponds to the accumulation of ions in the ICR cell. However, it is
impossible to directly measure the cyclotron frequency since the packets of ions describe
inconsistent movements of low amplitude. Indeed, their movements are not in phase because
of the differences in kinetic energies and orbits radii between theions. It is therefore essential
to go through an excitation phase. This second step induces a coherent overall movement and
givesthe same orbit to the ions. Excitation plates generate an electric sinusoidal field and when
the excitation frequency coincides with the cyclotron frequency of the compound, the latter then
entersinto resonance by absorbing the energy applied. Then, these pulsesinduce an increase of
theions orbit radii. Theions are only excited at afrequency corresponding to their cyclotronic
frequency, meaning that each population of ions is excited separately and in packet. Each
package then describes a circular trgjectory perpendicular to the magnetic field, the cyclotron
motion, with an angular frequency inversely proportional to their m/z ratio. In other words, ions
with low m/z spin faster than high m/z ions. Unlike the cyclotron frequency, the radius of this
orbit is not proportional to m/z. Finally, detector plates record the current induced by the
coherent rotary movement in packets of ions, making it possible to obtain a decreasing
sinusoidal signal, the FID (Free Induction Decay). 4 This periodic signal is transformed into a
frequency signal by application of the Fourier transformation, then converted into a mass
spectrum.

52



Gold nanocluster s char acterization developments

¥ 1) lons before
excitation

4, 2)lons during

: i} =
v ® v
F=gvxB E |F FI j
excitation e
3) lons after @ \:))/

excitation

4) Detection

FFT

FID Frequency spectrum

Figure I1-7 Four main steps of an analysis within an FT-ICR instrument. 44

Ghaste et al. reported that the FT-ICR mass spectrometry platforms can be considered as the
most advanced mass analyzers in terms of high accuracy and resolving power with sub-parts-
per-million mass accuracy.*” Mass resolution is great with this technique but there are cons to
each technique. First of al this method uses large superconducting magnets, which are
expensive. Also speed is not one of FT-ICR's strong points, since the trapped ions lead to a
longer data accumulation. We were able to conduct experiment with great results even though
the analysis of high mass compounds such as gold nanoclusters by Q-TOF analyzer seem to be
easier. With FT-1CR, when the samples contain ahigh number of species (meaning high number
of ions), alot of adjustments are needed to separate the isotopes, while for smaller mass species
separation occurred easier. In fact, the resolution is constant with the m/z for the Q-TOF (m/Am
40,000 for our Q-TOF, acquisition speed 20Hz) while the resolution decreases with m/z for the
FT-ICR (m/Am 120,000 for m/z 200 and 20,000 for m/z 2000 for a7 Tesla magnet and 1 Hz
detection. A frequency of 0.1 Hz provides a resolution greater than 1,000,000).

Q-TOF MS and FT-ICR MS combined to ESI sources allows for accurate characterization of
charge state of the metal core and of the number of ligands for gold nanoclusters. MS also
enables monitoring the evolution of these characteristics during synthesis and during ageing of
the samples. Asit is often the case in gold nanoclusters synthesis, dispersity is observed. The
number of protecting ligands and also the number of core gold atoms can vary between the
different species. In these cases, ESI mass spectrometry associated with a correlation algorithm
can help in spectrainterpretation.
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11.B.3. Analysis of MS spectral data for identification of unknown gold
nanoclusters

The analysis of spectral data from mass spectra is getting easier and easier with the years due
to the availability of large spectral libraries for compounds identification. However, libraries
do not include much references on gold nanoclusters.

Gold nanoclusters contain a definite number of metal atoms, protected by a defined number of
ligands. Therefore, the mass spectra obtained show similarities with mass spectra of large
molecules. Generally, they display patterns from which we can get the exact formula of gold
nanoclusters. Depending on the ionization source, species with different charges are observed,
yielding to a series of peaks. When simple spectra are acquired with good mass resolution and
accuracy, it isoften possible to resol ve an isotopic pattern and determine the monoisotopi c mass
of the nanoclusters. For a given compound the monoisotopic mass is the mass of the isotopic
peak whose elemental composition is composed of the most abundant isotopes of its elements.
Then, the precise atomic composition can be found, based on a match between the measured
value of the monoisotopic mass (on mass spectrum) and the one computed for potential
candidate raw formulas. The found atomic composition can aso be consolidated by the
comparison of the experimental isotopic pattern (relative intensity of the different peaks) to
simulated isotopic distributions often available on the mass spectrometry data processing
softwares. Consequently, even if there are alot of peaksin the mass spectra, it may be possible
to find the precise atomic composition corresponding to each peak using expensive high
resolution and high precision instruments. However, when carrying out the experiments on very
complex gold nanocluster suspensions, our team faced the difficulty to associate each peak to
an atomic composition. First of all, the synthesis of various different gold nanoclusters led to
charge and mass dispersion.”® Then, the assignment process was extremely time consuming
with spectrawhere we could not associate all the peaksto aformula. However, determining the
atomic formulain asample containing amixture of various clustersisvery interesting to follow
the relative species stability, for example. A few softwares have been developed to help in
identifying unknown compounds on mass spectra such as Smile MS. It helps to get small
molecule analysis faster thanks to the incredibly robust X-rank algorithm developed by
GeneBio.* It allows to screen a sample containing unknown small molecules against spectral
libraries. However, no such software has been developed for compounds such as gold
nanoclusters yet.

In our case, thanks to the collaboration with Denis Lesage and Francois Simon (IPCM, SU), an
algorithm was devel oped to facilitate the attribution of atomic composition to each pattern and
obtain gold nanoclustersformula. This software was devel oped using Labview. It allowsto sort
out possible raw formulawhich the commercial tool on theincluded spectrometer software does
not allow. The operator needs however to enter some information and put some constraints.

There are different steps in the identification of species on a mass spectrum:

e First, thanks to a data analysis software (in our case Compass data analysis Bruker MS
software) the mass spectrum is displayed.

e Then, a pattern associated to an analyte is chosen (for us gold nanoclusters).

e Next, the monoisotopic peak of the motif of interest islocated.
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Subsequently, the software on Labview is opened and the monoi sotopic mass value, the
charge, an uncertainty, the number of different elements (elements: groups that can be
atoms but also ligands) are recorded. Then, the elements must be entered (enumeration
of the metal, ligands, potential atoms present in the samples) followed by their
respective exact mass. For each element, one must enter a minimum and maximum
guantity of the element in the final nanocluster composition (to focus on a size range
and speed the software processing). Also, relative uncertainty in mass and an X factor
(not always necessary, used to shift monoisotopic peak when it is hard to find dueto a
low intensity) is added (Figure 11-8).

The software will suggest one or severa potential propositions for the compound
formula.

Then, to discriminate and choose the right formula among the propositions, the
experimental spectrum is displayed on the data anaysis software from the mass
spectrometer, and is compared to a smulated spectrum. To do so, a simulation of the
pattern is carried out by entering the proposed formulas (from the Labview algorithm),
the charge and the monoisotopic mass. Then, the experimental pattern and the simul ated
pattern are superimposed to compare the isotopic pattern and choose the correct
formula.

This Labview software helped in finding formula that fitted to the right mass with the right
elements and hel ped save a high number of working hoursfor spectraanalysis. An example, on
a specific pattern is for Auiwo(PPhs)sBr* nanocluster identification in a mixture of gold
nanoclusters. The monoisotopic pic was at m/z 4147.34 for a monocharged specie. The
synthesis was carried out from a gold source with phosphine and NHC ligands and reduction
was done with sodium borohydride (Figure 11-8). Based on the monoisotopic mass, two
compositions can be proposed: Auio(PPhs)sBr* and Aus(NHC)s(PPhs)sNaz*. Auio(PPhs)sBr *
nanocluster formula was chosen after comparison of experimental and simulated theoretical
isotopic patterns for both formula suggestions (another example for Auixe(PPhz)z2s 3
nanocluster identification is given in appendix).

Masse Charge Incertitude X Lecture des données

": 447,34 fj 1 'J' 01 :‘,' 2 A C:\Users\Denis\Documents\ TravailLabView\2-Nanc\4147.bin |
Nb éléments élément
g 2 Aus 15 (Cp7H55N5)0.10 (PPh3)o.10Bro., Nags *
Borne Résultat
[Erement [Masse [m [ max oo [au =3 |PcigH15 {er [Na [incertitude
| Au EXI5E B B Ho |||a Jo B I Jo {0.027060 |
fc7 s04,41305 | 10 Ie I3 Is Jo 1H | B
{pciss {262.001113 | 10
Je I | B Au,,(PPh;)gBr*
[na |29 | |

Experimental pattern

Theoretical pattern for Au,y(PPh,).Br*

Figure I1-8 Labview developed software for identification of gold nanoclusters for very
complex mixtures: example of Auio(PPhs)sBr* nanocluster identification.
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Mass spectrometry makes it possible to obtain both information related to the chemical
formulas of gold nanoclusters. It is crucial to develop mass spectrometry analyzes independent
of the complexity of the sample in order to respond to increasingly complex issues. The
development of analysis software is the first answer to these issues. Mass spectrometry opens
a wide range of possibilities when associated with other analysis techniques, even though in
this thesis we will focus only on classical mass spectrometry.

I1.C. Conclusion

As seen in this chapter, characterization of gold nanoclusters is far from trivial. Due to their
ultrasmall size and properties, some characterization methods have been developed to fit their
specificity. UV-Vis spectroscopy can highlight their optical properties with the ability to
observe transitions of discrete energy levels. Also, some effect of the protecting ligands on the
nanoclusters can be assessed thanks to UV-Vis spectroscopy. However, it does not give any
information on the nanoclusters composition. On the contrary, single-crystal X-Ray diffraction
gives precise structural information on nanoclusters crystal with positioning of the gold atoms
and theligand chains, aswell asbeing agreat purification method to separate gold nanoclusters.
But, the limiting step of this method relies on its nature which is crystal analysis when not all
gold nanoclusters do crystallize. Also it does not alow study of the overal species in
suspensions and stability of nanoclusters structure over time. A lot of methods are used for gold
nanoclusters characterization such a XPS (sensitive to sample purity and need to analyze each
nanocluster separately), TEM (gold nanoclusters observation and possibility to have mean size
but no atomic composition information) etc.

Mass spectrometry has been a method of choice for nanoclusters characterization (single
nanocluster or mixture) and for study of stability. Thereisagreat variety in the MSionizer and
analyzer but our interest focused on soft ionization method ES| and two type of anayzers. Q-
TOF and FT-ICR. Working with two analyzersis a great way to confirm the reliability of the
mass spectra results when analyzing very complex samples. Also, these two analyzers allow
obtaining mass spectra with high resolution and accuracy for very small molecules to bigger
gold nanoclusters. The development of an algorithm for data analysis has been a turning point
of thisthesisfor the following of nanoclusters synthesis and stability over time and in different
reaction conditions. The first use of this developed characterization method will be presented
in the next chapter for the characterization of complex gold nanoclusters mixtures. The
synthesis have been carried out from gold source AuClPPhs, imidazolium salts as NHC
precursors and sodium borohydride as base and reducing agent. The analysis of suspensions
with dozens and dozens of gold nanoclusters of various nuclearity stabilized by two different
ligands was very challenging.
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CHAPTER I11: SYNTHESES OF N-HETEROCYCLIC
CARBENE STABILIZED GOLD NANOCLUSTERS
FROM IMIDAZOLIUM SALTSAND AuCIPPhs

This chapter describes our first synthesis of gold nanoclusters stabilized by NHC ligand and
our study of nanoclusters synthesis pathways using various imidazolium salts as NHC
precursors and AuCIPPhs as a gold source.

Various strategies have been developed for the synthesis of stable gold nanoclusters (AuNCs).
In the early time, the research was focused on gas state metal clusters.! Since these metal
clusters in the gas phase were short-lived and hard to functionalize, solution-phase synthesis
was developed in the late 90s. These synthetic strategies lead to gold nanoclusters with
enhanced stability. Thefirst approach relies on the reduction of gold ionsinto atoms, and then,
AUNCs are formed from the nucleation of Au atoms. However, there isapossibility of forming
gold nanoparticlesinstead of nanoclusters due to the possibility of AUNCs aggregation. Hence,
the importance of using efficient protecting ligands to stabilize the AUNCs. The other approach
for synthesizing AUNCs comes from nanoparticles or larger nanoclusters degradation. It relies
on etching of larger particlesinto nanoclustersinduced by heat, solvent or an etching molecule.?
Generally, the stable gold nanoparticles are put in presence of an etchant in excess (molecule),
then etching of the gold surface occurs vialigand exchange (small molecule vs NP stabilizing
ligand) and finally, etchant-gold complexation forms gold nanoclusters. However, gold
nanoparticles being quite stable, etching does not always occur and we need to find the precise
molecule that can initiate the process. In our strategy, we will focus on the first approach by
using strong reducing agents and strong capping agents to form and stabilize AUNCs in one
step. Phosphine molecules have been widely used as a ligand for the preparation of AuUNCs,
especially PPhs. The PPhs-capped AuNCs are stable under ambient conditions and they are
mostly synthesized through sodium borohydride reduction. Previous studies have shown that
the reduction of gold complex such as AuCIPPhs could give PPhs-capped nanoclusters under
certain conditions. Then, dodecanethiol is added and depending on the addition time, it gives
either dodecanethiol-capped NCs or dodecanethiol-capped NPs.® However, this publication did
not give further indication on the exact structure of the synthesized NCs.

Also, theoretical studies showed that NHC-Au bound should be stronger than the phosphine-Au
one, thus NHC should be better at stabilizing gold nanoclusters even though they have similar
bonding patterns.* Indeed, Mufioz-Castro et al. studied the interaction between PPhz and 1,3-
bis-(diisopropyl)imidazol-2-ylidene, a NHC ligands and the CAus core in  C(AusLe)?* (L=
ligand). The resulting cluster-ligand interaction exhibited interaction energy of -78.2 and -81.2
kcal-mol %, respectively per each PPhs and NHC ligands, corresponding to the more favorable
bonding situation provided from NHC. The study was also conducted for Auis icosahedral core
motifs interaction with ligands (between PPhz and 1,3-bis-(diisopropyl)imidazol-2-ylidene on
AuisCl2). The resulting cluster-ligand interaction exhibited interaction energy of -145.9
and -146.8 kcal-mol %, respectively. The results exposed aslight preference for the NHC ligands.

Based on these considerations, our goal, in this chapter, was to synthesize gold nanoclusters
from AuCIPPhs as gold precursor and NHC as complexing ligands in order to slow down the
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nucleation and to limit the growth of NCs. We studied the composition of the AUNCs when
NHC and PPhs ligands are put in competition in a synthesis medium.

[11.A. Imidazolium salts
111.A.1. Synthesis

Imidazolium ligands as NHC precursors were first synthetized. Variety in imidazolium
structures would alow to see the influence of the steric hindrance of the NHC
(benzimidazolium vs imidazolium, long side chains vs short side chains) on the AuNCs
structure and stability. In this part, three (benz)imidazolium bromide salts were synthesized:
1,3-diisopropylimidazolium bromide (iPr-Br), 1,3-didodecylimidazolium bromide (C12-Br)
and 1,3-didodecylbenzimidazolium bromide (bC12-Br). The same following general
procedure was followed to synthesize them. In around flask containing NaH (1.5 equiv.) under
N2, 40 mL of distilled THF was added. The flask was put in an ice bath and (benz)imidazole
(=35 mmol, 1 equiv.) was added slowly under stirring. Then, the corresponding alkyl bromide
(2 equiv.) was added dropwise and the reaction medium was heated at 75°C for 24 hto 48 h
while maintained under N2) (Schemel11-1). For purification, dichloromethane was added in the
suspensionsto precipitate the salts, then the suspensions were filtered. Subsequently, ether was
added to reprecipitate the product, and everything was filtered yielding white imidazolium and
benzimidazolium powders.

The synthesis pathway relies on the deprotonation of the (benz)imidazole by NaH which is
followed by nucleophile attack on the alkylbromide (Scheme I11.1).
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A g THF, reflux, 24h N g
M - T, Ly Br
HHM. oy
H 4
i M CiaHn -
'I:'.'.‘H 4 L ) | - ) ‘1 H* CygHpg
| ,h" CyaHyps W< g Br
Br
C12-Br 75% iPr-Br 56 % bC12-Br 89%
R R
B ‘H H - _H LY .. i H
M [T R Br M R B M R
HaH M - M H " o MabBr M g Wi | Br

Scheme 111-1 [A] Synthesis of imidazolium salts C12-Br, bC12-Br and iPr-Br in THF and [ B]
reaction pathway of imidazolium and benz midazolium salts fromimidazol e and benzimidazol e,
NaH and alkyl bromide.
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[11.A.2. Characterization by liquid state NMR

For each ligand, NMR characterizations were conducted. It confirmed that the targeted
imidazolium salts were synthesi zed.

The following reactions were carried out then the purified sample was dispersed in CDCls. An
example of NMR characterization is iPr-Br imidazolium salt *H NMR experiment. The
spectrum displayed signals corresponding to the imidazolium proton (label t, 1H, 11 ppm), the
protons on the imidazolium cycle (d, 2H, 7.28 ppm) and the signals associated to the proton on
the isopropyl chains (sept., 2H, 5 ppm / d, 12H, 1.63 ppm) (Figure I11-1).

e iPr-Brimidazolium salt *H NMR

7 i
0,
HN ,\\N 2-Bromopropane, NaH A N [
- I .
=/ THF, reflux, 24h f:;i,}N <\ Br
56 %
Codl,
7,26 ppm
N
“\_/‘l 4 A
e LJ . Loew|
s, 1H d . 2H m,2H d, 12H
11 ppm 7.28 ppm Sppm 1.63 ppm

Figure I11-1 Synthesis reaction conditions of ligand iPr-Br and *H NMR spectrum of iPr-Br in
CDCls.

As the spectrum shows, the sample was well purified but also the corresponding signals to all
the molecule’s protons are clearly visible with the right multiplicity (Figure I11-1).

e (C12-Brimidazolium salt 'H NMR

N CizHasBr, NaH ‘312“25-”,;\

~/ THF, reflux 24h G:; N*CyzHzs
Br
75%

Scheme 111-2 Synthesis reaction conditions of ligand C12-Br.
The same experiment was carried out for ligand C12-Br in CDCls. The synthesis of thisligand
(Scheme I11-2) was confirmed with the signals corresponding to the imidazolium proton (t, 1H,
10.68 ppm), the protons on the imidazolium cycle (d, 2H, 7.29 ppm) and the signal's associated
to the proton on the long C12 side chains (t, 4H, 4.39 ppm / m, 4H, 1.92 ppm / m, 18H, 1.27
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ppm / t, 6H, 0.91 ppm). Sometimes, the spectra showed that there are still traces of solvents
used in the purification steps or coming from glassware. All the molecule’s protons signals
were clearly identified as well astheir multiplicity.

e DbC12-Brimidazolium salt 'H NMR

HN"—\\N C|2H258r, NaH C12H25 N’\QHN.C ”
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Scheme 111-3 Synthesis reaction conditions of ligand bC12-Br.

Same experiment was a so carried out for bC12-Br ligand synthesis (Scheme11-3) and we were
able to identify the signals corresponding to the molecule protons. Indeed, the imidazolium
proton signal was identified (s, 1H, 11.49 ppm), also the proton on the benzimidazolium cycle
(m, 4H, 7.72 ppm) and the proton of the C12 side chains (t, 4H, 4.68 ppm / p, 4H, 2.12 ppm /
m, 18H, 1.28 ppm / t, 6H, 0.9 ppm). All the remaining impurities were attributed to known
solvents.

The imidazolium salts being synthesized and purified, the NPs synthesis part of the work is
presented hereafter.

[11.B. Nanoclusters synthesis

[11.B.1. Synthesis and mor phology

The synthesis was inspired from literature and nanoparticles synthesis methods that were
previously developed in our laboratory. Hippolyte et al.,® first developed a synthesis of gold
nanoparticles in toluene at from NHC-borane (NHC-BH3 as a ligand source and reducer) and
AUCIPPhs room temperature. The team obtained amixture of gold nanoparticlesand ultra-small
nanoparticles in these conditions. Then, they also developed a gold nanoparticles synthesis
method in toluene at room temperature using imidazolium salts, various gold sources (not
AuUCIPPh3) and NaBH4 as a reducing agent and abase. Indeed, the team confirmed that NaBHa4
could deprotonate the imidazolium/benzimidazolium salts thus no further addition of a base
(such as NaH) was needed in these reaction conditions. Based on these results, we tried to
merge both synthesis methods by using imidazolium salts, AuCIPPhsin toluene and NaBH4 as
reducing agent and base. The idea was to shift the reaction toward the formation of the ultra-
small particles (potentialy gold nanoclusters). We kept the same concentrations and reactants
proportions as Hippolyte et al. with 4 equiv. of imidazolium salt (iPr-Br or C12-Br or bC12-
Br), 0.025 mmol of gold source in toluene and 10 equiv. of an aqueous solution of NaBHa4. The
main difference from the synthesis of Hippolyte et al. was the use of AuCIPPhs asagold source
with the imidazolium salt as a NHC precursor (instead of NHC-borane). Dark brown
suspensions were obtained and TEM observation of the suspensions unveiled the formation of
ultra-small particles. However, the biphasic system (water + toluene) produced emulsions that
prevented phase separation thus efficient purification of the suspensions. To free ourselvesfrom
this problem, the syntheses were carried out in another organic solvent, dichloromethane. But
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the same emulsions as for the synthesis in toluene did form. After all these trials, carrying the
synthesis in a monophasic medium was then chosen. A study of the literature highlighted
ethanol as an interesting synthesis solvent. Li et al. 3 reported a synthesis using AuCIPPhs as a
gold source in ethanol and upon addition of a reducing agent, the team obtained nanoclusters
which then coalesced and grew into nanoparticles until their growth was halted by thiols
addition. The synthesis was then performed in ethanol starting with AuCIPPhs, then adding
imidazolium/benzimidazolium salts and then adding NaBHa.

In a bottle, the imidazolium and benzimidazolium salts (0.1 mmol, 4 equiv.) presented in the
previous part were dissolved in 2 mL ethanol. Then a solution of AuCIPPhs (0.025 mmoal, 1
equiv.) in 2 mL ethanol was added at room temperature under vigorous stirring (700 rpm). After
20 min, when the salts seem well dissolved in ethanol, afresh solution of NaBH4in 3 mL EtOH
was added. The suspensions color instantly changed from clear to brown and bubbling was
observed. The reaction is stopped after 5 hours when there is no Hz gassing anymore (Scheme
[11-4). Then, the solvent is evaporated and the black residue is sonicated in diethyl ether (1-2
ml). The solid is alowed to settle and the solvent is removed by pipet. Then, the solid is
dissolved in dichloromethane (DCM) and loaded into a silica gel column packed with
DCM/EtOH (10/1). The product is eluted with DCM/EtOH (9:1 v/v) to give a black solid that
isredispersed in EtOH. This synthesis protocol is validated for the rest of the study.

{ P

% ’ NaBH, \/§

& 7 4  AuCIPPhy P
= E{OH, rt i
N+ R
4
R "

Scheme 111-4 Synthesis pathway of AUNCs in EtOH with imidazolium salts, AuCIPPhsz and
NaBHa.

I11.B.1.a. Effect of nature of the ligand

The samples obtained from the as-described synthesis using AuCIPPhs and imidazolium salts
1,3-diisopropylimidazolium bromide (iPr-Br), 1,3-didodecylimidazolium bromide (C12-Br)
and 1,3-didodecylbenzimidazolium bromide (bC12-Br), were characterized. The goal of this
part was to see a potential influence of the ligand on the particles nature (NCs or NPs) and to
monitor their stability over time.

First test-synthesis was done without NHC ligands with only AuCIPPhs and NaBHa4: a brown
suspension is obtained and when observed by TEM it showed extra small particles, probably
NCssized 0.9 (x 0.16) nm (Figure 111-2). However, the suspensions were only stable a couple
hours when stored at room temperature or in the fridge (it started showing aggregates after a
couple minutes).
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Figure 111-2 TEM image of AuNCs synthesized from AuCIPPhs and NaBHa4 in EtOH without
NHC ligand.

When an imidazolium salt was added into the reaction medium, the brown suspensions stayed
stable longer for all the ligands. TEM images showed very small sized particles with no
particular effect of the ligand on the NCs morphology or size (Figure 111-3). Indeed, for the
synthesis with iPr-Br, C12-Br and bC12-Br, we obtained NCs with mean size 1.9 (x 0.3) nm,
1.4 (= 0.5) nm and 1.3 (x 0.4) nm respectively.

AuCIPPhs + iPr-Br + NaBH,
AuCIPPh; + C12-Br + NaBH;
AuCIPPh; + bC12-Br + NaBH,

\133 nm
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Figure 111-317 TEM images and UV-Vis spectra of AuUNCs synthesized from AuClPPhs,
imidazolium salt iPr-Br (red), C12-Br (orange), bC12-Br (blue) and NaBH4 in EtOH.

It means that the nature of the ligand in our conditions do not change the nature of the NCs to
NPs or bulk gold. UV-Vis spectroscopy was also done on the three samples (Figure I11-3). No
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high intensity plasmon bands were noticed around 530 nm on the spectra as it is the case for
spherical gold nanoparticles, whereas a few transitions can be seen (Figure 111-3). For
suspensions obtained when using imidazolium salt iPr-Br (red spectrum), there are one band
around 385 nm, another one around 420 nm and a last one around 510 nm (very low intensity
and broad band). For suspensions obtained when using imidazolium salt C12-Br (orange
spectrum), the same bands are observed but with lower intensity (the absorption bands are much
less defined). Finally, for suspensions obtained when using imidazolium salt bC12-Br (blue
spectrum), there are also the same bands with lower intensity. One thing that can be noticed is
that for the different samples, the transitions seem to be at the same location on the spectra:
with this result alone no conclusion could be made on the effect of the ligand (Figure I11-3).
The interesting information relies on the positions of the transitions at 385, 420 and 510-515
nm. Indeed, a study of the literature shows that PPhs capped Auix nanoclusters have
characteristic UV-Vis absorption peaks at ~312, 380, 416, and 500 nm, which is quite similar
to the transitions that were experimentally observed in Figure 111-3.° It could indicate the
formation of Aui1 nanoclustersin our reaction conditions.

This synthesis method produces gold nanoclusters with or without NHC ligands. However, the
preliminary results show that there is a general stabilizing effect of the NHC ligands since the
suspensions with imidazolium salts are more stable over time in comparison to the suspensions
without imidazolium salts. Also, among the NHC ligands, there is no drastic difference with
regards to NCs size and stability of the suspension over time. Asthe nature of the NHC ligand
did not have noticeable effect on the particles size in TEM and on the general UV-Vis
absorption spectra profiles, we were able to observe the obtention of ultra small particles by
TEM exhibiting characteristics electronical transitions profiles in UV-Vis spectroscopy. Then,
the effect of the quantity of ligand on the nanoclusters formation was studied. Synthesis using
imidazolium salt C12-Br was chosen to conduct this study.

[11.B.1.b. Effect of the ligand/Au ratio

Synthesis was done as previously described with AuCIPPhs and 1, 4, 6 and 10 equiv. of C12-
Brin EtOH. A fresh agueous sol ution of reducing agent and base, NaBH4, was added 20 minutes
after. TEM observations and UV-Vis spectroscopy showed no change in the NPs average size
and in the absorption spectra. However, visual observation of the suspensions showed that the
stability of the suspensions with 1 equivalent of C12-Br lasted 2 weeks in comparison with the
samples with 4, 6 and 10 equiv. of ligand which stayed stable for months. In the literature, the
guantity of ligand in the formation of particles at the nanometric scale can be a determining
parameter. Indeed, the ligand to gold ratio is known to have an influence on the size of gold
nanoparticles and is used to control their size. Increasing the quantity of ligand can lead to the
formation of smaller nanoparticles.” Moreover, etching processes on gold nanoparticlesto form
gold nanoclusters by additional ligand addition also evidenced the effect of ligand to gold ratio
in the gold nanoclusters synthesis.? However in our reaction’s conditions, the effect of the
guantity of the ligand between 4, 6 or 10 equiv. does not seem to bring any drastic change. As
an example, the reaction using 4 equiv. of imidazolium salt and the one using 10 equiv. of
imidazolium salt gave NCs sized 1.5 (£ 0.3) nm and 1.5 (£ 0.2) nm, respectively (Figurel11-4).
On UV-Vis spectroscopy graphs, no plasmon band were observed and the curves were similar
to the one obtained on Figure 111-3 for NCs synthesized with ligand C12-Br (see appendix).
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Figurelll-4 TEM images of AUNCs synthesized from AuCIPPhs, C12-Br (4 and 10 equiv.) and
NaBH4 in EtOH.

The influence of other reaction parameters on the UV-Vis spectroscopy profiles and on the
TEM average sizes were also studied. The reaction was reproduced using a milder reducing
agent compare to NaBHa to study the effect of the strength of the reducing agent on the NCs
formation.

[11.B.1.c. Effect of nature of the reducing agent

Here, the synthesis was carried out as previously with ligand C12-Br but instead of NaBH,4, tBuNH;BH3
was used. The imidazolium and benzimidazolium salts (0.1 mmol, 4 equiv.) presented in the previous
part were dissolved in 2 mL ethanol. Then a solution of AuCIPPhs (0.025 mmol, 1 equiv.) in 2 mL
ethanol was added at room temperature under vigorous stirring (700 rpm). After 20 min, when the
salts seem well dissolved in ethanol, a fresh solution of tBuNH,BH3in 3 mL EtOH was added. The
suspensions color gradually changed from clear to brown after about five to ten minutes (which is
way slower than with the synthesis with NaBH,). Then, after about twenty minutes we observed
complete aggregation of the suspension in these conditions.

To stabilize the formation of gold nanoclusters when using tBuNH2BH3, the reaction conditions
were modified. Since this ligand is soluble in various organic solvents, we decided to change
the reaction solvent to toluene and carried out the reaction at room temperature and at 70°C
(Scheme 111-5).

./§‘

a-N

N\ N
R
RNy tBuNH,BH, ?/
+ AuCIPPh; ———» )

Br \ -N_ ? Toluene @

R
R=CyoHys

Scheme 111-5 Synthesis pathway of AUNCs from C12-Br and tBuNH2BH3 in toluene.

When the synthesis was done at room temperature with 4 equiv. of C12-Br, a red wine
suspension was obtained. TEM observation reveled extremely polydisperse nanoparticles with
mean size being 43 (£ 26) nm (Figure I11-5.A). There were clearly 3 populations which sizes
varies around 100 nm, 50 nm and 20 nm. A first explanation is that the reduction is too slow
compared to the nucleation, which explains this strong growth of the nanoparticles. The three
populations would be in agreement with several stages of nucleation and with a too slow
reduction of gold. Since this reducing agent is milder compared to NaBHa, we decided to heat
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up the suspensions to increase the rate of the reduction reaction. The synthesis was performed
at 70°C with 4 equiv. C12-Br. A red wine suspension was obtained in less than 5 minutes after
addition of the reducing agent. However, TEM showed 2 populations of particles, ultrasmall
particles of size around 1 nm and bigger particles of size around 4 nm (Figure I11-5.B). These
TEM results are in favor of the synthesis of gold nanoparticles with atemperature effect. UV -
Vis spectroscopy was carried out to gain further information.

Figure I11-5 TEM images of synthesis using AuCIPPhs, C12-Br and tBuNH2BH3 as reducing
agent at (A) room temperature and at (B) 70°C.

UV-Vis spectroscopy was done on both samples (room temperature and 70°C). An absorption
band around 520 nm was observed for both. The characteristic absorption plasmon band
confirmed the presence of Au NPsinthe samples (Figurelll-6). The UV-Visspectraare similar
even thoughin the sample at 70°C, the main population are ultra-small particles. NPs population
absorption profile overpowers the spectrum. There is not too much difference in position and
width between the two spectra, we could have expected something else given the difference in
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Figure I11-6 UV-Vis spectra of gold nanoparticles synthetized using AuClPPhs, C12-Br and
tBuNH2BH3 as reducing agent, at room temperature (blue) and at 70°C (orange).

Controlling the kinetics of Au(l) reduction is essential for obtaining nanoclusters, indeed the
use of amilder reducing agent produced gold nanoparticles instead of AUNCs in our reaction
conditions. With the mild reducing agent, formation of gold NPs is favored. This result is not
completely surprising because tBuNH2BH3 is a weaker base than NaBH4 and thus has more
difficulty deprotonating the imidazolium salts. As a consequence, less ligands would be
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available to coordinate to the surface and the particles would be bigger and not stop at the NCs
formation step. Also, tBuNH2BH3 is a weaker reducing agent compared to NaBHa4 favoring
longer particles nucleation time compared to reduction. We were able to see that temperature
can affect the reaction kinetic by favoring the formation of smaller particlesin these conditions.
Finally, we concluded that the conditions which were more favorabl e to the formation of stable
NCs suspensions were the one with NaBH4 as a reducing agent and at least 4 equiv. of
imidazolium salt at room temperature.

Literature has shown that when it comesto ensure a precise size control, it isnot only necessary
to stop the growth of nanoclusters at an early stage but aso that the complexation is strong
enough to protect them from an Ostwald ripening step to prevent the nanocluster suspensions
from turning into nanoparticles.® Sodium Borohydride seem to be able to deprotonate the
imidazolium and reduce gold at a good rate. There is a clear kinetic effect in the nanocluster
formation mechanism that is highlighted here.

111.B.1.d. NMR Analysis

At this stage, we do not know if PPhs or NHC capped NCs only, or a mixture of both. We
performed 3P NMR in deuterated derivative of toluene (toluene-ds) and methanol (methanol-
ds) to seeif there was signal's of the phosphine bounded to gold NCs around 50 ppm as reported
by Wang et al. for Aui1-PPhsclusters.® It would give usahint at the PPhs capped NCsformation.
NMR analysis was done on the sample synthesized from C12-Br and NaBH4 (Figure 111-7).

= 3 T | AuCIPPh,
| B -
- 2
l/ 3 P R
= M & 0 [ 3 OPPh,
? e 4 | GNC:s solution
S T e w4 PPhy-BH,

- - v v - - - - - - - - Y - v - - v
40 20 ° -20 0 (ppm]

FigureIl1-7 3P NMR spectra of gold source and C12-Br, gold source alone, and NCs
suspension.

A solution of the gold precursor (AuCIPPhs) and C12-Br ligand was analyzed (Figure 111-7,
light blue) and signals corresponding to AuClPPhs, PPhs and OPPhs were seen. The same were
found in the solution of gold precursor alone (grey). In AuUNCs suspension (dark blue), no
AuCIPPhs was found which means al the gold precursor reacted. There was still some PPhs
and OPPhs in the NCs solution and around 22 ppm, PPhs-BHs signal appeared. However, the
supposed AuNCs-PPhs signal was not observed which could mean that there are no PPhs capped
NCsin solution (Figure I11-7).
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111.B.2. Mass spectrometry (MS) analysis

[11.B.2.a. Instrumentation and software

Samples produced from AuClPPhs, imidazolium salts and NaBH4 in EtOH were analyzed by
mass spectrometry (MS) to further identify the nature and the structure of NCs which are
synthetized. The analyses were done using several mass spectrometer to confirm the results and
to prevent a potential influence of the mass analyzer on the as-obtained structures.

As a reminder from chapter 11, one of the analyzers is a Fourier-transform ion cyclotron
resonance mass spectrometry (FT-ICR). This technology of mass spectrometer is used to
determine the mass-to-charge ratio (m/z) of ions based on the cyclotron frequency of the ions
in a fixed magnetic field. We also used ESI-TOF (Electrospray lonization Time-of-Flight),
TIMS-TOF (Trapped lon Mobility Time-of-Flight) and MALDI-TOF (Matrix Assisted Laser
Desorption lonization Time-of-Flight). Time-of-flight mass spectrometry isamethod in which
anion'sm/z is determined by a time-of-flight measurement.

These methods allow us to get mass spectra where patterns can be attributed to molecules or
NCsin an analyzed suspension. A study of the m/z value was conducted and theisotopic pattern
were compared to see if they fit with a precise formula. At the beginning of this study, the
rebuilding of the formula was done by “hand” but given the great number of NCs per single
solution and the complexity of the structures, our team developed an analysis agorithm.
Chapter 11 of this manuscript has in depth information on the mass spectrometry analysis
methodol ogy.
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111.B.2.b. Analysis of synthesiswith imidazolium iPr-Br

We first analyzed the samples coming from the reaction between AuCIPPhs, iPr-Br and NaBHa4
in EtOH. A study of the composition of the suspensions by ESI-MS just after purification was
carried out (Figure 111-8). Then, aging of the suspension and stability over time at room
temperature was followed. We observed a polydisperse solution of cationic AUNCs of different
formulas with gold number going from 6 to 40 (Figure 111-8).

Au NCS Formula  Nbr m/z Au NCS Formula

Aug(PPh,)sBr* 6 | 2573,1737 | Au,,(PPh)(iPr)Br2* | 11 | 4314,2404
Aug(PPh,)¢Br* 6 | 28352656 | Au,g(PPh,);,H,>* 20 | 2363,1512
Aug(PPh,)¢2* 8 1574,6408 | Auy,(PPhs),,Br2* 21 | 3550,6115
Aug(PPh,),Br* 8 | 3491,2906 | Au,,(PPh,),,CI?* 21 | 3528,1369
Aug(PPh,),H2* 9 1804,6736 | Augg(PPhs),sBr3* 38 | 3833,0073
Aug(PPh,)gH2* 9 1935,7192 | [Aug(PPh,),,Br ]2 40 | 5935,3079
Au,o(PPh,)gBr* 10 | 4147,3154
Auy, (PPh,)gH?* 11 | 2132,6857
Auy, (PPh,)gBry* 11 | 4424,2003
Auy, (PPh,) H?* 11 | 2263,7313

Figurelll-8 List of mixed PPhz only (red) and mixed PPhs-iPr capped AuNCs (green) obtained
by ES-MS analysis of samples synthesized from AuCIPPhs, iPr-Br and NaBHa4, 5 hours after
the synthesis.

The suspensions were composed of mostly a mixture of numerous PPhs capped AuNCs and
only one specie with iPr-Br NHC ligand in its formula (Figure [11-9 a)). This last one
corresponds to Aui1(PPhs)7(iPr)Brz2*. It means that there are no clusters with more than one
NHC ligand on the surface of the gold core that isformed. The nanocluster Auwi(PPhs)7(iPr)Brz2*
pattern was almost not detected at t = O but after 1 week, it was the nanocluster of highest
intensity and relative abundancy.

Concerning single PPhs capped AuNCs, some structures had already been reported few years
ago and others more recently.° Indeed, an overview of the literature shows that there are very
few articles describing the evolution of the species in suspension after synthesis. Most of the
time, they specifically studied the most stable NCs structure or manage to crystallize one NCs
structure, that is not necessarily the most representative in number of the species present in
solution. Moreover, even if recent studies in the literature have demonstrated the existence of
specific gold nanoclusters with a precise description of their chemical composition and
structure, the complexity of the real mixture in terms of cluster diversity by their nuclearity and
by the nature of the ligands has not yet been plenty addressed.
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Figure I11-9 a) Abundance of the number of gold nanoclusters identified for each ligand.
b) Comparison of the number of gold atomsin identified nanocluster sto the number of ligands.
The area of each dot is proportional to the number of different nanoclusters containing the
same number of gold atoms and ligands. ¢) Bar chart histogram showing the number of
nanoclusters identified depending on the number of gold atoms (red for PPhs only capped
AuNCs and green for mixed iPr and PPhs capped AUNCs). All for samplesatt = 0.
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Figure 111-10 FT-ICR MS spectra of NCs suspension synthesized from AuCIPPhs, NaBH4and iPr-
Br just after purification (at t0). Not all PPhs capped AUNCs species are reported on this cf Figure
[11-8 for complete list).

When plotting the variation of the number of ligands with nuclearity (Figure 111-9 b), it was
observed that for smaller structures (Aus to Aug) the number of ligands, n, is usualy equal to
the number of gold atoms, X, or to the number of gold atomsminus 1, x-1. We have aligand:gold
atom ratio of approximatively 1 in thisexperiment for smaller nanoclusters. This tendency was
observed in the literature for the synthesis of nanoclusters Aus(PPhs)e®* ! Aus(PPhs)72* 2
Aug(PPhz)g]H 2+ 13 (Figure I11-11).

Figure 111-11 Schematic structural representation of AusPPhs)e?* 1 Aus(PPhs)7?* 1 and
Aug(PPhsz)s] H?* 12 (from left to right respectively).

However, from Aui1 to Auzz, this linear tendency changes, with a maximum of 12 ligands for
all nanoclustersin this nuclearity range. It implies that thereis a size range at which thereis no
more linear addition of ligands with increasing number of gold atoms in the nanoclusters
structure. For larger PPhs protected gold nanoclusters, a study of the literature shows the same
results with a nonlinear evolution of the number of ligands with the number of gold atoms.
Various examples were reported such as for nanoclusters, Auzo(PPhs)Hz** 4 or
Auss(PPhs)12Cle.*> These differences in the ligand to gold ratio may be due to the ligand
coordination pattern (as PPhs is a monodentate ligand) and also to the nanoclusters core
geometry. Thiswill be discussed later. Then, by studying the number of identified nanoclusters
correlated to the number of gold atoms, it appears that Aui1 nanocluster is the most common
cluster size (Figure 111-9 b and c). It means that the Auw structure stabilizes better various
nanoclusters than the other structures of different nuclearity. Not only it is the most common
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size but it is also the most prominent when observing the intensity on the ESI-MS spectra at
t = 0. Indeed, nanocluster Aui1(PPhs)s]H 2" is highly detected (Figure 111-10). It is followed by
Aug and Aus nanoclusters that are also present in high intensity in ESI-MS spectra (Figure 111-
10). While it is well-known that nanoclusters in the Aus to Aug range are most abundant in
syntheses of PPhs capped AuNCs,%*? this synthesis highlights Auiz nanoclusters. XRD analysis
of Aui1 nanoclusters, [Aui1(PPhs)sCl2]Cl, unveiled an undecagold with eight phosphines and
two chloride in the ligand shell and one outer sphere chloride.® The effect of the NHC on the
suspensions has then to be discussed.

In order to discuss about the stability of these different clusters, a study of the suspensions aged
one week was carried out by ESI-TOF-MS and ESI-FTICR-MS. A strong evolution in the
spectra of the fresh suspensions and 1 week after ageing can be seen (Figure 111-12). Att =0
(day 1), a dozen of patterns corresponding to single PPhs capped NCs with various formulas
areclearly identified (Figure I11-10). After one week ageing, the M S analysis showed that some
of the PPhs capped NCs pattern disappeared from the spectra and the intensity of some other
increased: only five types of PPhs capped NCs were till visible on the spectra (Figure 111-12).
It was observed that nanocluster Aus(PPhs)s" was detected (which was not the case at t = 0).
But we could not conclude if it was newly formed or if abundancy increased allowing better
detection. Also, there is a high increasing of a NCs with iPr-Br at the surface,
Auw(PPhs)7(iPr)Brz". Theintensity of the signals corresponding to this particular NCswasvery
low at t = 0. The Aui(PPhs)7(iPr)Br2" cluster has the highest pattern intensity over al the other
NCs structures after few days and the tendency is confirmed when the analysisis conducted on
the same suspension after 2 months. The experiment was repeated 6 times to ensure the
reliability of this result. Looking at the low masses, Au-(iPr)2 monometallic complexes pattern
intensity increase was also detected in the suspension after 1 week. It probably means that the
less stable NCs dissolve to form more stable molecular complexes whereas the more stable
clustersjust remain in the suspension.
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Figurel11-12 FT-ICR MS spectra of NCs suspension synthetized from AuClPPhs, NaBH4 and
iPr-Br after 1 week (left). Theoretical (black) and experimental (yellow) isotopic patterns for
Au11(PPhs)7(iPr)Brz*.
Thus, we make the hypothesis that there is potentially a redistribution of clusters with an
increase in the number of stable clusters due to a shift in equilibrium in solution. Another
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information can be extracted from the ESI-M S spectra (Figure 111-10 and Figure 111-12). There
is aclear disappearance of the PPhs-H* cluster on the spectra between t = 0 and 1 week. Since
PPhs protected nanoclusters synthesis has been reported through HCl etching and growth
effects,® in similar reaction conditions, it is possible that in our case H* has an etching effect on
some of the nanoclusters to form other nanoclusters. Also, it has recently been reported that
small hydrogen-containing intermediate “building blocks” (e.g., Auz(PPhs)2H", Aua(PPhs)sH*,
and Aur(PPh3)7Hs?") are responsible for the growth of larger gold clusters
(e.g., Aus(PPhs)e?* and Aus(PPhs)7?") in solution.r” Previous studies indicated that hydrogens
may have a promotional effect on gold cluster reactivity.'® Takano et. al. demonstrated that a
hydride-doped Aug(PPhs)sH?* cluster may contain hydrogen as a placeholder for subsequent
addition of gold atoms from solution. The Aus(PPhs)sH?* cluster was also found to decrease in
abundance over time.*3

Same experiment was done with other imidazolium salts to determine the influence of NHC
type on the distribution of the various clusters.
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[11.B.2.c. Analysis of synthesis with imidazolium C12-Br

We analyzed the samples coming from the reaction between AuClPPhs, C12-Br and NaBHa4 in

EtOH. A study of the composition of the suspension by ESI-MS just after purification was
carried out. Then, aging of the suspension and stability over time at room temperature was
followed. We observed a polydisperse solution of cationic PPhs and NHC-ligated-gold AUNCs
with different nuclearities from 5 to 129 gold atoms. We obtained mostly a mixture of single

PPhs capped AuNCs, few specieswith mixed PPhs and NHC ligands and two species with only
C12-Br NHC ligand at the surface (Figure 111-13).

Au NCS Formula  Nbr m/z Au NCS Formula Nbr m/z Au NCS Formula Nbr mfz Au NCS Formula  Nbr m/z
Au Au Au Au
Aus(PPhy).* s |[2295288 | Aug(PPh.)Br 8 32291988 | Auyy(PPh.),Brs* 10 | 4045,0587 Auy,(PPh.)GBrCl* | 12 | 4612,1862
Aus(C12),* s [ 26034878 | Aug(PPh.), 8 | 17056864 | Auyy(PPh.)gH* 10 | 40684054 AUy, (PPhs)gBrH* 12 | 4622,1747
Aug(C12)5* 5 | 3007,9008 | Aug(PPh,);CI* 8 | 3446,3422 Auso(PPhs)eCI* 10 | 4102,3665 AUy, (PPh)gBryCl* 12 | 4657,1349
Aus(PPh,)(C12)," 5 2865,5789 | Aug(PPh,),Br* 8 3491,2906 Auyo(PPh,)gBr 10 4147,3154 Auy,(PPh,)gBry* 12 | 4701,0837
Aus(PPhy),(C12)* | 5 [2723,257 | [Aug(PPhs)s(C12)BN] 8 | 3371521 Auyo(PPhs)s2 10 | 20336085 Auy3(PPhs)oBr,* 13 | 5081,2254
Aus(PPh;)(C12) 5 | 2580,9351 | [Auy(PPh,),(C12)Br) 8 | 36336128 | Auy(PPh,)gBrH2" 10 | 20781614 Au4(PPh;)s2* 14 | 25586772
Aug(PPhy)4(C12)" 5 2438,6132 AUB[FPhE)THZ' 9 1804,6736 [Auyg(PPh)g(C12)Br,]* 10 4187,3815 AUIS(PFh3)9H2I 15 | 2657,6644
Aug(PPhs).Br* 6 |2573,1737 | Aug(PPh,),Br 9 | 18441283 | Au,(PPh,),(C12)H 10 | 4210721 AugfPPha)ye?* 16 | 2886,6894
Aug(PPh;)¢Br* ] 2835,2656 | Aug(PPh;);CIH" g 3644,3166 Auy;(PPhs)gH?* 11 2132,6857 Au(PPh3) s H 20 | 3544,2232
AU (PPhy)," 7 | 29523156 | Aug(PPh.),BrH" 9 | 3689,265 | Auy,(PPhy)Cly 11 | 43353018 Alj(PPho)y,Hs | 20 | 23631512
Au,(PPhg);* 7 3214,4068 | Auy(PPhs),BrCl* 9 3723,2252 Au,,(PPhs)gBrH* 11 4345,2898 Au”(PPh*)HCIZ*‘ 21 | 3528,1369
Au,(PPh;)(C12) 7 | 30046375 | Auy(PPh.),Br, s [ 37681757 | Auy,(PPhy)BrCl* 11 | 43802513 Auy,(PPh.)Br* | 21 | 35506115
Auy(PPh)(C12) | 7 | 32369594 | Aug(PPh,)HZ* 9 | 19357192 | Au,,(PPh.),Br," 11 | 4424,2003 Aug(PPh,),5Br* 38 | 3833,0073
Au,(PPh,)5(C12)" 7 | 33567287 | Au,g(PPhy),BI 10 | 38852237 | Auy,(PPhs)oH?* 11 | 2263,7313 Aug(PPh,),Br2* | 40 | 59353079
Aug(PPhg)g?" 8 | 1574,6408 | Auy,(PPh,),BrH* 10 | 3966,1501 [Auy,(PPh,),(C12)Br;) 11 | 4566,5224 Auy9(PPh)5,% 129 | 10567,7906

Figurell1-13 List of mixed PPhs only (red), mixed PPhs-C12 capped AUNCs (green) and single
C12 (blue) capped AUNCs obtained by ES-MSanalysis of samples synthesized from AuCIPPhs,
C12-Br and NaBHa4, 5 hours after the synthesis.
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Figure 111-14 a) Abundance of the number of gold nanoclusters identified for each ligand.
b) Comparison of the number of gold atoms in identified nanoclustersto the number of ligands.
¢) Bar chart histogram showing the number of nanocluster sidentified depending on the number
of gold atoms (red for PPhsonly capped AuNCs, green for mixed C12 and PPhs capped AUNCs,
blue for only C12 capped AuNCs). All for samples at tO.

Through ESI-MS spectra analysis, we could obtain some information on the chemical
composition of the nanoclusters. There are 46 patterns corresponding to PPhs capped NCs with
various formulas. There are also 12 patterns associated with mixed PPhs and C12-Br capped
AUNCs with varying number of ligands. Moreover, there are only 2 AUNC structures capped
only by C12-Br: Aus(C12)s" and Aus(C12)4" (Figure I11-14 a). With ligand C12, there is a
higher diversity of PPhs, mixed PPhs and C12 and C12 capped nanoclusters that are formed than
with ligand iPr. When plotting the variation of the number of ligands with nuclearity (Figure
[11-14 b), a curve with alogarithmic tendency is observed. For smaller structures (Aus to Aug)
the number of ligands evolves linearly with the number of gold atoms. The ligand:Au atom
ratio is ca. 1 in this experiment for smaller nanoclusters and when the number of gold atomsis
above 10, this tendency disappears. The use of different NHC ligand did not affect this
parameter that is also observed when using ligand iPr. Finally, the number of identified
nanoclusters as a function of the number of gold atoms shows that Auii, Aus and Auo
nanoclusters are quite common cluster sizes that are found when using C12-Br imidazolium
salt as a NHC precursor. However, with ligand C12, Auio nanocluster is the most common
cluster size (Figure 111-14 c). Another nanocluster type appeared here with ligand C12, which
is common to high number of nanoclusters, Aus nanoclusters. When observing the relative
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intensity of the patternsin the ESI-M S spectraat t = 0, the pattern corresponding to nanocluster
Aus(C12)s" was the most intense and relatively abundant with aligand:Au stoichiometry of 1:1
(Figure 111-15) inside the cluster.

It means that the nature of the ligand does not influence the ligand: Au ratio tendency but it does
influence which clusters are abundant in solution regarding the number of Au atoms. The use
of C12 ligand stabilized smaller nanoclusters with high relative abundancy but also bigger
nanoclusters (with low relative abundancy). Indeed, the number of PPhs capped AuNCs is
higher with C12-Br ligand and the nuclearity reaches 129 gold atoms in this case. At this step,
thereisalarge panel of gold nanoclusters nuclearities. It means there is a clear influence of the
type of NHC ligand on the PPhs capped AuNCs. With ligand C12-Br, we observe more
diversity in the obtained nanoclusters. There is more both PPhs capped AuNCs species and
mixed PPhs-NHC capped AUNCs species. There is also more NHC capped AuNCs as well. In
fact, we see that the coordination of C12-Br is more competitive than that of iPr. It could be
due to various effects such as a stronger donor effect or the steric effects of the alkyl chains.
We made the hypothesisthat the longer side chains (iPr vs Ci12H2s) allowed a better stabilization
of various PPhs capped AuNCs. Indeed, studies showed that ligand length has a strong effect
on particle spacing. Adding ligands to the core works as an isolation layer to the core and
difference in relative energies is reduced. For longer ligands, the difference is increased in
comparison to shorter ligands, but also to unprotected cores.’® It was also reported thanks to
natural bond orbital analyses that steric effects play an important role in determining final
cluster architectures.?
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Figurel11-15 FT-ICR MS spectra of NCs suspension synthesized from AuClPPhs, NaBH4 and
C12-Br just after purification (at t0). Not all PPhs capped AUNCs species are reported on this
cf Figurel1l-14 for complete list.

After one week, the ESI-MS analysis showed that many of the PPhs capped NCs patterns
disappeared from the spectra. The only PPhs capped nanoclusters that remained were:
Aug(PPh3)7?*, Aug(PPhz)sH?*, Aus(PPhs)s’, Aus(PPhs)sBr*, Auio(PPhs)sBr*, Aus(PPhz)7Br™,
Au11(PPhs)sBrCl*, and Aui(PPhs)sBr2* (Figure 111-16). The intensity of some other patterns
increased as for Aui(PPhs)7(C12)Br2" (similar to what we observed with the samples with i Pr-
Br). In this case, al the patterns corresponding to mixed or single NHC capped AuNCs
structures disappeared after 1 week except fromone: Auii(PPhs)7(C12)Br2" (Figurelll-16). As
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we observed for the synthesis with iPr-Br ligand, for the PPhs capped AuNCs, there is an
evolution of NCs composition over time in the suspension. The NCs structures which are
unstable disappear whereas the most stable species stay stable over time. As for the NHC
(ligand C12-Br) capped AuNCs, only one structure seems to remain stable over time:
Au11(PPhs)7(C12)Br2". Indeed, others C12-Br capped NCs patterns disappear with ageing of
the suspensions. The nanocluster Aui1(PPhs)7(C12)Br2" is the same formula that was obtained
and remained stable with ligand iPr-Br (Auw1(PPhs)7(iPr)Brz2"). However, with ligand C12, the
nanocluster Aui(PPhs)7(NHC)Br2" relative abundancy in ESI-MSis not the highest (high but
lower than Aui1(PPhs)sBrz2").

Similarly to the synthesis with ligand i Pr, various PPhs capped AuNCSs structures remain stable
over time in the suspension (Figure 111-16). The number of gold atoms goes from 5 to 11 with
only one Aull structure incorporating 1 NHC. However, the stabilization of only NHC capped
AUNCs does not happen in these conditions.
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Figure 111-16 FT-ICR MS spectra of NCs suspension synthetized from AuCIPPhs, NaBH4 and
C12-Br after 1 week (left). Bar chart histogram showing the number of nanoclusters identified
depending on the number of gold atoms (red for PPhs only capped AuNCs, green for mixed
C12 and PPhs capped AuNCs) for sample at 1 week (right).

There is also a clear disappearance of the PPhs-H™* cluster on the spectra betweent=0and 1
week (exception for Aug(PPhs)sH?* which did not disappear but intensity decreased). It is
probably due to the same H* growth effect explained previously.!” The main differences
between the iPr and C12 ligand synthesis were observed at t = 0, just after synthesis. It seems
to be a clear effect of the ligand on the different clusters abundancy. However, after one week,
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the stabilized nanoclusters are similar for both ligands unveiling a common reactivity
mechanism.

[11.B.2.d. Synthesis with imidazolium bC12-Br

We analyzed the samples coming from the reaction between AuCIPPhs, bC12-Br and NaBH4
in EtOH. A study of the composition of the suspension by ESI-MS was aso done just after
purification. Then aging of the suspensions and stability over time at room temperature was
followed. AUNCs with different formulas were obtained with a nuclearity going from 5 to 129.
A mixture of PPhs capped AuNCs was mostly synthesized. Actually it was the same structures
that were obtained for the synthesis with ligand C12-Br (Figure 111-17, Figure 11-18 @). A few
species with mixed PPhs and NHC ligands were also obtained and one with only bC12 ligand
at the surface was synthesized (Figure 111-17).

For this ligand, the AUNCs structure with NHC in its formula with the biggest number of gold
atoms was detected with avery low intensity: Au1(PPhs)10(bC12)6Br?* (Figure I11-17).

Au NCS Formula Nbr m/z Au NCS Formula  Nbr m, Au NCS Formula Nbr m/fz Au NCS Formula
Au Au Au

Aus(PPh;)s* 5 | 2295288 Auyo(PPhs)gBr* 10 | 4147,3154 | Auy,(PPha)sBrs’ 12 | 4701,0837
Aus(PPhs)(bC12), 5 | 3065,6415 Auo(PPhy)g" 10 | 2033,6985 | Auy,(PPha)eBr," 13 | 5081,2254
Aus(PPh;),(bC12) 5 | 2873304 Auy(PPhy)sBrHY 10 | 2074,1614 | Auy,(PPh;)e? 14 | 2558,6772
Aug(bC12),* 5 |3257,9791 | Aug(PPh,);H2 9 [1804,6736 | Auy,(PPhy)H? 11 | 2132,6857 | Auys(PPhs)oH2* 15 | 2657,6644
Aug(PPhs)sBr* 6 | 2573,1737 | Aug(PPhs);Br?* 9 [1844,1283 | Auy(PPhy)sCl,* 11 | 43353019 | Auyg(PPhy)y2" 16 | 2886,6894
Aug(PPh)gBr* 6 | 28352656 | Auo(PPhs),CIH* 9 | 3644,3166 | Auy,(PPh)gBrH* 11 | 4345,2898 | Au,p(PPha)y;H,2* 20 | 3544,2232
Auy(PPhy)g" 7 | 2952,3156 | Aug(PPh,);BrH* 9 | 3689265 | Auy,(PPhs)gBrCl* 11 | 4380,2513 | Auyp(PPhs)yHy™ 20 | 2363,1512
Au,(PPhy),* 7 | 32144068 | Auo(PPh,);BrCl* 9 |[3723,2252 | Auy,(PPh,)eBr,* 11 | 4424,2003 | [Au,,(PPh,),,(bC12),Br 21 | 3646,7804
Aug(PPh,)¢(bC12)Br* 7 | 2952,3156 | Aug(PPh,);Br, 9 | 3768,1757 | Auyy(PPhy)gH?* 11 | 2263,7313 | Auy(PPh,),,CI> 21 | 3528,1369
Aug(PPhs)e2* 8 | 1574,6408 | Aug(PPhy)gH* 9 | 19357192 | [Auy(PPh;);(bC12)Bry] 11 | 4616,5381 | Auy,(PPh,)yBr2* 21 | 3550,6115
Aug(PPhy)¢Br* 8 | 3229,1%88 Auy(PPhs),Br+ 10 [ 38852237 Auy,(PPhy),(bC12),Br,]* 11 | 4809,8764 | Ausg(PPhy)ysBri* 38 | 3833,0073
Aug(PPh,),% 8 | 17056864 | Au,o(PPhs),BrH" 10 | 3966,1501 | [Au,,(PPhs),(bC12)Brs]H 11 | 4697,463 | Auup(PPhs)y,Br,2 40 | 5935,3079
Aug(PPh,),CI* 8 | 34463422 | Auyy(PPhs);Bry* 10 | 40450587 | Auy,(PPhg)gBrCl,* 12 | 4612,1862 | Auyye(PPhy);, > 129 | 10567,791
Aug(PPhs),Br* 8 | 3491,2006 | Auyg(PPhy)gH* 10 | 4068,4054 | Auy,(PPh,)sBr,H' 12 | 4622,1747

Auyg(PPhs)eCl 10 | 4102,3665 | Auy,(PPhsgBr,Cl* 12 | 4657,1349

Figure 111-17 List of mixed PPhs only (red), mixed PPhs-bC12 capped AuNCs (green) and
single bC12 (blue) capped AuNCs obtained by ES-MS analysis of samples synthesized from
AuCIPPhs, bC12-Br and NaBH4, 5 hours after the synthesis.

When plotting the variation of the number of ligands with nuclearity (Figure I11-18 b)), it was
observed that for smaller structures, the number of ligands is usually equal to the number of
gold atoms as for the other previous ligands. The results for the ligand:Au ratio for bigger
nanoclusters are the same as with the other ligands. It shows that the nature of the NHC ligand
seemsto have very neglecting effect on this parameter. Then, astudy of the number of identified
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nanoclusters as a function of the number of gold atoms shows that Auii, Auiwo and Auo
nanoclusters are quite common cluster sizesthat are found when using ligand bC12. With ligand
bC12, Aui1 nanocluster is the most common cluster size, similarly to the synthesis with iPr
(FigureI11-18 c). When observing the relative intensity of the patternsin the ESI-M S spectra at
t = 0, only one nanocluster with 100% bC12 ligand was detected Aus(bC12)4*. This cluster is
similar to the one found with ligand C12 but it did not remain stable in the suspension over time
(asit wasthe case of ligand C12). It confirmsthe ability of longer alkyl chains NHC to stabilize
smaller NCs. As the PPhs capped nanoclusters formed are the same than with ligand C12, our
interest will focus on mixed stabilized species (green on Figure I11-18 c). In the case of ligand
bC12, we were able to stabilize a lower variety of species. Aus, Aus, Aui1 were commonly
stabilized by both C12 and bC12 ligands, however C12 ligand was limited to the stabilization
of Aui1 nanocluster when bC12 could also stabilize Auz: type nanoclusters. It probably means
that bC12 can stabilize bigger sized nanoclusters. One explanation of the fact that C12 stabilizes
ahigher variety of clusters can be due to the mesomeric effects brought by the benzimidazolium
ring. Ligand bC12 is probably less good at electrodonation than ligand C12. Finally, the nature
of the ligand does not influence on the ligand:Au ratio tendency. The use of bC12 ligand
stabilized nanoclusters similar to the one with C12 with few differences. Indeed, the number of
NHC+PPhs capped AuNCs is higher with C12-Br ligand. At this step, there is a large panel of
gold nanoclusters nuclearities and study of the suspensions ageing could help in seeing a
difference among the ligands.
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Figure 111-18 a) Abundance of the number of gold nanoclusters identified for each ligand.
b) Comparison of the number of gold atoms in identified nanoclusters to the number of ligands.
¢) Bar chart histogram showing the number of nanoclusters identified depending on the number
of gold atoms (red for PPhs only capped AuNCs, green for mixed bC12 and PPhs capped AuNCs,
blue for only bC12 capped AuNCSs). All for samples at t0.
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In this case, we obtained around 46 patterns corresponding to PPhs capped AuNCs, 7 PPhs and
bC12-Br capped AUNCs structures and 1 AuNCs which is only capped with bC12-Br ligand.
In regards to bC12-Br capped AUNCs, two structures stayed stable over time:
Au11(PPhs)7(bC12)Br2" and Aui(PPhs)s(bC12)2Brz2*. Their relativeintensity in ESI-M Sisquite
similar and way lower than Au11(PPhs)7(iPr)Brz2" and Au11(PPhs)7(C12)Br2" pattern observed
in the previous 1 week spectra. With this ligand, two types of NHC remained stable over time
compared to synthesis using C12-Br and iPr-Br when only one structure with NHC at the
surface showed great stability: it can explain the lower intensity (equilibrium between the two
structures) (Figure 111-19).
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Figure 111-19 FT-ICR MS spectra of NCs suspension synthetized from AuCIPPhs, NaBH4 and
bC12-Br after 1 week. Theoretical (black) and experimental (blue) isotopic patterns for
Au(PPhs)7(bC12)Br2*. Bar chart histogram showing the number of nanoclusters identified
depending on the number of gold atoms (red for PPhs only capped AuNCs, green for mixed
bC12 and PPhs capped AuNCs, blue for only bC12 capped AUNCSs) for samples after 1 week.

Also, most PPhs capped AuNCs did digoint over time as for the other ligands. This time, it
seems like there are less PPhs capped NCs after 1 week remaining in the suspensions (only 3
structures) (Figure 111-19). These differences can be attributed to a difference in bulkiness of
ligand bC12-Br compared to C12-Br and iPr-Br if we suppose that it affects the NCs formation
process. It could also be attributed to potential mesomeric effects due to the addition of acarbon
cycle on bC12-Br compared to C12-Br, for example. Indeed, electronics can be atered by
changing the nature of the azol e ring: benzimidazoleisinferior toimidazolein electron donating
power.?! Similarities can be found when comparing the M S spectra obtained from the bC12-Br
synthesis with the spectra of the synthesis carried out with the other ligands: the structures
Aus(PPhs)s*, Aus(PPhs)7>* and Auii(PPhs)sBr2* are detected when analyzing the suspensions
after 1 week (Figure 111-19). It shows that in these reaction conditions, the formation of some
stable PPhs capped AuNCs is not completely correlated to the presence of the NHC ligandsin
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the suspension. However, thereisaclear effect of the type of NHC ligand on the nature clusters
that are formed and their stability over time.

[11.B.2.e. ESI-MS results discussion

ESI-MS study allowed us to not only demonstrate that a high diversity of NCs structures and
chemical compositions are obtained in our synthesis conditions but also that ageing of the
cationic gold clusters suspensions put light onto the structures that are the most stable. These
experiments were done many time and are reproducible in terms of NCs species formed and
NCs species that are stable over time. Here, it was possible to conclude that the type of ligand
has a direct influence on the NCs that are synthesized as different structures were stabilized
depending on the ligand. However, for all the ligands, the mixed PPhs and NHC capped AUNCs
Au11(NHC)7(NHC)Br2" signal in mass spectrometry was particularly stable over time. Indeed,
ESI-MS study done on the sample after one month and three months show that they remain in
the suspensions (see appendix). Moreover, ESI-M S analysis of the heated suspensions showed
no degradation of the Aui(NHC)7(NHC)Br2" nanocluster. Also, some PPhs capped AuNCs
structure showed great stability in all the samples using the three kinds of imidazolium salts.

A study of the theoretical analysis done in the literature could help us in understanding the
dynamics between the phosphine and NHC ligands and also understand the better stability of
some NCs structures in comparison to the others. Indeed, ESI-MS analysis showed the
preferential stabilization of phosphine capped NCs over NHC capped NCs with the exception
of astructure containing only 1 NHC.

NHC and phosphine ligands are both neutral and do not change the oxidation state or cluster
charge to accompany an exchange reaction. Phosphine stabilized clusters do not have a layer
of Au(l) atomson the exterior, asit isthe case for thiolate-stabilized clusters. Also, phosphines
are monododentate ligands in comparison to thiolate for example (no staple pattern). It means
that in our reaction conditions, ligand exchange could be favorable. However, Crudden et al.
reported ligand exchange reaction to form mixed PPhs and NHC capped gold nanoclusters from
[Au11(PPhs)sCl2] Cl.22 As previously said, Auiz is one of the most stable PPhs capped AuNC.
DFT (Density functional theory) cal culations showed that exchange of phosphineswith iPr type
NHC ligandsisenergetically favorable on almost al the phosphines positions. However, mostly
one NHC was favorably exchanged experimentally. It proves that even though DFT-predicted
favorable exchange reaction of seven phosphines out of eight, phosphine capped AuNCs are
very stable and kinetic effects favors the exchange of only one NHC.

Another recent article reported a comparison of NHC capped NCs formation with their
phosphine-protected analoguesfrom DFT calculations. Wei et al., used in particular aniPr NHC
as a model. 2 They compared two AUNCs: [Aui(PPhs)sCl2]* (AullCl2-P) and
[Au2(NHC)sCl2]* (AullCl2-C) (Figure 111-20). The geometries of the phosphine-protected
AUNCs and their NHC homol ogues were optimized and compared (Figure 111-20).

They also compared the energetic data associated with nanocluster bonding, magjor TD-DFT-
computed UV-Vis excitation energies and TD-DFT-Computed fluorescence emission
energies. It was concluded that the hypothetical NHC-protected AUNCs exhibited similar
structural chemistry to that of the experimentally characterized phosphine-protected anal ogues.
Thereisasimilarity in the bond distances and results showed similar thermodynamic stability.
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This was confirmed by evaluating the Au—P and Au—C bonding energies in these species, with
the Au-C being slightly stronger than the Au-P bond by a few kcal.mol™?. There were also
comparable HOMO-LUMO gaps which means they have comparable kinetic stability (Figure
[11-20). These results showed that phosphine protected AUNCs and NHC protected AUNCs are
similarly stable with still better resultsfor NHC ligands. It means that PPhs can stabilize as well
asiPr ligand the AUNCs. For gold source AuCIPPhs, the fact that PPhs are already linked to the
gold would make it difficult to favor the formation of NHC capped NCs. However, the addition
of aNHC in the structure seems to provide better stability to the Auir NCs.
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s g f exp Au,,Cl,-P Au,,Cl,-C
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NG fr ’ w . 5 - C [WBI] [0.140] [0.155]
= r,.,’Y_ T l Y 1 \ o - Au,—Au, av. 2954 av. 3..\'"" av. ‘,Ul\)‘
- i P BN - [0.072] [0.069]
o g, ' (X Au,~Cl  av. 2357 av. 2388 av. 2422
" ’ ~ [0.322] [0.285]
) p ( J ( ]
Au-L av. 2289 av. 2288 av. 2042
[0411] [0.429]
Au,,Cl,-P Au,,Cl,-C HOMO-LUMO 1.89 1.91
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p— NAO charge (av.) Au, -022 -0.24
\"‘N\»N"~/ Au, +0.10 +0.16
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Figure 111-20  [Auua(PPhs)sCl2]* (AullCl2-P) and [Aui(NHC)sClz]* (AullCl2-C)
represented by DFT and relevant computed data for [AuwiClaoLg]* Clusters [L = PPhs
(Aul1Cl2-P) and NHC (Au11Cl2-C)].

The versatility in the electronic properties of the NHC’s family compared to phosphines could
increase the gap (structural, reactivity, properties, etc.) between both types of stabilized AUNCs.
Even though phosphine protected AUNCs are very stable and display interesting properties (cf
Chapter I), the gain obtained by the use of NHC ligands could be tremendous. Indeed, the two
types of clusters, PPhs and NHC protected clusters, are almost identical from athermodynamic
point of view.?® In our case as we start from an AuCIPPhs precursor, the formation of PPh3
clustersis kinetically favored hence the mgority of PPhs clusters formed at the end.

Moreover, another discussion can be made from the results that were obtained. Indeed, we
highlighted the fact that the evolution of the suspensions composition over time could be due
to H* responsible for the growth of larger gold nanoclusters but another parameter can be taken
into account. Indeed, PPhs ligands during AUNCs formation can have adual role: asastabilizer
and proactive etching agent. These conclusions were based upon a study of cluster size
populations, Aug, Aus and Aux (10 < x < 13).2* Pettibone et al. showed that growth and etching
occur allowing the narrowing of cluster dispersity. We have been wondering why it is mostly
the NCs structures with 11 gold atoms that display high stability over time. One of the
hypothesesisthat this 11 gold atoms structure is highly stable toward etching and promotes the
integration of one NHC ligand in its organization. Also, there is probably an effect of the
AUNC:s core structure. It was reported that AuisNC is in the transition region between planar
and three-dimensional nanostructures probably due to increased internal coordination. In the
case of Auiz NCs a single central gold atom is coordinated by 12 outer gold atoms to form “one-
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shell”. When 42 gold atoms are packed to the 12 outer atoms, a two-shell Auss NC is formed.
Full-shell clusters are favored for small nanoclusters.? Aux nanocl usters structure is composed
of an undecagold surrounded by ligands. The ligand:Au ratio follows the same tendency among
monodentate PPhs and NHC protected clusters due to core geometries and ligand coordination
patterns.

The association of the reagents effects, the thermodynamic stability of the ligands and the
kinetics effects due to the gold source structure allows the formation of stable small single PPhs
nanoclusters and highly stable mixed PPhs and NHC protected Auii nanoclusters.

I11.C. Conclusion

In this chapter we were able to synthesize NHC capped AuNCs, mixed NHC and PPhs capped
AUNCs and PPhs capped AuNCs. Gold nanoclusters with various nuclearity going from 5 to
129 were formed. Also, the number of stabilizing ligands varied from 4 to 24 ligands depending
on the nanoclusters. More importantly, we were able to study the different AUNCs that can be
formed during the synthesis and their stability over time. In afirst part, the nature of the NHC
ligand did not seem to have any influence on the NCs morphology and size. However, given
their extra small size and molecular behavior, NCs are difficult to study only by UV-Vis
spectroscopy anaysis and TEM observation. The influence of the reducing agent was aso
assessed since it was shown that a strong reducing agent is necessary to stabilize AUNCs in
these conditions.

Synthesisin other solvents such astoluene and DCM were performed to assess a possible effect
of the solvent (this time NaBHa was dissolved in water) but it did not really change the nature
of the AUNCs we obtained. Actually, when using these organic solvents, we had formation of
emulsions that made some of our analysis difficult since it made the purification steps harder
to proceed. Thus, ethanol was kept as solvent for this part of our studies.

ESI-MS has been a technic of choice to analyze our sample and study the synthesized NCs
structures and relative stability. We observed that bulkier ligands could stabilize temporarily
AUNCs capped by NHC only in our reaction media, like Aus(NHC)s". But their
thermodynamically unfavorable structure made them unstable over time. The notion of
thermodynamically favorable AuNCs structures was introduced there. With al the NHC
ligands used only one specie could incorporate an NHC inits structure: Auii(PPhs)7(NHC)Br2".
Also, nanocluster Auii(PPhs)sBr2" was the most stable and abundant nanocluster. We could
concludethat Au11 nanocluster are also very stablewith only PPhs as stabilizing ligand probably
due to the structure that give Auir nanoclusters higher thermodynamical stability. Several
phosphine capped AUNCs were synthesized and remained stable over time in the various
suspensions. Moreover, the only NHC capped AuNCs that were stable over time, were the one
with a mgjority of phosphine ligands in their structures. The synthesis kinetic aspects are
favorable to PPhs nanoclusters because PPhs are already coordinated with gold in the precursor
(AuCIPPhg).

Our next goal is to perform a reaction, which does not involve a competitive ligand such as
PPhs, and to study the NCs synthesized when only NHC are the ligands. For this purpose, we
developed a synthesis pathway using gold complex HAuUCI4.3H20 as gold source.
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CHAPTER IV: SYNTHESIS OF N-HETEROCYCLIC
CARBENE STABILIZED GOLD NANOCLUSTERS
FROM IMIDAZOLIUM SALTSAND HAuUCI4.3H20

In this chapter, we will describe a study of NHC capped AuNCs synthesis using imidazolium
saltsand a gold precursor that does not contain a strong stabilizing ligand such as PPhs in order
to obtain full NHC nanoclusters. Indeed, using AuClPPhgz, the strong coordination of PPhs to
Au(l) before the reduction step is not displaced to the benefit of NHC, and at the best only one
NHC is present in the chemical structure of gold nanoclusters. To avoid this competition
between ligands, we studied the synthesis with another gold precursor.

First, syntheses with AUuCITHT (Chloro(tetrahydrothiophene)gold(l)) and AuClSMe2
(Chloro(dimethyl sulfide)gold(l)) were tested. For these preliminary tests, gold precursors
(0.05 mmol, 1 equiv.) were dissolved in 2.5 ml of ethanol, then a C12-Br imidazolium salt (4
equiv.) solution in 2.5 ml of ethanol was added. Finally, NaBHa4 (10 equiv.) in 1 ml of ethanol
was added. The reaction was left under stirring for 5 hours. Then, the suspensions were
centrifuged to remove excess NaBHa4 (10 min, 10000 rpm), and the solvent was evaporated. 5
ml of benzene (to remove potential unreacted starting material) was added and the mixture was
sonicated 1 min. After decantation, the benzene solution was removed and the beige solid was
removed. Benzene was evaporated and the resulting brown solid redispersed in ethanol for
further analysis. The syntheses using both gold sources gave similar results. Brown suspensions
were obtained and aggregation occurred within an hour. Unpurified suspensions also went
through aggregation within an hour. Mass spectrometry analysis of the suspensions showed no
nanocluster signals. The same reaction was reproduced with the addition of NaH (2 equiv. /
imidazolium salt, 6 minutes before adding NaBHa4) to promote a better deprotonation of the
imidazolium salt. However, the same results were obtained since quick aggregation of the
suspensions occurred. The reaction in organic solvents gave gold nanoparticles suspensions,
similarly to the syntheses reported by Hippolyte et al.!

Then synthesis with another gold source, Hydrogen tetrachloroaurate(lll)
trihydrate (HAuUCIl4.3H20) was tested. In this chapter we will describe a study of NHC capped
AUNC:Ss synthesis using imidazolium salts and HAuCl4.3H20 as gold source.
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IV.A. Non water dispersible nanoclustersusing HAuCl4.3H20

IV.A.l Imidazolium salts synthesis

In this chapter, we used the same imidazolium salts that were previously reported: iPr-Br, C12-
Br, bC12-Br. We also worked with a wider range of ligand precursors and extended the
selection to: Allyl-Br, bAllyl-Br, Benzyl-Br, and bBenzyl-Cl. The interest was to study a
maximum the influence of the nature of the ligand on the obtained NCs and on the suspensions
overall stability. The following parameter were assessed to choose the ligands: long carbonyl
chains (C12-Br) versus small chains (iPr-Br, Allyl-Br), imidazolium (C12-Br/Allyl-Br) vs
benzimidazolium ring (bC12-Br/bAllyl-Br), and nature of the anion (Cl- vs Br). These
parameters are very important since, for example, the use of imidazolium salts with an iodide
anion led to the precipitation of the suspensions into aggregates, regardless of the imidazolium
used.

A previous study from 2016 reported the effect of the side-group of benzimidazole-2-ylidene
on the size of NPs.? They demonstrated that ligand exchange reactions between thioethers and
benzimidazol-2-ylidenes occurred at the surface of AuNPs. The team reported that
benzimidazol-2-ylidenes bearing methyl, n-hexyl and phenyl groups on the N atoms, led to
significant etching of the NPs, thus decrease in size. Actually, the NPs went from 5.8 (+ 1.2)
nm to 2.8 (x 0.6) nm when ligand exchange was done with benzimidazol-2-ylidenes bearing
methyl groups. For benzimidazol-2-ylidenes bearing phenyl groups the NPs went from 5.8 (+
1.2) nmto 3.4 (£ 0.8) nm. On the other hand, n-hexyl group led to amore moderate Size decrease
going from 5.8 (+ 1.2) nmto 5.1 (+ 1.0) nm. It is probably due to the fact that long alkyl chains
of the n-hexyl interact better with each other leading to increased stabilization and decreased
etching. Indeed, the long akyl chains form a protective layer around the particles preventing
aggregation and surface degradation.

The syntheses for NHC precursor’s Allyl-Br, bAllyl-Br, Benzyl-Br, bBenzyl-Cl are the same
as for iPr-Br, C12-Br and bC12-Br. In around flask NaH (1 equiv.) is introduced under N2.
Then, distilled THF (40 ml) isadded, followed by (benz)imidazol e addition (1 equiv., 30 mmol)
at 0°C. The corresponding alkyl bromide (2 equiv.) is added and the reaction mediais|eft under
stirring for 1 hour. Then, the reaction media is heated at 75°C for 24 hours (or 48 hours
depending on the *H NMR spectra). The imidazolium salts were analyzed by *tHNMR and IR
spectroscopy to confirm their synthesis (see appendix).
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IV.A.2. Non water dispersible nanoclusters synthesis

As stated previously, our focus here was to use a gold source that did not bear strong stabilizing
ligandsin its structure that could compete with NHC.

A solution of HAuUCI4.3H20 (0.05 mmol) in 2.5 ml of ethanol is mixed with a solution of
imidazolium salt in 2.5 ml of ethanol for 20 minutes. Then, NaH (2 equiv. / imidazolium salt)
Is added as a base for imidazolium deprotonation. Finally, six minutes after, a solution of
reducing agent NaBHa4 (10 equiv.) in 1 ml of ethanol is added and yields brown suspensions
(Scheme IV-1). Thereaction isleft under stirring for 5 hours. The suspensions are centrifuged
(20 min, 10000 rpm) to remove the excess of NaBHa4that has not completely solubilized, then
the solvent is evaporated. Then, the suspensions were centrifuged to remove excess NaBH4 (10
min, 10000 rpm), and the solvent was evaporated. 5 ml of benzene (to remove potential
unreacted starting material) was added and the mixture was sonicated 1 min. After decantation,
the benzene solution was removed and the beige solid was removed. Benzene was evaporated
and the resulting brown solid redispersed in ethanol for further analysis.
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Scheme V-1 Synthesis of NHC capped AuNCs using gold source HAuUCl4.3H20 and
imidazolium salts.

The suspensions were observed by TEM and analyzed by UV spectroscopy. Also, stability over
time of the suspensions using various NHC precursors was studied. Syntheses with 4 equiv., 5
equiv. and 10 equiv. of ligand iPr-Br, bC12-Br and C12-Br were performed. No significant
effect of the imidazolium salt/Au ratio was observed. Thus, the results for the synthesis with 4
equiv. of imidazolium salt will be presented in the next part.

IV.A.2.a Effect of the ligand
IV.A.2.a.i. Effect of the ligand on the suspension stability

In this part, the following imidazolium salts were used: C12-Br, bC12-Br, iPr-Br, Allyl-Br,
bAllyl-Br, Benzyl-Br and bBenzyl-Cl. The same synthesis protocol asin part 1V.A.1.b was
followed. By using various ligands in our reaction conditions, we saw areal influence on the
formation of AUNCs since we observed clear differences in suspensions stability over time.

When the synthesis was performed with imidazolium salts like Allyl-Br and bAllyl-Br, we

observed a direct and complete aggregation when adding the reducing agent in the reaction

media. Indeed, upon addition of NaBHa4, a black precipitate formed in the bottom of the flask
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and the solution above was clear. Several reactions parameters were modified to seeif we could
obtain AUNCs: theimidazolium salt/Au ratio wasincreased up to 10, the NaH/imidazolium salt
was increased up to 5, the reaction mediawas cooled at 0°C or heated to 70°C. However, these
two type of NHCs did not stabilize neither AUNCs nor AUNPs.

Then, the imidazolium salts, iPr-Br and Benzyl-Br were used. We observed brown suspensions
with a little bit of aggregation. These NHC ligands were able to temporary stabilize NCs as
observed by TEM (Figure 1V-1). When using imidazolium salt iPr-Br, particles sized 1.7 (=
0.4) nm were formed. When using imidazolium salt Benzyl-Br, particles sized 0.9 (+ 0.2) nm
were formed. It means that the benzyl rings on the N atoms favors the formation of smaller
particles.

E- o Em ¥ag
) : e .
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Figure 1V-1 TEM images of AUNCs synthesized using NHC precursorsiPr-Br (left) and
Benzyl-Br (right).

However, stability over time of the suspensions was extremely low. After two hours, strong
aggregation of the suspensions and the formation of gold mirror on the container wall were
observed. After 4 hours, the suspensionswere not colored anymore and the gold mirror quantity
increased. A few hypotheses could be made on these results. Since, particles were primary
formed but did aggregate | ater, there is probably instability of the particles. Also, the formation
of the gold mirror probably indicates etching process that could happen in our reaction
conditions. Further analysis of these suspensionswill be presented in the next part to understand
what did happen.

Results were different with the other NHC precursors used: C12-Br, bC12-Br, bBenzy!-Cl.

After synthesis, brown suspensions were obtained. This time no aggregation was observed nor
gold mirror with aging of the suspensions. The differences in suspensions stability, for the
synthesis with these three imidazolium salts, started showing after weeks. After 2 weeks, the
samples from bBenzyl-Cl showed signs of aggregation and after 1 month, aggregation and gold
mirror appeared. For the samples with bC12-Br, lightening of the suspensions color appeared
after 1 month. As for the synthesis with ligand C12-Br, no aggregation was detected after
several months when stored at room temperature. The suspensions were observed by TEM
(Figure 1V-2) and UV spectroscopy analysis was conducted (see appendix). It showed no
noticeable plasmon band on the spectra. The synthesis using imidazolium salt C12-Br gave NPs
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of size 1.9 (= 0.3) nm. The one using benzimidazolium salt bC12-Br gave NPs of size 1.2 (=
0.2) nm. The one using benzimidazolium salt bBenzyl-Cl gave NPs of size 1.6 (£ 0.3) nm
(Figure 1V-2).
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Figure IV-2 TEM images of AUNCs synthesized from HAuCl4.3H20 using NHC precursors
C12-Br (A), bC12-Br (B) and bBenzyl-Cl (C).

TEM observation of the suspensions confirmed the synthesis of extra small NCs for the three
ligands. The size of the particles synthesized using benzimidazolium salt bC12-Br was
significantly smaller than the size of the particles synthesized using the two other imidazolium
salts. It could be due to synergetic effects of the benzimidazolium ring and the long C12 alkyl
chains. Discussing the effect of the ligand on the size at the scale of the NCsis very difficult
since the average NCs size is 1-2 nm. Thus, we need to determine the composition of the
nanoclusters formed.

In order to determine the exact nature of the synthesized AuUNCs, a study of the suspensions
and their potential evolution over time by mass spectrometry was conducted. Indeed, we will
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look at the population of nanoclusters formed, see if there are stable formulas, and if thereisa
difference in nanocluster populations for the three ligands.

IV.A.2.aii. Mass spectrometry analysis of the suspensions

First the samples obtained from the synthesis using imidazolium salt iPr-Br and Benzyl-Br were
analyzed. The sampleswill bereferred to asiPr-AuNC and Benzyl-AuNC. Given the instability
of the suspensions over time, it was very difficult to see if AuUNCs were formed before
aggregation and formation of gold mirrors for both samples. Analysis of the samples showed
mostly a high intensity pattern corresponding to [Au(NHC)2]* molecular complex for both iPr-
AUNC and Benzyl-AuNC samples. Although computational studies show that the binding
energy between NHCs (such as iPr) and gold is high enough to ensure AuUNCs stability, the
absence of secondary interactions between NHCs substituents on the N atoms (such as van der
Waals interactions) can explain the poor stability of the suspensions. The strength of the NHC-
Au bonds leads to formation of highly thermodynamically stable molecular complex
[AU(NHC)2]*. However, AuNPs stabilized by NHCs bearing isopropyl chains and benzyl
chains on the N atoms have been reported.>* The differences may come from the fact that they
used benzimidazol-2-ylidenes NHCs and not imidazol-2-ylidenes. Indeed, the benzene ring
bring additional stabilization through p—p stacking. It means that the nature the length of the
side chainsis not the only parameter driving the ability of NHCs to stabilize AUNCs.

Mass spectrometry analysis were also conducted on the samples C12-AuNCs, bC12-AuNCs
and bBenzyl-AuNCs. For sample C12-AuNCs, the analysis of the suspension at t=0 (just after
washing), showed multiple patterns corresponding to different Auis NHC capped AuNCs
structures (Figure 1V-3). In this case, we have several C12 stabilizing ligand in the nanoclusters
outer shell and the nuclearity does not vary.

Au NCS Formula Nbr m/z

Au
Au,5(C12)Br(CH;),%* 13 | 3156,1265
Au5(C12)oBrH2* 13 | 3181,5659
Au5(C12)Br,CH, 2 13 | 3188,5738
Auy5(C12)oBr,CI?* 13 | 3199,0454
Au,5(C12)4Br 2 13 | 3221,0208

Au(C12),0Br(CH;),H* | 13 | 3255,1137

Auy5(C12),0BrsH 2 13 | 3424,7359
Auy;(C12),4BrCHoH2* 13 | 3431,7437
Au,5(C12),4Br,H2* 13 | 3464,1906
Auy;(C12),,BrsH2* 13 | 3706,8602
Au,,(C12)gBrsCH,* 13 | 6052,6518
Au,;(C12)4Br,* 13 | 6117,5458

94



Synthesis of n-heterocyclic carbene stabilized gold nanocluster s from imidazolium salts and
HAuCI4.3H0

Some of the nanoclusters formula attracted our attention Auiz(C12)eBr(CHs)2?*,
Au13(C12)9BroCHz?*, Au13(C12)10Br(CHs)2H?*, Au13(C12)10BraCHsH?*, Au13(C12)eBraCHs".
Indeed, the presence of a CHs in the nanocluster structure was surprising. But verification of
the masses and comparison of the experimental and theoretical isotopic patterns confirmed
these formula. Also, analysis of samples synthetized with various batches of HAuUCI4.3H20,
ethanol and imidazolium salt confirmed these results. It means that it probably comes from the
mass spectrometer (preparation of the sample for analysis or device). When looking at the
interference's and contaminants encountered in mass spectrometry >, it shows that presence of
solvents such as acetonitrile or methanol can results in contamination in the samples. Since
some of our ESI-MS samples have been done in MeOH and we also did MeOH washing
sometimes, the contamination probably comes from MeOH in the mass spectrometer. The
binding mode of these CHs is still a mystery. Review of the literature did not show similar
structures. Given the Auis icosahedral structure, ligands are usually bonded to the 12 orbital
gold atoms. Maybe, CHz is formed in the gaz phase as reported by Ellison et al.®

The number of NHC ligands in the NCs composition varies from eight to eleven at t=0. We
note that the population of NC with nine C12 ligands is the most represented. Following aging
of the suspensions, we observed that most NCs patternsintensity decrease over time, some even
disappear. After 3 weeks, only the nanoclusters with eight and nine C12 ligands are detected in
Figure IV-3 Listing of nanoclusters synthesized from C12-Br and HAuUCIl4.3H20 in EtOH at
t=0.

the suspensions (Figure IV-4). It means that for Auis nanoclusters, the structures with eight to
nine NHC ligands are the most thermodynamically stable. Indeed, nine C12 ligands were able
to stabilize the highest number of nanoclusters and these nanoclusters are detected in the
suspensions 3 weeks after. However, the relative intensity of the nanoclusters is not the same
depending on the composition as we will see later.
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If we summarize, after 3 weeks of aging, there are only 5 nanoclusters that are present in the
suspensions (Figure 1V-5).
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Au,5(C12]GBT 6,1265
Au,5(C12)gBrH2* 13 | 3181,5659
Au,5(C12)gBr,CH,2* 13 | 3188,5738
Au15(C12)4Br,CI* 13 | 3199,0454
Au,5(C12)gBrs2* 13 | 3221,0208
Au5(CT2T S5 ;1137
Auy5(C12)oBT3 ] 77359
Au,5(C12) BT 3 1,7437
Au,5(C12);0Br, =—t3—13464,1906 [
Aus(C12T BT = /8602
Auyg 3bT3 ,6518
Au,5(C12)gBr,* 13 | 6117,5458

Figure 1V-5 Listing of nanoclusters synthesized from C12-Br and HAUCI4.3H-O in EtOH at t= 21
days.

The intensity of all NCs pattern drastically decrease after 21 days except for one
Au13(C12)9Brs?* (named Auis(Cza7Hs2N2)9Brs?* in Figure 1V-7). Fromt = 0 to t = 21 days,
nanocluster Aui3(C12)eBrs?* has the highest pattern intensity. If we consider that this
nanocluster intensity if of 100 % in the example of Figure IV-7 at t = 21 days, we can calculate
the other nanoclustersrelative intensity. Thiswas done on 5 mass spectrometry spectra obtained
from ESI-TOF and ESI-FTICR experiments on samples C12-AuNCs. The results obtained in
term of relative intensity of nanoclusters were very similar. If we take nanocluster
Au13(C12)9Brs?* as a reference, nanocluster Auiz(C12)eBrs* pattern had a relative intensity of
9% in al the experiments. Nanoclusters Auis(C12)eBr2CHs?*, Aui3(C12)eBr:H?* and
Au13(C12)9BroCl?* had a relative pattern intensity of 30%, 5% and 15% respectively in all
experiments. Although we did not conduct quantitative experiments, there is a clear decrease
in the nanoclusters intensity that are detected with aging except for Auis(C12)9Brs?*. Indeed, at
t = 0, compared to nanocluster Aui3(C12)oBrs?*, the relative pattern intensities are 15%, 70%,
25% and 35% for nanoclusters Aui3(C12)sBra*, Aui3(C12)eBraCHs?", Auiz(C12)9Br2H?" and
Au13(C12)9Br2Cl?* respectively (Figure1V-6). Most of the remaining nanoclusters after 3 weeks
have nine C12 ligands in their composition except for Au13(C12)sBrs* which has eight ligands.
Indeed, we can see that it is detected in the suspensions over time but the intensity of the
corresponding pattern decreases in all the experiments.
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Nanoclusters

Relative intensity at t = 0 (%)

Relative intensity at t = 21
days (%)

Au13(C12)oBrs?* 100 100
Au13(C12)sBra" 15 9
Aui13(C12)9BraCHz2* 70 30
Aui13(C12)9BrH? 25 5
Au13(C12)9BroCl?* 35 15

Figure V-6 Pattern relative intensity of nanoclusters stable in suspensions just after washing
and after 3 weeks with intensity = 100 % for the most intense nanocluster pattern.
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Figure 1V-7 ES-TOF mass spectrometry spectra of C12-AuNCs suspensionsin EtOH att = 0

(A) and t =21 days (B).

After 3 weeksthere are 5 nanoclusters species identified by ESI mass spectrometry (Figure V-
8). They all have the same number of gold atoms, 13. Four of them have nine C12 NHC ligands
in their composition whereas only one has eight C12 NHC ligands in its composition. Also,
after heating of the sample at 65°C for 5 hours, the suspensions were till stable and ESI-MS
spectra showed that the spectra are similar to the one obtained in Figure V-7 B but the peak
for Au13(C12)9Brs?*is highly detected on the spectra compared to the others which are detected

at avery low intensity.
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Figure I V-8 Experimental (red) and theoretical (black) patterns for the nanoclusters stable in
suspensions after 3 weeks in the C12-AuNCs samples.

The question of what do happen to the nanoclusters that are not stable over aging israised. Two
main hypotheses have been made. One is that etching of the most unstable nanoclusters into
small molecular complexes occurs. The other is that there is a decomposition of the most
unstabl e nanoclustersfollowed by recombination into more stable nanoclusters. Our team leans
toward the second hypothesis since there was no significant increase of molecular complex
AU(NHC)2" detected in our suspension but an increase of Aui3(C12)9Brz?* pattern intensity.

The MS analysis confirmed the synthesis of NHC capped AuNCs and gave us the precise
structures. Similarly to the previous chapter, we saw that multiples NCs are formed during the
synthesis but only the most stable ones remain with aging of the suspensions. Actualy,
nanocluster Au13(C12)sBrs?* is the most stable (no decreasing of the peak intensity with time
compared to the other nanoclusters which peaks intensity is only decreasing). This type of
nanocluster, Auis(NHC)eX3?*, is similar to the one reported by Narouz et al. through
crystallization of the nanoclusters obtained from 1,3-Dibenzyl-1H-benzo[d]imidazol-2-
ylidene)gold(l) chloride reduction. Since we did not make a selection by crystallization, we see
more species as well astheir evolution in time.

The same experiments were conducted for the suspensions obtained with imidazolium salts
bC12-Br and bBenzyl-Cl (bC12-AuNCs, bBenzyl-AuNCs).

The results were very different compared to those obtained for samples C12-AuNCs. First, for
samples bC12-AuNCs the analysis of the samples showed that various NCs were formed.
However, we did not only get Auizs NCs but mostly very small molecular complexes such as
Auz(bC12)4Br*, Auz(bC12)sBroH*, Aus(bC12)eBr2* and Aus(bC12)sBrs*. There were also
Aug(bC12)7**, Au(bC12)sBrz*, Auis(bC12)10Brs?*, Auis(bC12)eBra*, Aus(bC12)oBrH*
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Auis(bC12)eBrs* and Auxo(bC12)11Br2?* nanoclusters (Figure 1V-9). The variability of NCs
structuresis higher for ligand bC12-Br since the number of gold atoms in the NCs goes from 2
to 20.

Au NCS Formula Nbr m/z
Au

Au,(bC12),Br* 2 2292,568

Au,(bC12);Br,H* 2 2827,9236
Au;(bC12)¢Br,* 3 3479,3123
Au,(bC12)4Br,* 4 | 4666,0561
Aug(bC12),%* 8 2379,3695
Auy;(bC12)4Br,* 11 5964,9048
Au,5(bC12),,Bry2* 15 | 3870,7789
Au,;(bC12),Br,* 15 7367,0352
Au,¢(bC12),BrH* 16 3662,6284
Au,5(bC12)4Brs* 18 7878,0175
Au,,(bC12),,Br,?* 20 | 3930,3057

Figure IV-9 Listing of nanoclusters synthesized from bC12-Br and HAUCIl4.3H20 in EtOH at
t=0.

An analysis of the spectra was done on samples bC12-AuNCs (Figure I1V-10). The number of
bC12 ligands increased with the number of gold atomsin alogarithmic way (Figure1V-10, A).
The highest number of ligands was of 11 for nanocluster Auzo(bC12)11Br2?*. There was no gold
nuclearity that was clearly more represented than the other in term of popul ation of nanoclusters
(Figure IV-10, B). Moreover, it was mostly nanoclusters with nine NHC ligands in their
composition that were synthesized (Figure 1V-10, C). The analysis of the bC12-AuNCs shows
that there is more variety of NCs structures that are stabilized with this ligand in comparison
with C12-Br. Also, no Auis nanocluster structure was synthesized. When it comes to the
patterns intensities in the spectra at t = 0, the species that had high patterns intensities were
Auz(bC12)4Br*, Aug(bC12)7%**, Auis(bC12)9BrH?" and Aui(bC12)sBr2?*.
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Figure 1V-10 A) Comparison of the number of gold atoms in identified nanoclusters to the
number of bC12 ligands. B) Bar chart histogram showing the number of nanoclustersidentified
depending on the number of gold atoms. C) Bar chart showing the number of nanoclusters
identified depending on the number of bC12 ligands.

MS following of the suspensions evolution over time showed that after 1 month there was not
significant change on the suspensions composition. There was mostly molecular complex
Auz(bC12)4Br*. The intensity of some peaks associated to the AUNCs decreased over time but
we could still detect some traces of them especialy Aus(bC12)7%*, Aui(bC12)eBr2?",
Aus(bC12)9BrH?"in the samples. We can note that thistime purification did not remove excess
Auz(bC12)4Br* complexesthat were highly detected in the samples. In comparison toimidazol-
2-ylidenes, the presence of the benzene ring fused to the positions 3 and 4 may induce further
stabilization through p—p stacking at the surface of the NCs.” It is a first explanation on the
ability of thisligand to stabilize more types of AUNCs.

It means also that depending on the ligand, we could be able to stabilize some AuNCs or not
and it directly playsarolein the nature of NCs structures. Some ligands may be ableto fit better
for the formation of stable AUNCs than the others.

Same ESI-MS experiments were done with synthesis using imidazolium salt bBenzyl-Cl
(samples bBenzyl-AuNCs).

Results showed a high intensity pattern for Auz(bBenzy!)4Cl* specie. Other NCs were detected
with lower intensity: Auiz(bBenzyl)sCls®, Auiz(bBenzyl)sCls", Auis(bBenzyl)sCls" and
Auis(bBenzyl)10Cls?* (Figure 1V-11).
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A t =0, the evolution of the number of ligands depending on the number of gold atoms profile
is similar to what we have previously seen for the other ligands (Figure IV-12, A). Thistime
we were able to stabilize species with a number of gold atoms going from two to fifteen. Only
five species were stabilized with two of them having fifteen gold atoms in their composition
(FigurelV-12, B). Asfor the number of stabilizing ligands, the highest number was ten ligands
for nanocluster Auis(bBenzyl)10Cls?*. Two species had eight stabilizing ligands in their
composition (Figure 1V-12, C).

Au NCS Formula

Au; (bBenzyl) ,CI* 2 1621,4894
Auy, (bBenzyl) sCls* 12 | 4856,6846
Au;;(bBenzyl) sClg* 13 5088,6194
Auss (bBenzyl) 10Cl** 15 3021,9394
Auys (bBenzyl) oCla* 15 | 5744,7240

Figure IV-11 Listing of nanoclusters synthesized from bBenzyl-Cl and HAuUCl4.3H20 in EtOH
at t=0.
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Figure 1V-12 A) Comparison of the number of gold atoms in identified nanoclusters to the
number of bBenzyl ligands. B) Bar chart histogram showing the number of nanoclusters
identified depending on the number of gold atoms. C) Bar chart showing the number of
nanoclustersidentified depending on the number of bBenzyl ligands.
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After 1 month, most of the peak intensity did decrease except for Auz(bBenzyl)4Cl*. Also, gold-
NHC molecular complex [Au(bBenzyl)2]* was detected in the suspension. What is surprising is
that we did no detect the [Aui3(NHC)oCl3]?* that Narouz et al. 2 isolated while it is with the
same NHC (from 1,3-dibenzylbenzimidazolium) and the same anion (Cl"). There is different
hypothesis that can be mad on that subject. First, maybe the nanocluster [Auiz(NHC)oCl3]?* is
synthesized but obtained in very large minority thus not detected by ESI-MS. This hypothesis
isvery unlikely to be true since we were abl e to detect gold nanoclusters with very low intensity
signals. Then, we can see that we were able to detect Auis(NHC)sCl4]™ in the samplesatt =0
and after 1 month aging. If we draw an analogy with the syntheses of PPhs capped AuNCs, we
can see that nanoclusters Auis(PPhs)s™ 8 and Auis(PPhs)10HNaCl?* ° were synthesized by
different teams with similar reagents, solvent and concentrations (5mM solution of AuCIPPH3
mixed with a 5mM solution of NaBH4). However, the teams did not obtain the same results
since the first one obtained Auis(PPhs)s" and the second one obtained Auis(PPhs)i0HNaCI?*. It
means that it is not only the ligand that drives the structure of a nanoclusters but also other
reaction conditions such as the reaction time and the purification method. This could explain
why with similar NHC ligand (from 1,3-dibenzylbenzimidazolium), our team and other team
synthesized two different NHC capped Auis nanoclusters.

Some of the results obtained when analyzing bBenzyl-AuNCs samples are similar to the one
obtained with samples bC12-Br. Indeed, the nuclearity of the nanoclusters stabilized does vary
(not only Aui3 NCs are obtained). Also, the thermodynamical stability of the suspensions goes
over time toward the formation of very small molecular complexes. Some bigger nanoclusters
are synthesized such as Auis NCs and they are still detected after 1 month. However, their
relatively low pattern intensity makes us believe that they are not synthesized in high quantity
when using ligand bC12-Br or bBenzyl-Cl. Also, our hypothesis here goes toward etching of
the nanoclusters toward the formation of smaller, more stable, molecular complexes given the
formation of [Au(bBenzyl)2]* over time.

Ligand C12-Br has shown to be aligand of choice for the synthesis of stable NHC capped Auais
NCs. The suspensions were verified after 3 months and the Au13(C12)9Brz?* NC did not
decompose into molecular complexes. The high stability of the C12-AuNCs samples can be
explained by the strong binding of the NHC to gold and by the interactions between the long
akyl chainsthat occur simultaneously.® For the ligands, bC12-Br and bBenzyl-Cl, the benzene
ring may allow further stabilization of nanoclusters with various number of gold atoms but the
drawback is that it increases the formation of unstable nanoclusters. These nanoclusters will
then decompose into molecular complexes with ageing of the suspensions. Thus, the use of an
imidazol-2-ylidenes ligand with long stabilizing chains is then recommended for size focusing
synthesis of highly stable nanoclusters.

Some attempt to crystallize the NCs were done so that characterization techniques such as XRD
could be performed but, unfortunately, we could not crystallize them (probably due to the
bulkiness of the long akyl chains).

For most of the syntheses, we could observe that a significant amount of molecular complex
[AU(NHC)2]" was formed. It was formed in crude product but also with the ageing of the
purified suspensions. The mechanism for the formation of Au-NHC complexeswas previously
studied for ligand exchange reactions on AUNPs.2 According to the results, the binding of NHC
to gold is more favorable than the binding of thioethers to gold which leads to the ligand
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exchange. However, a high quantity of [Au(NHC)2]* in the suspension makes us suppose that
the strength of the Au-NHC bond leads to the formation of Au-NHC complexes on the surface.
Indeed, the strength of the Au-NHC bond leads to a delocalization of the electrons toward the
ligand (because the NHC-Au bonds compete with the Au-Au bonds). It results in gold atoms
being detached from the metallic core. The NHC-Au fragments released from the surface can
react with the NHC ligands in solution, leading to the formation of [Au(NHC)2]" complexes
and thereby to the erosion of the AUNCs. Similar phenomena were observed with other ligands
such as phosphines.*! It means that we have to find the right compromise between aligand that
binds to the surface but not too much so as not to lead to dissolution. Some comparison of the
binding energy of NHCs to metal s such as Ruthenium or Nickel, depending on the NHCs being
saturated or unsaturated or being more or less bulky, have been done.?? It was reported that for
the less bulky NHC-metal complexes, the saturated NHC ligands are predicted to bind more
strongly than the unsaturated NHC ligands, whereas for the bulkier NHC-Metal complexes, the
saturated NHC ligands binds less strongly than the unsaturated NHC ligands. For example, for
complexes Ru(NHC)CI, the bond dissociation energies are higher in the complexes without
substituents in the ortho positions of the NHCs. Other example, for complex Ni(CO)3(NHC),
with the less bulky NHCs ligands the complexes are stable, whereas with the bulky NHC
ligands the complexes are destabilized. Thus, the steric and e ectronic contributions of the
various NHCs to the NHC—metal bonding has a direct effect on the stability on the structures
that we want to synthesize. Imidazol-2-ylidenes ligands with long stabilizing alkyl chains on
the N atoms seem to be good ligands for nanoclusters stabilization because it focuses the size
of the particles synthetized (Auis in our case) and stabilize them on the long run. Also, it could
help in increasing the synthesis yields (no decomposition into molecular complexes).

As we found why for some ligands there were mostly gold complexes [Au(NHC)2]* with
aggregation, thereis still the question of the formation of gold mirror from samplesiPr-AuNCs
and Benzyl-AuNC:s. It could be due to insufficient quantity of NHC ligand. However, analysis
of the samples with increased ratio of NHC ligand (NHC:Au ratio of 10:1) revealed again only
[AUu(NHC)2]" complexes in the suspensions. Yet, after 1 month, gold mirror is still formed. It
means that the [Au(NHC)2]" complex is reduced. There could be a photodegradation
phenomenon due to light exposure in these samples since there is normally no more reducing
agent in the samples at this stage. Indeed, it was recently reported that intermediate degradation
and nanocluster growth are shown to be dependent on irradiation of the reacting solution with
light in PPhs capped nanoclusters synthesis.'®

Surprisingly the only ligand that did clearly stabilize an AUNCs species over time in suspension
Is C12-Br. We could have imagined that we would get the same results for bC12-Br but that is
not the case. Indeed, ligand bC12-Br did stabilize AUNCs but the tendency went toward the
formation of small complexes [Au(NHC)2]" and [Auz(NHC)4]*" with the aging of the
suspensions. Our first hypothesis is that the benzene on the benzimidazolium compared to
imidazolium does influence the interactions between the alkyl side chains. Our second
hypothesis is that p—p stacking interactions are so strong that they lead to stronger Au-NHC
bond thus to detachment of gold atoms from the NCs surface. With aging, it could lead to slow
surface recombination and reaction of NHC-Au moietieswith NHC in the suspensions. It could
explain the low intensity of the high nuclearity AuNCs in our reaction conditions. Auzs and
Auis NCs synthetized from benzimidazolium have been reported 2 but it was the product of
crystallization of the nanoclusters. It means that there was no study of the nanocluster stability
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toward aging of the suspensions (when in suspension with other gold nanoclusters and
remaining NHC). Also, these reported studies did not present if low masses Au-NHC molecular
complexes were synthesized and how they evolve. We can have two contributions: strength of
complexation and intermolecular interactions of the chains on the surface.

Some additional experiments were conducted by adding PPhs in the reaction medium. Indeed,
the last chapter showed that when using AuClPPhs gold source we obtained mostly PPhs capped
AUNCsand mixturesand NHC and PPhs capped AuNCs. The experiment was done asfollowed.
A solution of HAuUCI4.3H20 (0.05 mmol) in 2 ml ethanol is mixed with a solution of
imidazolium salt (4 equiv.) in 2ml ethanol and a solution of PPhs (4 equiv.) in 1 ml ethanol for
20 minutes. Then, NaH (2 equiv. / imidazolium salt) is added as a base for imidazolium salt
deprotonation. Finally, six minutes after, a solution of reducer NaBH4 (10 equiv.) in 1 ml
ethanol is added to give brown suspensions. The reaction isleft under stirring for 5 hours. The
suspensions are centrifuged (10 min, 10000 rpm) to remove excess NaBHa4, then solvent is
evaporated. Then, the suspensions were centrifuged to remove excess NaBHa4 (10 min, 10000
rpm), and the solvent was evaporated. 5 ml of benzene (to remove potential unreacted starting
material) was added and the mixture was sonicated 1 min. After decantation, the benzene
solution was removed and the beige solid was removed. Benzene was evaporated and the
resulting brown solid redispersed in ethanol for further analysis. ESI-MS analyses of these
samples showed no traces of PPhs capped nanoclusters on the spectra. The obtained spectraare
similar to the ones obtained for samples C12-AuNCs. Thus, when PPhs is not already linked to
gold, the competition between the ligands goes toward the formation of C12 capped AuNCs
which isafirst proof of the better stabilization of the NHCs compared to PPhs.

[V.A.2.b. Effect of the use of NaH and influence of the reactions solvent

Other reaction parameters were tested to optimize the reactions conditions. First, the removal
of NaH as a base was tested since previous results on AuUNPs showed that NaBHa4, the reducing
agent, was basic enough to deprotonate the imidazolium and at the same time reduce the initial
gold complex to form AuNPs.

The synthesis was performed using HAuUCIl4.3H20 (0.05 mmol) as a gold source and NHC
precursors (4 equiv.) bC12-Br and C12-Br in 5 ml of ethanol. However, thistime only a
solution of NaBHa4 (10 equiv.), which acts as reducing agent and strong base, was added. The
synthesis was performed for 5 hours at room temperature. The suspensions was centrifuged
(20 min, 10000 rpm) to remove the excess of NaBHa, then solvent was evaporated. 1 ml of
benzene was added and the mixture was sonicated 1 min. After decantation, benzene was
removed and the solid was redispersed in ethanol for further analysis.

These reactions conditions lead to direct aggregation for al the samples when adding the
reducing agent. It means that, in EtOH, NaBHa4 does reduce the gold source but does not
deprotonate the imidazolium salt to give NHC. It is probably due to the formation kinetics of
thefree NHC or its recombination with the protons of the solution to give back theimidazolium.
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It could also be due to secondary reactions between NaBH4 and EtOH, which isasolvent likely
to give a proton, lowering the basic character of NaBHa. It seems like the basic character of
NaBHa4 is more or |ess pronounced depending on the solvent. Thus, in this reactions conditions
adding a base (here NaH) to ensure proper generation of the NHC ligands is mandatory. To
overcome this limitation, we decided to dissolve the reducing agent in water and then to add
the NaBH4 water solution to the ethanol solution containing the gold source and the
imidazolium salt. The same aggregation problem was observed. We were looking for a solvent
that can increase the life of the free NHC by limiting recombination into imidazolium. We did
the hypotheses that the reverse protonation of the NHC is slower and that NaBH4 basic
character is stronger in in organic solvents.

In this aim, imidazolium salt (4 equiv.) was dissolved in toluene with the gold source
HauCl4.3H20 (0.05 mmol). Then, a solution of NaBH4 prepared in water was added (10 equiv.
in 1ml). We obtained directly red suspensions for both ligands and TEM observation associated
with UV spectraanalysis confirmed that AUNPs were formed (Figure 1V-13). Theseresultsare
similar to what was obtained by Hippolyte et al. for NHC capped gold nanoparticle synthesis.'*
Mean size of the NPs were 7.8 (= 1.8) nm for bC12-Br capped AuNPs and 8.3 (+ 0.5) nm for
C12-Br capped NPs. In addition, a clear UV plasmon band could be observed on the spectra
around 535 nm for both ligands.

The same reaction conditions were done but this time NaH was added in the toluene solution
containing the gold source and imidazolium sat. TEM observation showed that we also
obtained AuNPs with similar sizes as for the synthesis without NaH. In this case, toluene and
water are non-miscible solvents and maybe the slow diffusion of the reducer into the organic
phase alows deprotonation of the imidazolium and reduction of the gold source. Also, it
prevents the reverse protonation of the NHCs.
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Figure 1V-13 TEM images of AUNPs synthesized in toluene from HAuCl 4.3H20, NaBH4
and using bC12-Br (A) and C12-Br (B) ligands.

There is a clear equilibrium between deprotonation of the imidazolium and reduction that
pushes the reaction toward the formation of NCs or NPs depending on the reaction conditions.
Indeed, when the reaction medium is EtOH and that there is no other base than NaBH4, the
reaction lean toward complete aggregation of the species. However, when abase isadded before
the reducer, the reaction leans towards the formation of AUNCs. It means that in our reaction
conditions, the use of NaBH4 alone is not able to generate neither stable AUNCs nor AuNPs.
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Studies on the pKa at 25°C for imidazolium cations to give the corresponding imidazol-2-yl
carbenes in water have been conducted.™® They calculated pKa between 21.2 and 23.8 for four
different imidazolium and benzimidazolium sats (1,3-bis-((95)-1-
phenylethyl)benzimidazolium, 1,3-dimethylimidazolium, 1,3-dimethylbenzimidazolium and
imidazolium cation). These values of pKa show that these imidazolium cations are relatively
weak carbon acids thus they can be easily deprotonated. However, when the imidazolium salt
is deprotonated to form a carbene, it either goes back to its original state through hydrogen
transfer in water or it undergoes reorganization by dielectric relaxation of the solvent. Indeed,
it was evidenced that the reverse protonation of carbenes by water is limited by solvent
reorgani zation and occurs with arate constant of kreorg = 10 s, Also, it was shown that even
carbenes with a very highly basic carbon lone pair undergo proton transfer from hydroxylic
solvents that is limited by solvent reorganization with arate constant on the order of 10! s*. It
means that in ethanol, even if proton transfer to reform imidazolium salts occurs very rapidly,
the solvent reorganization rate can allow to stabilize the carbenic form for a certain amount of
time. Kinetics play amajor role in the stabilization of the NHC form. With NaH (pKa=35in
water), the hydrure is almost “free” because the bond with Na* is very weak and it is very
quickly available to play hisrole as a base. With NaBHa, it remains bound to boron, making it
difficult for it to snatch protons. The kinetic of deprotonation being longer with NaBHa,
reprotonation of the NHCs occurs way more rapidly than deprotonation. Thus, stabilization of
particles cannot happen. With NaH, the kinetic of deprotonation and the solvent reorganization
rate allow the NHC to be stabilized long enough to react with gold and stabilize gold
nanoclusters.

When the reaction is done in toluene and water, thereis formation of NPs with or without NaH.
It indicates that in toluene, NaBH4 can be used as a base so the addition of NaH as abase is not
necessary because thereis slow reverse protonation of the imidazolium salt in organic solvents.

Finally, we concluded that to be able to form and stabilize AuNCs, ethanol isasolvent of choice
and the use of a strong base is mandatory in our conditions.
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IV.A.2.c. Effect of redispersion in organic solvent

The NCs synthesis being carried out in ethanol, we tried to redisperse the AUNCs in an organic
solvent for purification reasons. Indeed, most of the starting materials are soluble in ethanol.
However, we obtained very interesting results on their stability toward solvent transfer.

After synthesis in ethanol (as reported in the previous parts), the samples C12-AuNCs and
bC12-AuNCs were purified and the solvent was evaporated. The black solid obtained was
redispersed in toluene. The suspensions colors went from dark brown to red very quickly. After
TEM observation and UV spectroscopy, it was confirmed that gold NPs were formed. TEM
images of the suspensions after transfer in toluene showed that, for both ligands, there were two
populations of particles. Indeed, we could still observe some extra small particles (especially
for synthesis with ligands C12-Br). The samples of synthesis with C12-Br gave particles of
mean size 1.9 (£ 0.5) nm in EtOH to 3.1(x 2.2) nm after transfer in toluene. For ligand bC12,
the particles size went from 1.1 (+ 0.3) nmin EtOH to 3.5 (+ 1.1) nm (Figure 1V-14).

bC12-Br

Figure IV-14 TEM images of samples C12-AuNCs and bC12-AuNCs in EtOH (left) and after
redispersion in toluene (right).

In addition, UV spectra of samples C12-AuNCs and bC12-AuNCs showed both plasmon
absorption bands around 530 nm. This also confirmed the reorganization of the NCsinto NPs
when dispersed into toluene. The suspensions were also analyzed by ESI-M S and we could not
observe the patterns corresponding to AuNCs anymore. Another experiment was done. This
time, toluene was directly added to samples C12-AuNCs and bC12-AuNCs in ethanol before
purification of the samples. The coloration of the suspension was a mixture of brown and red.
Upon addition of toluene there is a shift of the NCs equilibrium toward formation of AuNPs.

Other organic solvents like dichloromethane (DCM) and tetrahydrofuran (THF) were tested.

107



Synthesis of n-heterocyclic carbene stabilized gold nanocluster s from imidazolium salts and
HAuUCI4.3H20

Samples C12-AuNCs and bC12-AuNCs were purified, then solvent was evaporated and the
black solids were redispersed in either DCM or THF. For both solvents, we obtained similar
results as for toluene (Figure I'V-15). Indeed, the suspensions turned red when solvent transfer
was done. TEM observation and UV spectroscopy confirmed the formation of AUNPs. In DCM
NPs of 4.2 (£ 1.2) nm were obtained after transfer and in THF NPs of 3.6 (+ 1.3) nm. Asfor
the UV spectra the plasmon band was around 530 nm for both solvents similarly to toluene.
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Figure 1V-15 TEM images of samples C12-AuNCs and bC12-AuNCs after redispersionin
DCM and THF.

We concluded that when dissolved in organic solvents, the higher solubility of the stabilizing
ligands, changed their conformation. It probably induces a destabilization of the NCs which
then reorganizeinto AUNPs. It seemsthat in these conditions, NPs are more thermodynamically
stable structuresthan NCs. Thus, conservation of our samplesin EtOH was chosen to preserve
the stability of our AUNCs and allow further characterization.

In this part, we were able to study the formation of gold nanoclusters stabilized by various NHC
ligands. The use of HAuUCI4.3H20 gold source alowed stabilization of AUNCswith NHC in the
outer shell. We were able to confirm by ESI-MS analysis that various nanoclusters are
synthesized and not only one species. Thereis agreat interest in looking at the whole solution
by ESI-MS and not only at a NC isolated by crystalization. We are able to observe which
nanoclusters structures are synthesized and to follow their stability toward aging. One of the
nanoclusters formula that we observed had already been reported, AuisNHCoClz?*. Auis
nanoclusters synthesized from 1,3-Dibenzyl-1H-benzo[d]imidazol-2-ylidene)gold(l) chloride
and 1,3-Bis(naphthal en-2-ylmethyl)-1H-benzo[ d]imidazol-2-ylidene)gol d(I)chloride reduction
were crystallized and observed through single crystal diffraction. The crystals were further
characterized after (in particular by ESI-MS) and found to be highly emitting at 730 nm. 3 These
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nanoclusters synthesized from 1,3-Dibenzyl-1H-benzo[d]imidazol-2-ylidene)gold(l) chloride
and 1,3-Bis(naphthal en-2-ylmethyl)-1H-benzo[ d]imidazol - 2-ylidene)gol d(I)chl oride reduction
reported by Narouz et al., showed great therma stability similarly to the nanocluster
Au13(C12)9Brs** we obtained. The team reported the synthesis of other NHC Au1z nanoclusters
however, they did not publish the ESI-M S spectrato assess the composition of the suspensions.
Since the only ESI-MS spectrathat were reported are the one obtained from the dissolution of
the crystals, it means we do not know which nanoclusters were exactly present in the
suspensions.

Moreover, the influence of the nature of the NHC ligand was shown through the differencesin
the suspensions stabilities, in the nature of the AUNCs formed and in the evolution of the
suspension composition toward aging. Our study showed that Imidazol-2-ylid type ligands,
with long carbonyl chains (C12-Br), favored more stable suspension over time, size focusing
on the nanoclusters formed and aging toward stable NC form. Shorter or less bulky substituents
on the N atoms were not able to really stabilize gold NCs. Steric hindrance and the donor
character of the ligand is essential to avoid the formation of small molecular species and favor
the stabilization of clusters. Moreover, we were able to discuss the importance of the
deprotonation kinetics of the NHC ligand in comparison to the reduction of gold. Given the
reverse protonation of the NHC ligands in EtOH, the use of a strong base such as NaH is
mandatory to allow both deprotonation of the NHC ligand and gold reduction (by NaBHa4).
Finaly, the equilibrium of formation of gold nanoclusters is fragile because they can either
decompose and form molecular complexes (as seen previously) or decompose to form more
stable nanoparticles as seen when redispersed in organic solvent. All of these parameters
explain the very low synthesis yields that are observed when NHC capped gold nanoclusters
are synthesized since it is actually very difficult to stabilize them.

Our team interest then focused on synthesizing water dispersible NHC capped gold nanoclusters
aiming at future applications.
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IV.B. NHC stabilized water dispersible nanoclustersusing HAuCI4.3H20

IV.B.1. Water soluble imidazolium salt synthesis

Our team aim was to develop a synthesis of water dispersible AUNCs. We wanted to have a
functionalization that allows to obtain agueous dispersions of NHC capped Au clustersin a
single step (no step of solvent transfer that can destabilize the NCs) for biological applications.
The synthesis of an imidazolium salt with a polyethyleneglycol (PEG) chain was devel oped.
PEGylated ligands are widely used for the functionalization of nanoparticles of interest for
diagnosis (optical imaging probe, contrast agent for MR, etc.) or for therapy (radiosensitizing
particles, for therapeutic hyperthermia, etc.).®

For imidazolium salt imid-PEGa, we synthesized at first the MeO-PEGs-Br. In a round flask,
MeO-PEG4-OH was dried under vacuum at 120°C overnight. Then, anhydrous 1,4-dioxane
was added at room temperature and under N2 to the reaction medium. The mixture was frozen
in liquid nitrogen then put under vacuum then it was left to warm up at room temperature (3
cycles). The suspension was finally cooled in anice bath and EtsN and PBr3 were added under
stirring and N2 atmosphere. Finaly, the mixture was left 24h at 50°C (scheme 1V-2). The 1,4-
dioxane is removed by evaporation under vacuum and the crude oil obtained was dissolved in
water (50 ml) and treated with Na2C03 5 % (20 ml) until the pH of the mixture is neutral. The
agueous and the organic layer were separated. Then, the organic layer was dried over MgSOs,
filtered and put under vacuum. An oil was obtained with a yield of 87 %. The yield can be
increased by extraction of the aqueous layer with CHCI3 (3 x 20 ml) up to 95 %. 'HNMR
analysisin CDCls displayed signals (ppm): 3.78 (t, 2H, OCH>CH:Br), 3.6 (m, 12H, O-CH2CH2-
0), 3.44 (t, 2H, OCH2CH2Br), 3.33 (s, 3H, OCHs).

Then, we used MeO-PEG:-Br to synthesize the imidPEGa (20.10°3 mol) by reaction with 1-
methylimidazole (20.10° mol) in 10 ml THF under N2 for 30h at reflux. We obtained a yellow
oil with a yield of 98% (Scheme IV-2). The imidazolium sat was analyzed by NMR
spectroscopy to make sure the good molecule was obtained and to verify its purity (Figure V-
16).

1,4-dioxane -
HO OO 4+ NEt; + PBr; v Br/\/o\/\o/\/o*\/\o/
50°C, 24h
' Br-PEG -MeO
= THF 5 Oo
—N /' + B /\/O\/“O/\\/O‘\/\O/ > f " \ Y o -~
=N r N2, 30h NN °
1-methylimidazole Br-PEG4-MeO Br |m|d-PEG‘1

Scheme 1V-2 Synthesis of PEG bromide MeO-PEGs-Br and imid-PEGa.
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Imid PEG, (*H/®*C) | Assignments
9.61(dd) /136.8 | N-C(H)-N
7.58 (dd) / 123.1
747(dd)/122.9 | VCH=CHN

4.37 (t) / 49.2 N-CH,-CH,-O
3.87 (s)/36.3 HsC-N

3.67 (t) / 68.5 N-CH,-CH,-O
3.4(m)/69.9 -0-CH;-CH»-O
3.30 (t)/71.4 ~CH,-O-CHs
3.11 (s) / 58.5 -CH>-0O-CH3

Figure IV-16 *H NMR and 3C NMR signal assignments for Imid PEG4in CDCls.
Assignments were made based on chemical shifts and multiplicity of *H signals, with the help
of H-13C HSQC and *H-13C HMBC experiments.

IV.B.2. Water soluble nanoclusters synthesis

In the meantime our team worked on developing a synthesis of water dispersible AuNCs. Our
work wasinspired by the synthesis of amphiphilic NHC capped AuNPs performed by Crudden'’s
team. They used a NHC-gold(l) complex (Figure 1V-17).1" To obtain the target amphiphilic
AUNPs they synthesized a benzimidazolium precursor that is asymmetrically functionalized
with triethylene glycol as the hydrophilic chain and a dodecy! akyl group as the hydrophobic
segment. Then, excess NaBH4 in a water and CH2Cl2 biphasic solvent was added to induce
reduction and nanoparticles production.

’b
‘@
Q reduction ,, \: ).& “self-assembly”
- N?N"/\II-’\VV:“‘/\(J" < ) —_—D
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' EtOH
AuNPs in THF AuNPs ensembles

Figure 1V-17 Amphiphilic AUNPs formation and their self-assembly in polar solvents.©

As part of thisthesis, we synthetized an imidazolium salt bearing a PEG chain; imidPEG4. We
kept the same strategy as previously. The gold source, HAuCl4.3H20 (0.05 mmol), was
dissolved in 2.5 ml EtOH with 4 equiv. of the imidazolium salt (4 equiv.). Then, NaH (2 equiv/
imid PEG4) and NaBHa4 (10 equiv.) were subsequently added in the reaction media (Scheme
V-3).
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NHC
NaH \
. NaBH, 39
,‘ oo™+ HAuCL3HO - —  NHC ~——-NHC
N N0 EtOH, rt, 5§ hours \
Br \
NHC

Scheme 1V-3 Synthesis of NHC capped AuNCs in ethanol using gold source HAUCI4.3H20
and imidPEGa.

Brown suspensionsin EtOH were obtained. The suspensionswerethen put inadialysis cassette,
with amolecular weight cut-off of 7 kDa, and immersed in deionized water overnight to remove
unreacted molecules and ions. The brown suspensions were analyzed by TEM and UV
spectroscopy. TEM observation showed that ultra-small particles were obtained with a mean
size of 0.9 (£ 0.4) nm. Also, UV spectroscopy showed no visible plasmon band on the spectra
(Figure 1V-18). These first results lean toward the formation of AuNCs suspension in EtOH
using the same reaction conditions as previously.

Figure IV-18 TEM image and UV spectra of AUNCs synthesized from imid PEG4 and HAUCl4.3H20
in EtOH 1 hour after dialysis.

Then, the samples were analyzed by ESI-MS. With this ligand, we did not observe high
nuclearity AuNCs as we were expecting. The samples were mostly composed of
Auz(imidPEG4)4Br*. Also, the study of crude products (before dialysis) showed that gold
complex Au(imidPEGa)2" was al so produced. There was no trace of imidazolium salt in the low
masses. These results were very surprising given the TEM observation results. As no higher
nuclearity AUNCs structures were detected (even when screening higher m/z), our first
hypothesis is that we synthesized ultra-small nanoparticles but no nanoclusters. The
nanoparticles were probably going thourhg growing stages (e.g. Oswald ripening). Then, we
guestioned the stability of our suspensions. Indeed, some of our previous experiences showed
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that Au2(NHC)4Br* can be synthesized in majority but present low stability over time. Indeed,
the samples produced from synthesis with bBenzyl-Cl imidazolium salt displayed low stability
after 1 month (formation of gold mirror and aggregation). The samples imidPEGs-AuNCs
turned dark red after 24 hours in EtOH when stored at room temperature. TEM observations
showed that the extra small particles grew to much bigger ones with amean size of 3.6 (x 0.9)
nm. The size of the particles has been multiplied by 4 over the course of 24 hours. Moreover,
UV spectrachanged from spectrawith no significate observabl e band to spectrawith aplasmon
band around 525 nm (Figure 1V-19).

300 400 500 600 700 800
Wavelength (nm)

HAUCI4.3H20 in EtOH after 24 hours.

The results showed that even though the experiment is highly reproducible the ultra-small
particles which are formed are not stable: the suspensions evolve toward the formation of
AUNPs over time. Since after purification there is no more reducing agent and that the samples
have been protected from light, these nanoparticles probably come from the reaction between
[Auz2(NHC)4Br]" and the ultra-small nanoparticles. It meansthat in these reaction conditions the
most thermodynamically favorable situation is neither the formation of AuNCs nor the
formation of gold-NHC molecular complexes but the formation of gold nanoparticles. The
AuNPs that are formed are highly stable over time in ethanol. No aggregation nor evolution of
the suspensions was observed over time. Not only the suspensions did stay red but TEM
observation also confirmed these results since no aggregation or particles size changes
occurred. Also, ESI-MS analysis showed no evolution of the composition over time (no
apparition of molecular specie in washed samples).

We studied the effect of the ligand/Au ratio to see if we could form stable AUNCs structuresin
these conditions.

IV.B.2.a. Effect of the ligand/Au ratio

The same synthesis protocol asin the previous part was done. However, thistimeit was carried
out with varying equivalents of imidazolium salt imidPEGa. We performed it with 1 equiv., 4
equiv., 10 equiv., 15 equiv. and 20 equiv. of imidPEGa.

Just with visual observation of the suspensions, we were able to see that the synthesis with 1
equiv. of imidazolium, directly gave pink-red suspensions that became dark red after a few
hours. However, these suspensions were not very stable over time (two days) and gold mirror
formed in the flask. It probably means that there was not enough ligand to stabilize
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nanoparticles in these conditions. The synthesis using 4 equiv. of imidazolium gave brown
suspensions that became red 24h after. The red suspensions were very stable over time (more
than 2 weeks). The synthesis using 10 equiv., 15 equiv. and 20 equiv. of ligand gave similar
results. We obtained brown suspensions that changed color to red 2 days after purification when
stored at room temperature. The red suspensionswere al so stable over time. It seemslike adding
more imidazolium salt, thus more NHC ligand, stabilize the NCs form longer (up to 1 day
longer). We note that these results were reproducible.

TEM observation and UV spectra were done on the samples when the suspensions were brown
and when the suspensions turned red. When looking at the TEM images, a few observations
could be made. For the samples when the suspension is still brown we obtained extra small
particles but no conclusion could be made on the influence of the ligand/Au ratio. However,
when the suspensions turned red (NPs suspensions), it seems like adding more ligand leads to
smaller NPs. Indeed, the synthesiswith 20 equiv. of imidPEG4 gave 3.1 (+ 0.6) nm NPswhereas
the one using 10 equiv. and 4 equiv. gave 6.5 (£ 0.5) nm and 7.1 (+ 1.1) nm respectively. This
decrease in size with the increase of the quantity of imidazolium introduced had already been
observed for the synthesis of NP in organic medium.* For the one using 1 equiv. we had two
populations one of 30 nm and the other of 6 nm approximatively. In addition, the synthesiswith
1 equivalent of imidPEGa, evolves over time to bigger NPs (Figure 1V-20). We repeated the
experiment afew times, however, this result was not always reproducible. Indeed, the decrease
in sizewith theincreasein imidazolium salt ratio did not always happen. Even though thisresult
is not always reproducible, the fact that the suspensions color aways takes more time to turn
red with 10, 15 and 20 equiv. than with 1 and 4 equiv. of imidPEG4is a hint to the influence of
the ligand quantity regarding the NPs growth control.

1 equiv.

10 equiv.

Figure 1V-20 TEM images of suspensions of samples imidPEG4-AuNCs in EtOH using
various equivalents of imidPEG4 (1, 4, 10, 20 equiv.) over time.
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Even though there seem to have an influence of the ligand/Au ratio in the synthesis, it is not
enough to stabilize AUNCs. However, we are able to obtain stable NPs with aligand dependent
effect on the size. We also studied the effect of the solvent on the synthesis. Indeed, wetried to
carry on the synthesisin organic solvents and in water.

IV.B.2.h. Effect of the solvent

The synthesis was reproduced in toluene, DCM and in water instead of ethanol.

First, HAuCl4.3H20 (0.05 mmol) was dissolved in 2.5 ml toluene and mixed with a 2.5 ml
toluene solution of imidPEGa (4 equiv.). Then, NaH (2 equiv/imidPEG4) was added followed
by addition of an aqueous (1 ml) solution of NaBH4 (10 equiv.). A red suspension of AUNPs
was obtained but NPs slowly started to aggregate and form gold mirror over time when left into
toluene. The same results were observed when synthesis was done in DCM. We believed
aggregation occurred maybe dueto poor solubility of imidPEGain organic solvents which lower
the availability of NHCs, thus we decided to try to transfer the NPsin water. Water was added
to the NPs suspensions (in toluene and in DCM), then the solvents were mixed through 30
seconds stirring. Then, the flask are left for an hour to allow transfer of the NPs. Almost
complete discoloration of the organic solvent phase (light pink color) happened during transfer
of the NPsin water (became red). However, the stability was of 24-48 hours. The results were
surprising since we assumed that the NPs should be stable in water with aligand bearing a PEG
chain. TEM observation shows that the size of the NPs grows after transfer in water. A
hypothesisisthat when particles are placed in water, thereisan equilibrium which is established
between ligand coordinated at the NPs surface and ligands in solution (Figure 1V-21). The
passage of ligand towards the water solution leads to destabilization of the particles and to their
growth to decrease the surface to volume ratio towards a new state of equilibrium.

+ H,0

.' + imid-PEG,

Figure IV-21 Transfer of NHC-PEG4 stabilized AuNPs into water .
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The same reaction was done in water but unfortunately it directly led to the formation of
aggregates. It is probably due to the fact that in water NaH reactsto give NaOH thusit does not
deprotonate the ligand. Also, in water, reverse protonation of the NHC happen very fast, which
prevents the stabilization of the carbene form long enough. In these reaction conditions, NaBH4
deprotonation kineticsis not efficient.

We decided to do further characterization of the suspensions to see if we could find traces of
AUNCsin the red suspensions (24 hours after purification) synthesized in EtOH.

IV.B.2.c. Analysis by Mass Spectrometry, NMR and XPS

We previously analyzed the suspensions synthesized from HAuUCI4.3H20 and imidPEG4 (4
equiv.) in EtOH just after purification when they were still brown. Here, the samples were
analyzed 24 hours after purification, when they turned red. The sampleswere analyzed by mass
spectrometry to find if AUNCswere detected. ESI-M S spectra showed that we obtained mostly
molecular complex Au(imidPEG4)2" (Figure 1V-22). Regardless of the number of equivalent of
imidPEG4, the M S results were the same. Wetried to find traces of NCs structures but we could
not. Given that the samples were purified it means that the only thing that can be detected by
ESI-MS in the samples is indeed these molecular complexes. We can conclude that no gold
nanoclusters are stabilized in these reaction conditions. The brown color of the suspensionsin
the beginning comes from extra small nanoparticles that grow in size over 48 hours and then
stabilize in size (red suspensions).
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Figure IV-22 ES-MS spectrum of synthesis from HAuUCl4.3H20 and 4 equiv. of imidPEG4 in
EtOH.

Also, we did tHNMR experiments in CDCl3to detect the carbene form in the suspensions and
maybe to see if we could have information on the gold surface — ligand interaction. No signal
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corresponding to the proton of the free imidazolium salt was observed. It confirmed the results
obtained by ESI-MS, where no signal associated to imidazolium salt was found. Also, no signal
corresponding to the NHC ligands linked to gold NPs was detected. Thisis probably due to the
broadening of the signal when molecules are close to the NP surface. Indeed, the lower
rotational mobility of the ligands when attached to the surface, and their distribution on the
NP’s surface induce a loss of the signals of the ligands.

XPS (X-ray photoelectron spectrometry) experiments were performed on the samples
NHCPEG4-AuNCs synthesized in EtOH after purification (red suspensions). Results showed
that the formation of metallic gold is evidenced by the Au4f signal composed of only 2 peaks
at 83.7 and 87.6 eV, which correspond to spin orbit coupling Audfz2 and Au4fs2, respectively
(FigureV-23).. The binding energies and difference between the two components energies (3.9
eV) is characteristic of metallic gold (AuP).2® Also, no peak is observed in the 185-210 and 65-
72 eV regions which indicates an absence of bromine and chlorine in the sample. This result
was surprising since we know thanks to ESI-MS analysis that there is some remaining
[AU(NHCPEGa4)2]* and [Auz(NHCPEG4)4Br]* complexesin the suspension. The N1s spectrum
shows two signals. One minor signal towards the higher energies at 402.6 eV suggesting an
electrostatic interaction. Some of this electrostatic component could be explained by
insufficient washing of the NPs, however, the absence of detected bromide does not follow this
assumption. It is probably due to electrostatic interaction between the ligand and the NPs. The
other major signal, corresponds to a covalent interaction at 400.5 eV. These results confirms
the formation of AuNPs stabilized covalently by the NHCPEG4 ligand.
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Figure IV-23 XPS N1s and Au4f spectra of nanoparticles synthesized from HAuCl4.3H20, 4
equiv. of imdPEG4, NaH and NaBHa4 in EtOH.

After analysis of the samples the results showed that with the ligand imidPEGa4, we were only
able to stabilize AuNPs. In an attempt to obtain similar results as the one obtained with ligand
C12-Br, we decided to try the experiment with two PEG side chainsinstead of one (to get closer
to C12-Br structure). Maybe this time we could obtain stable gold NCs.

117



Synthesis of n-heterocyclic carbene stabilized gold nanocluster s from imidazolium salts and
HAuUCI4.3H20

IV.B.2.d. Attempt with another water soluble ligand

The following reaction was performed to obtain the ligand imidBisPEG4. Imidazole (436 mg,
2 mmol), K2COs (3 mmol), Br-PEG4-OMe (4 mmol) and 7 ml MeCN were put in asealed flask
and heated at reflux for 30 hours under stirring (Scheme IV-4). The solvent was evaporated and
the residue was dissolved in DCM and filtered. The filtrate was evaporated under reduced
pressure, triturated in Et2O and decanted. We obtained an oil with ayield of 78%.

N K2CO3, MECN — o
[& + B o o 0 o > ’OV’\O/\-/O\/\O/\\/Nx;-N'-»"'U
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reflux, Nz, 30h ar
Br-PEG -MeO

Scheme 1V-4 Synthesis of imidazolium salt imidBisPEGa.

The imidazolium salt was analyzed by *H NMR and **C NMR to confirm its synthesis and
purity. 1H NMR (400 MHz, CDCl3) 5 9.57 (t, 1H), 7.68 (d, 2H), 7.47 (d, 2H), 7.2 (m, 2H), 4.38
(m, 4H), 3.79 (m, 4H), 3.56 (M, 17H), 3.36 (s, 6H), 2.28 (s, 3H). 3C NMR (101 MHz, CDCl3)
0 143.8, 139.3, 138.2, 128.5, 126.8, 122.7, 71.6, 70.1, 70.09, 70.02, 68.7, 58.7, 49.3, 21.4.

There should therefore be only one signal corresponding to the ethylene protons of the
heterocycle. These different signals (7.68 (d, 2H), 7.47 (d, 2H)), could indicate the presence of
by product imidazole-PEG (only one functionalization).

The imidazolium salt was used for AUNCs synthesis in EtOH. We kept the same strategy as
previously. The gold source HAuUCI4.3H20 was dissolved in EtOH with 4 equiv. of the
imidazolium salt. Then NaH and NaBHa4 were subsequently added in the reaction media
Purification through 7kDa dialysis cassettes against water overnight was done.

We obtained brown suspension in EtOH and TEM observation showed extrasmall particles. In
addition, UV spectroscopy analysis showed no plasmon band. However, after 2 days of storing
at room temperature, the suspensions turned red. We were hoping that it will have the same
behavior as synthesis with ligand C12-Br but ESI-MS results showed us that we mostly
obtained molecular complexes similarly to what is obtained with ligand imidPEG4. Also, TEM
and UV spectroscopy after 2 days showed the formation of gold NPsin EtOH. Since we could
not obtain AUNCsin these conditions, we still tried to test the stability of AUNPstoward transfer
in water. Indeed, adding another PEG chain could improve the solubility in water and the
stability of the NPs. Results showed that with 2 PEG side chains the stability in water was of a
few days. It was not very different from the results obtained with ligand imidPEGa.

Finaly, we were not able to stabilize water dispersible AUNCs by using PEGylated water
soluble imidazolium salt. However, stable NHC-PEG4 NPs were synthesized in ethanol. Upon
transfer in water, the particles were stable up to aweek. Then, formation of gold mirror on the
flask appeared. Increasing the ligand/Au ratio did not prevent this phenomenon. Also, the
synthesis of an imidazolium salt with both N atoms bearing PEG chains did not change the
results. Our outlook would be the synthesis of an imidazolium salt with longer PEG chains. It
could allow the stabilization of AuNCs, if not it could improve the stability of the formed
AUNPsin water for potential biological applications.
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IV.C. Conclusion

This chapter described different attempts to synthesize stable NHC capped gold nanoclusters.
First, amethod using various imidazolium salts, HAuUCl4.3H20 as gold source, NaH as base and
NaBHa as reducing agent was developed. We were able to obtain non water dispersible AUNCs
with various nuclearity depending on the type of ligand used. We confirmed that the improved
stability of the NHC coated AuUNCs can be explained by strength of the NHC-Au bond and by
the interactions between the long alkyl chains that occur simultaneously. Indeed, the strength
of the bond has to be high but not too much to avoid the formation of Au-NHC molecular
complexes. Because the Au-NHC bond is strong it can lead to a delocalization of electrons
towards the ligands (with Au-NHC bond being stronger than Au-Au bond), resulting in agold
atom detached from the metallic structure. Thus, imidazole-2-ylidene with long alkyl chains
were better candidate than benzimidazole-2-ylidene NHCs in our reaction conditions for
AUNCs formation (less Au(NHC)2 complexes formed) and stabilization in complex
environments (without separation of the nanoclusters crystals) . Also, the presence of long
stabilizing alkyl chains increased the nanoclusters stability over time drastically. Indeed, the
NHC ligands with smaller substituents on the N atoms performed poorly at stabilizing AUNCs
on along period of time. The equilibrium between deprotonation of the imidazolium salt to
form carbenes and gold reduction were also studied. Our synthesis being in ethanol, the use of
NaH was mandatory to be able to deprotonate the imidazolium salt with a high rate and avoid
quick reverse protonation of the NHCs. Finally, the ESI-M S analysis method developed in the
previous chapter showed here again great efficiency since we were able to analyze very quickly
mixtures of nanoclusters and follow their stability toward aging.

Moreover, an attempt to develop asynthesis of water dispersible AUNCswas done. The method
used PEGylated imidazolium salts, HAuCl4.3H20 as gold source, NaH as base and NaBH4 as
reducing agent in ethanol. However, we were not able to stabilize AUNCs in these conditions
which was surprising given the similarities between imidazolium C12-Br and the PEGylated
imidazolium salts. A line of thought, would be that the PEG chain interacts differently than the
C12 chains. Maybe the hydrophilic character of the PEG chains induce interactions with the
solvent that give them different spatial conformation compared to the hydrophobic C12 chains.
What isinteresting isthat we were able to synthesi ze stable gold nanoparticles with this method.
It highlightsthe thin line that lies between the synthesis methods of gold nanoparticles and gold
nanoclusters. Further development could be made to try to shift the synthesis of water
dispersible AuNPs toward AuNCs. Finding an efficient etching agent could permit the
formation of gold NCs from these AuUNPs.

The following of our work will focus on the synthesis of NHC stabilized particles that are
formed through precipitation of Ag* and S? ions, AgzS. This study will extend the scope on the
ability of NHC to stabilize particles of interest at the nanometric scale.
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Synthesis of n-heterocyclic carbene stabilized silver sulfide nanoparticles

PART Il -NHC STABILIZED SILVER SULFIDE
NANOPARTICULES: A STUDY ON SYNTHESIS AND
CHARACTERIZATION

CHAPTER V: SYNTHESIS OF N-HETEROCYCLIC
CARBENE STABILIZED SILVER SULFIDE
NANOPARTICLES

This chapter reports on the synthesis of Ag2S nanoparticles. Our interest on Ag2S nanoparticles
grew because it is an ionic solid formed by precipitation of Ag* and S* ions. It alows to
overcome the competition of reduction and complexation reactions as observed with gold
nanoclusters. The main interest was not only to study the reaction conditions to produce stable
NHC protected Ag2S NPs but aso to obtain Ag2S NPs with phololuminescence (PL) properties
of interest especially for nanothermometry.

V.A. Introduction on silver sulfide nanoparticles

Silver sulfide nanoparticles, AgzS, have been studied for their ability to emit mainly in the
second infrared window (1000-1350 nm). But other emission values are also observed
depending on synthesis conditions. Such materials are extensively studied as optical probes for
early diagnostic in vivo in nanomedicine. Optical property alows imaging deeper biological
tissues without a few drawbacks that we will discuss later. Also, they can be considered as
environmentally stable alternatives to heavy metals. Studies have demonstrated the cytotoxic
nature of silver (in silver nanoparticles or Ag* form). This metal is also used as an additive in
bandages for burns or wounds as an antibacterial. Indeed, a-Ag2S is one of the most insoluble
silver minerals known. The very low solubility product of the AgzS phase (Ks = 6.3 x 10°0)
preventsthe release of toxic Ag* ionswithin biological media.! Ag-S binding energy being very
high (200 kJ.mol™2), it allows better stability of AgzS in biological media. Moreover, it was
reported that AgzS NPsinternalized within cellsare not subjected to significant oxidative stress.
Indeed, the acid pH within the endosomes does not lead to an increase in the toxicity of the
Ag2S NPs internalized in the cells.? Ag.S NPs are then less reactive than Ag® NPs (thus less
toxic).3* However, the nature of the surface ligand also plays arolein the toxicity induced by
Ag2S nanoparticles. Depending on the type of ligand the affinity to cells membrane or the
oxidative stress induced on the cells may vary.® In this context, the use of NHCs as stabilizing
ligandsis interesting.
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V.A.1l. Ag.S nanoparticlesfor applications

AQg2S NPs can be interesting for various applications such as semiconductor materials or
photocatalyst agents for example.® Actually, the monoclinic bulk a-AgeS is one of the oldest
known semiconductor materials, discovered by Michael Faraday. He saw that Ag2S behaved as
insulator at room temperature and is highly conductive at elevated temperatures.” AgeS NPs are
also prime candidates for theranostic applications. Because of their high-performance optical
properties and to the possibility to functionalize their surfaces, there gave promising results for
in vivo imaging and cellular temperature measurement. & Due to their ability to absorb in the
NIR-I and to emit in the NIR-I1, they exhibit a high penetration depth in tissues (Figure V-1). °
Indeed, in this window there is a minimization of tissues autofluorescence, of diffusion for a
better spatia resolution and of biological component extinction coefficients. It aso alows
improved contrast image at increased tissue depth. In addition to their photophysical
performances, these NPs show the unique asset of being made of a highly stable and nontoxic
material, which lets imagine that they could be suitable for in vivo applications.

Oxygenated whole blood
l First Second

Window Window

1000

Effective Attenuation Coefficient (cm*')

Wavelength (nm)

Figure V-1 NIR-1 and NIR-11 optical transparency windows in some biological tissues and
fluids.®

Cytotoxic studies have shown that AgzS has no toxicity intermsof cell proliferation, apoptosis,
necrosis, and genetic damage as has been a good candidate for the development of NPs in
biological applications. In a toxicological study, it was reported that MPEG-SH (thiol-
terminated methyl polyethylene glycol) capped Ag2S NPs showed no cytotoxic and genotoxic
effects on cells exposed during 24h to NPs concentrations of 0.01, 0.1, 1, 10 and 50 pg/ml.*°
No cellular death was observed for the majority of concentrations, except for 50 pg/ml with
13.4 + 1.7% with respect to control (in comparison CdS NPs showed 100% cytotoxicity at this
concentration). These characteristics suggest a great potential for the use of Ag2S NPs for
biomedical applications. Indeed, it has been shown that Ag2S NPs have a great potentia for in
vivo imaging, disease detection and cancer diagnosis. Studies on AgzS in NIR spectrometry
have been carried out to use them for molecular imaging of living cells. The results of this
research have shown that AgzS are attractive for medical studies with high efficiency and
biocompatibility.'! A few example of these NPs used for bioimaging, drug delivery or
biosensors have been reported. For example, a study showed pegylated Ag2S NPs synthesis
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exhibiting high stability. They acted as fluorescent emitting in the NIR-11 (1200 nm). It enabled
in vivo monitoring of lymphatic drainage and vascular networks with deep tissue penetration
and high spatial and temporal resolution. It also allowed in vivo tracking of angiogenesis
mediated by atiny tumor. Results showed that they could be useful in surgical treatments such
as sentinel lymph node (SLN) dissection as well as in evaluating blood supply in tissues and
organs and screening of anti-angiogenic drugs.’? Ag.S NPs exhibit very interesting properties
that make them good candidates in biomedical applications. Researchers are till trying to
improve their development due to the challenges associated with biological media.

V.A.2. Ag:Scrystalline structure

If welook at the Ag-S phase diagram, AgzS can have different crystalline forms depending on
the temperature: it has three stable forms between room temperature and its melting point.
These results were confirmed by measurements of the thermal expansion and heat capacity of
Ag2S, combined with high-temperature XRD. Results have shown that reversible phase
transformations take place during heating and cooling of Ag2S. The crystal structures are
monoclinic 0-Ag2S (acanthite), cubic p-AgeS (argentite) and cubic y-AgzS (Figure V-2).13
Taking into account the temperature in our reaction conditions, the formation of a-Ag2S or
acanthite nanoparticles is expected. AgS is formed at an average of 33.33 atomic % sulfur.'4
This phase accepts awide range of silver or sulfur sub-stoichiometry.

Cs

Figure V-2 Changein silver sulfide crystal structure during reversible phase
transfor mations.?

AQg2S nanocrystals are semiconductor crystals that are often called AgzS quantum dots (QD). A
semiconductor crystal which has a radius (r) that is inferior to its excitonic Bohr radius (rB) is
called quantum dot. By modifying the size of the QDs, it is possible to modulate the width of
the gap and therefore the energy of the photoluminescence emission peak. The smaller the
nanoparticles, the greater the photoluminescence emission energy (therefore the weaker the
wavelength of the associated emission peak).'® It was reported that the Bohr radius at room
temperature (300K) is 2.2 nm for Ag2S QDs.*® The size-dependent optical properties of AgS
QDs were restricted in the range of 2.4 to 4.4 nm. The energy of the photoluminescence
emission peak increases (shift towards low wavelengths) when the size of the nanoparticles
decreases. The AgzS QDs optical properties depend on particle size and on the surface state. It
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is important to find synthesis methods that will alow stabilization of different sizes of
nanoparticlesin order to modul ate the emission wavel ength. Furthermore, the optical properties
can be strongly influenced by surface effects, especialy by the nature of the stabilizing ligands.
It istherefore interesting to test new ligands such as NHCs.

V.A.3. Ag.S synthesis pathway. State of the art.

Ag2S NPs have been synthesized by various methods, such as sol-gel method, conventional
heating method, microwave method, hydrotherma method, etc. Every method has both
advantages and disadvantages, so we aim at choosing the best procedure for our NPs.

Two pathways can be distinguished: organic and aqueous synthesis pathway.

Organic synthesis pathway is mostly done by conventional heating and gives more
monodi sperse nanoparticles. Du et.al reported in 2010 the synthesis of monodisperse Ag2SNIR
emitting NPs from a single source precursor: Ag(DDTC), Silver diethyldithiocarbamate.
Ag(DDTC) hydrate, oleic acid, octadecylamine and octadecene (ODE) were heated to 100 °C
to remove water and oxygen, thus forming a homogeneous brown solution. Then, the resulting
mixture was heated to 200 °C under N2 atmosphere for 30 min, affording a dark colloidal
solution. Nanoparticles are formed with a size of approximatively 10 nm and presented NIR
emission at 1058 nm under 785 nm excitation.!” Later, Zhang et al. also reported a
monodisperse Ag2SNPs synthesis from Ag(DDTC) and dodecanethiol (DT).2® They were able
to obtain emission-tunable NIR Ag.S NPs by varying reaction temperature and reaction time.
For example, for 30 min at 200°C (similar reaction conditions as Du et al.), they obtained NPs
of 4.4 nm with photoluminescence (PL) emission at 1175 nm when excited at 785 nm. For
2min at 140°C, they obtained NPs of 2.8 nm with PL emission at 1052 nm when excited at
785 nm. Size-dependent optical properties of Ag2S NPswere observed in the range from 2.4 to
4.4 nm. But no size-dependence of the optical property was observed when the size of Ag2S
NPs was larger than 4.4 nm. They concluded that it is mostly due to strong quantum
confinement effects at smaller sizes. Other reaction conditions were explored to broaden the PL
emission range of Ag2S NPs by Jiang et.al. They reported the synthesis of emission-tunable
NIR Ag2S NPs with sizes ranging from around 1.5 to 4.6 nm. This domain of size is smaller
than the Bohr radius, thus there is an effect on the width of the gap and a strong effect on the
energy of the photoluminescence emission. A seed-assisted synthesis method in two-step was
performed to prepare different-sized AgzS NPs. Seed of 1.5 nm in size were synthesized by
injecting hexamethyldisilathiane ((TMS)2S) into a mixture of silver acetate, myristic acid, 1-
octylamine (OA), and 1-octadecene at a given temperature under argon atmosphere. Ag.S NPs
were synthesized in a second step by dropwise addition of Ag(OA) solution (AgNO3z and OA
in toluene) and sulfur solution (sulfur powder in toluene) into a toluene solution containing the
previousdly synthesized Ag.S seeds. The NPs photoluminescence did cover arange from 690 to
1227 nm depending on the hot-injection temperature and growth time. The emissions shifted to
higher wavelength by increasing the growth time (larger NPs size): For an injection temperature
of 50 °C and growth time of 3 seconds the PL emission peak was at 690 nm. For an injection
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temperature of 50 °C and growth time of 30 min the PL emission peak was at 730 nm.*® The
AQ2S nanoparticles synthesis method in organic solvents by thermal degradation isan approach
of choice due to the ability to easily solubilize the reactants, to tune the NPs size thus the PL
activity by making effortless changes (temperature, silver precursor, reaction time, etc), to
obtain monodisperse NPs. However, some of the difficulties are that the reactions are very
sensitiveto air due to low stability of the silver precursors when exposed to Oz. The transfer of
the Ag2S NPs from organic solvents to biocompatible solvents for potential applicationsis also
acritical step. To overcome this last issue, synthesis in organic biocompatible solvents and in
agueous sol vents have been developed. Jiang et al. synthesized in 2012 Ag2S NPsusing AgQNOs
and 3-mercaptopropionic acid (MPA) dispersed in ethylene glycol and heated 110°C then
145°C. They obtained NPs with size ranging from 1.5 nm to 6.3 nm and with
photoluminescence emissions tuned in the range from 510 to 1221 nm, respectively, by
modulating the AgNOs/MPA ratio and the growth time. Ag2SNPs emitting in the second
infrared window were obtained for particular reaction conditions corresponding to: 5mM of
AgNOs at 145 ° C for 60 min.'® Nevertheless, a few drawbacks appeared when it comes to
synthesisin ethylene glycol. Indeed, synthesis in ethylene glycol usually requires high reaction
temperatures compared to another biocompatible and green solvent like water.

For the synthesis in aqueous solvents, Brelle et al. prepared Ag2S NPs capped with cysteine or
glutathione for the first time in water. Cysteine and glutathione are thiol containing
biomolecules that form high-affinity silver-ligand complexes. These metal-biomolecule
complexes can then serve as excellent matrixes during the process of silver sulfide nucleation.
Indeed, these biomolecules have the ability to compete for metal binding sites and thus restrict
the incorporation of inorganic sulfide during nucleation. In atwo-step procedure silver acetate
was added to a solution containing dissolved glutathione or cysteine to form the corresponding
Ag-cysteine or Ag-glutathione complexes. Then, a solution of NaS was injected in the
solutions of Ag-cysteine or Ag-glutathione at pH 10.5. The team was able to synthesize
nanoparticles of approximatively 9 nm.2° However, no emission was detected at room
temperature for any of the samples. Later, Acar et.al reported the synthesis of Ag2S NPs by
conventional heating. They carried out the synthesis using 2-mercaptopropionic acid (2-MPA)
as surfactant. The NPs size and the emission wavel ength of these NPs could be tuned by varying
the Ag/S and 2-MPA/Ag ratios, the reaction temperature and the reaction time. They obtained
NPs with varying size from 2.3 to 3.1 nm (small size variation) and emission varying from 780
to 950 nm.?! By heating at relatively low temperatures (30, 60 and 90°C) in water and using 2-
MPA as a surfactant they were able to obtain highly luminescent NIR-emitting Ag2S NPs even
though the PL emission is lower than those obtained when synthesis are carried out in organic
solvents. Conventional heating was proven to be an efficient method for the synthesis of NIR-
Il emitting Ag2S NPs in both organic and agueous solvents. This method is quite easy to
implement however, temperature regulation can be difficult, especially when precise
temperature ramp must be achieved to control the size of the nanoparticles. Also, reaction’s
time are usually prolonged when heating by conventional heating.

Another method better at temperature controlling method was explored for the synthesis of
agueous Agz2S NPs. microwave synthesis. One of the examples is the synthesis of Ag.S NPs
from AgNOs and D-penicillamine (DPA) in water through a microwave assisted method
reported by Wang et al. Ag2S NCs with tunable PL emission from visible region to NIR region
were produced with highest wavelength at 802 nm for 2.33 £ 0.85 nm NPs. A shift toward
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higher wavelength of the PL emission was observed with size increase of the particles however
no emission in the NIR-I1 window was achieved.?? Compared with the conventional heating
method, microwave irradiation method has a rapid temperature elevation and homogeneous
heating ability. Moreover, the reactions times are usualy very low (3 min in the previous
example).

To summarize, conventional heating in organic solvents is a method that showed great results
in Ag2S NPs synthesis with high monodispersity and high phololuminescence activity.
However, this method requires high temperatures and transfer in biocompatible solvents for
some applications. Another method is microwave heating in agueous solvents. This method
allows homogeneous and fast heating at lower temperatures. However, emission in the second
window of the NIR seems harder to reach with this method. Interestingly, there is no evident
correlation between NPs size and emission wavelength showing the importance of diversifying
the synthesis methods of Ag2S NPsfor a better control of their optical properties.

To conclude, our main goal is to synthesize stable monodisperse Ag2S NPs stabilized by our
ligands of interest: NHCs. The literature on synthesis of NHC capped Ag2S NPsis quite recent
and poor. Brutchey et al., reported AgzS synthesis performed by conventional heating.23242
These studies showed that NHC ligands are strongly bounded to the NPs, which provides
excellent colloidal stability and prevents room-temperature ligand exchange reactions with
traditional long-chain oleylamine or oleic acid ligands. We did explore conventional heating
and microwave irradiation synthesis methods of NHC capped Agz2S NPs.
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V.B. Synthesis of Ag>S NPs by conventional heating

One of the pathways to obtain NHC capped Ag2S NPs is conventiona heating in organic
solvents. A study of the literature highlighted synthesis using dodecanethiol as a solvent, sulfur
precursor and silver acetate as a silver source.?® Also, one of our co-worker Lise Abiven,?’
developed and optimized Ag2S NPs synthesis from silver diethyldithiocarbamate (AgDDT) in
octadecene by conventional heating. From these results, we attempted aNHC capped Ag2S NPs
synthesis in dodecanethiol.

First, asilver complex was synthetized using a solution of sodium diethyldithiocarbamate (0.15
mmol, 1 equiv.) in 100 ml of water mixed with a solution of AgNOs (0.15 mmol, 1 equiv.) in
100 ml of water at room temperature giving as aresulting product silver diethyldithiocarbamate
(AgDDT). Imidazolium salt C12-Br (40 equiv., 4mmol) was dissolved in dodecanethiol (10
mL) with NaH under stirring and N2. Then, AgDDT (0.1 mmol) was added to the reaction
mixture. The reagents were left under stirring until complete dissolution then the temperature
was increased up to 160°C gradualy. A black suspension was obtained. TEM observation
unvelled NPs of 4.2 (+ 0.3) nm (Figure V-3).

C12-Br, NaH

160°C,

dodecanethiol

dodecanethiol

Figure V-3 Synthesis of Ag2S NPs in dodecanethiol by conventional heating with and
without C12-Br NHC capping ligand. TEM images of as obtained NPs.

However, NPs were aso synthetized when the synthesis was performed without the
imidazolium salt. The reaction without imidazolium salt produced a black suspension and TEM
observation showed that NPs of 3.6 (+ 0.2) nm were obtained (Figure V-3). Indeed,
dodecanethiol does not only act as a solvent or sulfur source but also as ligand in these reaction
conditions. Going back to the literature, syntheses of Ag>S NPsin dodecanethiol without other
source of ligand have been reported.?® To see if the NHC ligand C12-Br had an influence on
the nature of the stabilization of the NPs, other characterization technics need to be used.

In order to avoid the influence of the reaction solvent on the synthesis, octadecene (ODE),
which does not react as a ligand, was used. In this next synthesis, AgDDT (0.1 mmol) was
added in asolution of C12-Br (40 equiv.) and NaH (60 equiv.) in ODE (10 mL) under N2. The
suspensions were heated up to 160 °C. It gradualy colored to black. However, no further
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characterization of these suspensions was pursued because a few drawbacks did appear. First,
solubilization of the imidazolium salt in ODE was very difficult. We obtained a non-
homogeneous black paste. Also, the particles did not redisperse in organic solvents (toluene,
DCM, THF) after washing with ethanol or acetone.

With the intention of obtaining stable Ag2S NPs, the synthesis method was modified. Increasing
of the reaction temperature to 200°C was done, but agray aggregated paste was obtained. Then,
the quantity of imidazolium salt was decreased to 10 equiv. It allowed better solubilization of
the imidazolium salt in octadecene. The resulting product was black and less pasty than for the
synthesis with 40 equiv. of imidazolium salt. However, after washing the NPs did completely
aggregate. Then, another approach was developed. Indeed, after study of the literature, it was
reported that some Ag2S NPs syntheses occurred at much lower temperature and with addition
of an external sulfur source (other than the sulfur in the silver complex).?* Thus, we decided to
add an additional sulfur source and decrease the temperature. AgDDT silver complex (0.1
mmol) was mixed with an imidazolium salt (10 equiv.) and NaH in ODE (10 mL). The
suspensions were put under stirring and N2 at 80°C for 1 hour. Then, sulfur powder was added.
The reaction media were left in the same conditions for 2 hours (Scheme V-1). It gave dark
brown suspensions. The suspensions were washed with ethanol, then redispersed in toluene for
analysis.

# N ' } NaH, S, ODE
Ags” "N E A\ - NHC

7 ™—" N, 80°C

NHC

NHC

Scheme V-1 Synthesis of NHC capped Ag2S NPs in ODE with S (sulfur powder).

For this synthesis two type of imidazolium sats were used: C12-Br (1,3-
didodecylimidazoliumbromide) and Benzyl-Br (1,3-dibenzylimidazoliumbromide) . TEM
observation showed that NPs with ligand dependent sizes were obtained. Synthesis using
benzyl-Br imidazolium salt gave small NPs of 2.4 (= 0.7) nm and the one using C12-Br
imidazolium salt gave NPs of size 5.5 (+ 1.1) nm (Figure V-4). The expectations were that
ligand C12-Br with its long alkyl chain would give smaller NPs. Indeed, it was reported that
AQg2S nanoparticles size obtained from synthesiswith different alkyl chainlengthsin the coating
decrease with the increase of the chain lengths.”® We made the hypothesis that it probably
depends on the C12 chains conformation on the surface compared to the benzyl rings on benzyl-
Br.
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2.4 (x0.7) nm C12-Br 5.5(x1.1) nm

Benzyl-Br

Figure V-4 TEM images of NHC (benzyl-Br and C12-Br) capped Ag2S NPs synthesized in
ODE.

After synthesis and washing with ethanol or acetone, we observed stability problems. Indeed,
the suspensions aggregated only 2 hours after purification. No further characterization was
pursued on these samples due to their very low stability. It may be due to the decrease of the
stabilizing agent quantity (10 equiv. of imidazolium salt vs 40 equiv. of ligand in the literature).
However, increasing of the imidazolium salt quantity leads to solubility issues.

The synthesis pathway by conventional heating still needs to be improved so that further
characterization can be done on the NPs. The reflections are going toward doing the synthesis
in mixed organic solvents such as ODC (octadecene)/DCM (dichloromethane) or in organic
solvents that do not evaporate at higher temperature such as DMSO. Changing the synthesis
solvents could improve the solubility of the imidazolium salts and NaH. It could aso give us
more stable Ag2S NPs. As of today, we were not able to resolve the problem of the NPs stability
after purification. Moreover, stabilization of the temperature by conventional heating at low
temperature (80°C) was difficult. Indeed, for conventional heating method, the thermal energy
is brought by heat convection through an oil bath or a heating mantle. The temperature rise
ramps are slow and poorly controlled, probably due to heat transfer limitations.
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V.C. Synthesis of Ag.S NPs by using imidazolium salt: imid-PEGa4

In paralel, our team developed a microwave assisted synthesis of water soluble NHC capped
AQg2S NPs. The main goal was to synthesize stable water soluble Ag2S NPs that could emit in
the NIR-11 window of interest. Thus, in the following, the imidazolium salt imid-PEG4 is used
as NHC precursor.

All the microwave assisted synthesis are performed in microwave Anton Paar Monowave 300.
Indeed, microwave displays afast and homogeneous heating leading to unique step of particle
nucleation for a narrow size distribution.

V.C.1. Choice of the heating method and of the ligand.

V.C.1l.a. Microwave-assisted heating

Microwave-assisted syntheses were chosen for the continuation of our studies. Indeed, this
method has advantages compared to conventional heating synthesis method. The microwave
synthesis method allows a better control of the temperature. The microwave energy is directly
transmitted to the molecules and the ions contained in the reaction medium allowing “in core”
heating. It allows a uniform temperature rise compared to conventional heating. Microwaves
can lead to much higher heating rates than those which are achieved through conventional
heating. A high temperature can be applied on avery short time.® This reducing of the
synthesis time can help in avoiding ligand thus nanoparticles degradation exposed to high
temperatures. Also, it allows a homogeneous nucleation of the NPs in the reactor through
homogeneous heating. However, microwave-assisted synthesis has also drawbacks. It was
reported that one of the limitations of microwave is the restricted penetration depth of
irradiation into the molecules and ions in the reaction media. This means that reagentsin the
center of large reaction vessel are heated by convection and not by direct “in core” dielectric
heating. Thus, the size of the reactor is limited if homogeneous heating is to be achieved.®
The microwave our team used is an Anton Paar Monowave 300. This microwave can contain
only 1 reactor at atime and has atotal volume ability of 16 mL. It can heat up to 300°C with a
pressure up to 30 bars. Most of our syntheses were performed at 100°C for 5 minutes
(microwave power of 300 W). The temperature risesto 100°C in afew seconds then a
temperature plateau is maintained for 5 min. Then, thereis cooling of the reactor through
pressurized air. The only parameters that were modified on the microwave setting during this
thesis are the temperature and the reaction’s time.

V.C.1.b. Choice of the ligand

The ligand allows the control of the growth of the nanoparticles and their colloidal stability in

suspension.® | shisone et al. reported the synthesis of Ag2S NPs capped with two types of

azobenzene-derivatized alkanethiol differing in chain length (called 2AM10SH and

8AMS5SH). They successfully controlled the reversible aggregation—dispersion behavior for

Ag2S NPs of 8.1 nm capped with ligand 2AM 10SH but could not with S8AM5SH capped Ag2S
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NPs of 8.1 nm. Indeed, the later were extremely stable regardless of the ligand conformation.
It shows that the length of the spatial structure of the ligand (in this article chain length or
cig/trans conformation) does influence the NPs stability. Other parameters have an influence,
such as the affinity of the ligand with the Ag™ cation or the ligand concentration. It has adirect
influence on the reaction kinetics and the morphology and optical properties of Ag2S NPs.*

Our work being based on the use of NHC ligands to control the growth and colloidal stability
of the synthesized nanoparticles, wetried to find a suitable imidazolium salt (as NHC
precursor) to synthesize. Actually, it was reported that NHC—-Ag2S nanocrystals displayed a
very high colloidal stability.?* Since, our first goal was to develop a synthesis in agueous
media, it goes without saying that we synthesized a water soluble imidazolium salt. Moreover,
thinking about future applications, the incorporation of a polyethylene glycol (PEG) chainin
the imidazolium salt seems interesting. Indeed, it was reported that PEG ligand can allow
longer circulation time of the nanoparticles in the bloodstream, which increases the
probability of the nanoparticles to reach their biological target.>* Moreover, since it seems like
the ligand steric hindrance can improve the monodispersity and the optical properties of the
nanoparticles produced,® we hoped that the PEG chain on the NHC could help in this
direction. With these criteria, the imidazolium salt, that we will call imidPEG4 in the
following parts, was synthesized.

First, poly(ethylene glycol) methyl ether bromide (1 equiv.) is synthesized then it is mixed
with 1-Methylimidazole (20 mmol) in 10 mL THF under N2. The mixture is|eft under stirring
overnight. A yellow oil is obtained and the remaining solvent is evaporated under vacuum.
Then, the product is washed with ether. The imidPEG4 imidazolium salt is obtained with a
100% yield (Scheme V-2).

1.4-dioxane (50 mL)

HON 0O _~ 0 O~ o’ + NEt; + PBr13 Br"'A"‘-"'O”\"H'R‘O"'m"‘-"'O"‘-""‘\"’O"'
50°C 24
HO-PEG,-Me ¢ h B1-PEG,-Me
THF (10 mL .,
~N_N + BT o0 » _N N0
1-methylimidazole Br-PEG,-Me 24h s Imid-PEG,

Scheme V-2 Synthesis of PEGylated imidazolium salt ImidPEGa.

Thisimidazolium salt is stable when stored at room temperature under air. The use of an
efficient stabilizing ligand is mandatory in our reaction conditions. Without ligand source
(only silver precursor and sulfur), precipitation will probably happen. This phenomenon will
be addressed |ater.

V.C.2. Microwave assisted synthesis pathway

The synthesis is inspired by previous synthesis done in our laboratory by Lise Abiven.?” She
synthesized 11-Mercaptoundecanoic acid (11-MUA) capped Ag2S NPs by microwave. This
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synthesis was reproduced mixing a solution of AgNOsz (5 mM, 25.10° mol, 42.5 mg, 1 equiv.)
inwater and a solution of 11-MUA (5 equiv., 16.2 mg) in water. Then, asolution of NaS.9H20
(0.5 equiv., 30 mg) in water is added just before heating. The suspensions were still colorless
at this stage. The crystallization of Ag2Swas carried out in microwave at 100°C for 5 min. The
following optimized reaction conditions were chosen here: Ag/S = 2 and 11-MUA/Ag = 5.
Black suspensions were obtained after microwave heating and purified by centrifugation in
ethanol. TEM observation showed that AgzS spherical NPs with a mean size of 6.3(x 1.6) nm
were obtained (Figure V-5).

%.". 05 Tin s ve
e

Figure V-5 TEM image of 11-MUA capped AgS nanoparticles synthesized by microwave.?

After successfully synthesizing these NPs, this synthesiswas reproduced by replacing 11-MUA
with awater-solubleimidazolium salt (imid-PEG4as NHC precursor) in the presence of a base.

V.C.2.a. Effect of the reaction solvent on stability and morphology

The syntheses were carried out in various solvents with different results. Thefirst synthesistest
was carried out in water. Water as a solvent facilitates waste management aiming at developing
greener synthesis for better environment safety.

First, asolution of imid-PEG4 and NaH in water was mixed with a solution of AgNOsin water.
Then, a solution of Na2S.9H20 in water was added just before heating in microwave. The
synthesis was carried out in microwave at 100°C for 5 min. Various Ag/S and ligand/Ag ratio
weretested (table V-1). In al these conditions, no NPswere observed and only ametallic silver
aggregate is observed in the bottom of the reactor. The synthesis was carried out without ligand
and it gave the same results (Table V-1, sample Ag2S-5). This shows that rather than
deprotonating the imid-PEG4, NaH probably reacts preferentially with water to produce sodium
hydroxide.
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Table V-1 Synthesis of AgzSNPs in water by using ImidPEG4 and NazS.9H:20.

sample | solvent | [Aq] Ag/S Ligand/Ag | T (°C) t(min) | results

mM
AgS1 | water 5 1 5 100°C 5 aggregation
ARS2 | water 5 1 25 100°C 5 aggregation
AgS3 | water 5 2 5 100°C 5 aggregation
AgS4 | water 5 2 25 100°C 5 aggregation
ARSS5 | water 5 2 0 100°C 5 aggregation

We precise the synthesis protocol for sample Ag2S-2. 593.5 mg of ImidPEG4 (25 equiv.) were
dissolved in 10 ml of water, then NaH (80.6 mg, 2equiv. / ImidPEGa4) was dissolved in 4 mL
water and added to the ImidPEG4 solution. The resulting suspension was left under stirring for
5 minutes approximatively. Then, 11.4 mg of AgNO3 (67.10°° mol), dissolved in 1 ml of water,
were added. The solution was stirred for 10 minutes, protected from light. After, 16 mg of
NaS.9H20 (1 equiv.), dissolved in 4 mL of water, were added to the solution. Immediately
afterwards, the reaction medium was transferred into a monomodal microwave cavity and
heated to 100° C (300 W) for 5 min, with magnetic stirring. After microwave heating, all the
particles were aggregated at the bottom of the reactor. The reaction medium was dialyzed with
dialysis cassette, the molecular weight threshold of which is 10 kDa. This cassette was
immersed in deionized water for 24 h to eliminate unreacted molecules and ions. For sample
AQ2S-2, washing did not change anything to the aggregated state of the sample.

Thus, when the reaction is done in water, it proceeds as if there was no stabilizing ligand in the
suspensions and everything does precipitate. It is certainly due to the formation of NaOH from
NaH in water. It prevents NaH to react as a base for the imidazolium salt. To overcome this
problem other synthesis solvents were tested.

First, synthesis in ethylene glycol (EG) that is a good organic biocompatible solvent was
performed. Same protocol asfor the synthesisin water was applied (Table V-2). Although Ag2S
syntheses in EG are usually performed a higher temperature we tried to seeiif it could work in
our chosen heating settings.

Table V-2 Synthesis of Ag2SNPsin ethylene glycol by using ImidPEG4 and NaxS.9H20.

sample | solvent | [Aq] Ag/S Ligand/Ag | T (°C) t(min) | results

mM
ARS6 | EG 5 1 5 100°C 5 aggregation
AgRS7 | EG 5 1 25 100°C 5 aggregation
ARS8 | EG 5 2 5 100°C 5 aggregation
ARS9 | EG 5 2 25 100°C 5 aggregation

A dlight coloration of the suspensions after microwave was observed but it did not last. Indeed,
after 30 min all the particles were aggregated. Washing by diaysis did not alow redispersion
of the aggregate.
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Other synthesis temperatures were tested (115°C, 125°C) to get closer to what is done in the
literature for AgzS NPs synthesis. Unfortunately, it gave similar results with aggregation of the
particles. The use of NaH in protic solvents to perform this synthesis was disregarded. It was
decided to use polar aprotic solvents instead. Our choice went to dimethylsulfoxide (DM SO).
Indeed, not only DM SO isapolar aprotic solvent but also all of the reagents are solublein this
solvent. Also, literature indicates that NaH deprotonation of imidazolium to obtain NHC is
possiblein DMSO (pKa= 20-23).%°

A solution of imid-PEG4 and NaH in DM SO was mixed with a solution of AgNOs in 10 ml of
the same solvent. Then, a solution of Na2S.9H20 in DM SO was added just before heating in
microwave (Table V-3).

Table V-3 Synthesis of AgzSNPsin DMSO by using ImidPEG4 and NazS.9H:20.

sample | solvent | [Ag] Ag/S Ligand/Ag | T (°C) t(min) | results
mM

Ag2S-10 | DMSO 5 1 5 100°C |5 Black/brown
suspension

Ag:S-11 | DMSO 5 1 25 100°C |5 Black/brown
suspension

Ag:S-12 | DMSO 5 2 5 100°C |5 Black/brown
suspension

Ag:S-13 | DMSO 5 2 25 100°C |5 Black/brown
suspension

The syntheses were carried out in microwave at 100°C for 5 min. Ag/Sratio of 1 and 2 were
tested. Ligand/Ag ratios of 5 and 25 were also tested (Table V-3). The solvent solubilized well
al the reagents and a dark brown (almost black) suspension was obtained after microwave.

We precise the synthesis protocol for sample Ag2S-11. 593.5 mg of ImidPEGa4 (25 equiv.) were
dissolved in 10 ml of DM SO, then NaH (80.6 mg, 2 equiv. / ImidPEG4) was dissolved in 4mL
DM SO and added to the ImidPEG4 solution. The resulting suspension was left under stirring
for 5 minutes approximatively. Then, 11.4 mg of AgNOs, dissolved in 1 ml of DMSO, were
added. The solution was stirred for 10 minutes, protected from light. After, 16 mg of
NaS.9H-0, dissolved in 4 mL of DM SO, were added to the solution. Immediately afterwards,
the reaction medium was transferred into a monomodal microwave cavity and heated to 100°C
(300 W) for 5 min, with magnetic stirring. After microwave heating, the suspension was
dialyzed with dialysis cassette, the molecular weight threshold of whichis 10 kDa. This cassette
was immersed in deionized water for 24 h to eliminate unreacted molecules and ions. A
black/dark brown stable suspension was obtained.

TEM observations showed that 6.0 (+ 2.2) nm NPs were obtained for sample Ag-S-10 and 5.9
(= 1.5) nm NPsfor sample Ag2S-11 (Figure V-6). The samples were polydisperse and it seems
like there are two populations with different sizes. There was no drastic effect on the NPs size
when increasing the quantity of ligand which was very surprising. Thus, we decided to keep the
Ligand/Ag ratio to 5 as optimized Ligand/Ag ratio in DM SO.
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Figure V-6 TEM images of NPs synthesized from AgNQOs, imid-PEG4, NaH and Na2S9H20 in
DMSO after microwave heating at 100°C for samples Agz2S-10 (left) and Ag2S-11(right).

Table V-4 Synthesis of Ag2S NPs in DMSO without ImidPEG4 or NazS.9H20.

sample | solvent | [Ag] Ag/S Ligand/Ag | T (°C) t(min) | results
mM
Ag2S-14 | DMSO 5 1 0 100°C 5 aggregate
AQg2S-15 | DMSO 5 S=0 5 100°C |5 Black/brown
suspension

The synthesis in the same reaction conditions was performed but without the imid-PEGa4 (Table
V-4, sample Ag2S-14). This experiment was done as afirst proof of the stabilizing effect of the
NHC ligand in DMSO. The reaction produced aggregated suspensions, which proves the
stabilizing effect of the NHC. Also, the experiment was carried out without the sulfur source
N&aS.9H20 (Table V-4, sample Ag2S-15). In this case, we obtained stable brown suspensions.
Also, TEM images confirmed the formation of NPs with a mean size of 6.4 (£2.9) nm (Figure
V-7). The obtention of nanoparticles without the sulfur sourcein the reaction media, meansthat
Ag2S NPs were not formed but another type of particles (probably silver NPs). We will later
discuss why we think that in our previous synthesis (Figure V-6), we could have synthesized
both NHC-PEGs-Ag NPs and NHC-PEG2-Ag2S NPs.
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Figure V-7 TEM images of NPs synthesized from AgNOs, imid-PEGs and NaH in DMSO after
microwave heating at 100°C (Ag2S-15).

Synthesis in DM SO showed that stable NPs suspensions were obtained in theses reactions
conditions. However, another solvent was tested as synthesis solvent. The main goal was to
compare the results with the synthesisin DM SO. Also, an article reported explosion hazards of
NaH in DMSO.*® The organic solvent dichloromethane (DCM) was chosen due to high
solubility of the reagentsin it. In order to get rid of unwanted interactions as much as possible,
anhydrous DCM was also used. This is important since the presence of water in the solvents
could lead to formation of aggregates in the suspensions. A solution of imid-PEG4 and NaH in
DCM was mixed with a solution of AgNOs in DCM. Then, a solution of Na2S.9H20 in DCM
was added just before heating in microwave. The syntheses were carried out in microwave at
100°C for 5 min. The chosen ligand/Ag ratio was 5 (Table V-5).

Table V-5 Synthesis of Ag2SNPsin DCM by using ImidPEG4 and NazS.9H:0.

sample | solvent | [Ag] Ag/S Ligand/Ag | T (°C) t(min) | results
mM
Ag2S-16 | DCM 5 1 5 100°C |5 Black/brown
suspension
Ag:S-17 | DCM 5 2 5 100°C 5 Black/brown
suspension

After microwave heating, brown suspensions were obtained. TEM images unveiled NPs of
mean size 6 (£ 0.5) nm coexisting with bigger ones of 19 (x 2.5) nm size (sample Ag2S-16,
FigureV-8). The use of DCM as areaction solvent gave stable suspensions at room temperature
for both Ag/Sratios. Also, the use of DCM seems safer than DM SO in our reaction conditions.
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Figure V-8 TEM of NPs synthesized from AgNOs, imid-PEG4, NaH and Na2S.9H20 in DCM
(sample Ag2S-16).
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To conclude on the effect of the solvent, we were able to successfully obtain stable
nanoparticles suspensions synthesized in organic solvents. The synthesis in “greener” solvents
such aswater and ethylene glycol did not work. Werealized that the conversion of imidazolium
to NHC using NaH as a base is a limiting step. Indeed, the reactivity of NaH in the different
solvents has resulted in choosing to do the synthesisin an organic solvent when weinitially had
planned to doit in water to get closer of the green chemistry principles. After screening different
synthesis solvents, we tried to understand how the synthesis without sulfur source produced
NPs. A first hypothesis is that Ag-NHC NPs are formed in these reaction conditions. Further
characterization will be performed to assess this hypothesis.

However, it meansthat even when asulfur sourceis added in the reaction media, both Ag-NHC
NPsand Ag2S-NHC NPs could be synthesized in these conditions. In the next part, we decided
to use adifferent sulfur source to further study this hypothesis.

V.C.2.b. Influence of the sulfur source on synthesis

In the previous part, it was shown that the synthetic pathways of Ag.S NPs gave surprising
results. A study of the different electrochemical potentials gives a hint about the reactions that
can take place (Figure V-9).
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Figure V-9 Diagram of electrochemical potentials for our reagents (Ag*/Ag, 95, Ho/H").

The formation of Ag2S NPs usually occurs through NPs precipitation.®’ In our case, the ligand
interacts with Ag™ metal ionsto form Ag-Ligand molecular complexes. The introduction of the
anion into the reaction medium, S*, triggers the formation of molecular clusters. Through
condensation of clusters, small polynuclear entities called germs are formed. It happens when
the concentration of clusters exceeds avalue Cmin, greater than the molar solubility of the solid
formed. This is nucleation according to LaMer's model. The more reactive the precursors, the
greater the number of clusters formed in the reaction medium will be. Also, the nucleation will
be triggered faster. The third stage of the model proposed by LaMer is the growth of germs. It
leads to the rapid decrease of clusters concentration within the reaction medium. If the
concentration of the clusters goes below the threshold Cmin, the formation of new germs is
blocked. The seeds formed during nucleation capture the clusters present in the reaction
medium to form larger particles. The fourth stage is ageing. It determines the final
characteristics of the particles. Indeed, the particles formed in the previous steps are in a
metastable state with respect to their size, crystal structure or morphology. Solid-state
reorganizations and dissolution/crystallization equilibria can occur during the aging stage.

The orange pathway (Figure V-9) shows that Ag™ (from AgNOsz) can be reduced by H™ ions
(from NaH), which would allow the formation of NHC capped metallic Ag® nanoparticles (Ag-
NHCPEG.) in the presence of imid-PEG4. Furthermore, the green pathway indicates that the
consumption of excess NaH by S°could lead to formation of S*. These S* could then react with
Ag"and lead to the precipitation of Ag2S NPs. H™ ions, which were supposed to deprotonate the
imidazolium salt, can also reduce the Ag*ions opening a second reaction pathway. Thus, this
synthesis can possibly produce both Ag2S NPs and Ag NPs. Other hypothesisin the literature
show that, upon heating and in presence of asulfur (S°) source, Ag NPs can be transformed into
Ag2S NPs, probably by sulfur insertion into the Ag NPs structure.?

The previous synthesis done with Na»S.9H20 were reproduced but using sulfur powder S° to
compare the results and see the influence of the sulfur source. A solution of imid-PEG4 and
NaH in ethylene glycol was mixed with a solution of AgNOs in the same solvent. Then, a
solution of sulfur powder in ethylene glycol was added just before heating. The synthesis was
carried out in microwave at 100°C for 5 min. The Ag/Sratio was 1 and Ligand/Ag ratio was 5
(Table V-6, sample Ag2S-18).
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Table V-6 Synthesis of Ag2SNPsin EG, DMSO, DCM by using ImidPEG4 and sulfur powder.

sample | solvent | [Ag] Ag/S Ligand/Ag | T (°C) t (min) | results
mM
AgS18 | EG 5 1 5 100°C 5 aggregate
Ag2S-19 | DMSO 5 1 5 100°C 5 Black/brown
suspension
Ag2S-20 | DCM 5 1 5 100°C 5 Black/brown
suspension

The coloration of the suspensions was darker than with Na2S.9H20 but aggregation still
occurred quite rapidly (Figure V-10).

Figure V-10 Microwave assisted Ag>S NPs (left) suspension when sulfur powder is used for
synthesis in ethylene glycol (right) and suspension when Na2S.9H20 is used for synthesisin
ethylene glycol.

The same synthesis was performed in DM SO and stable brown suspensions were obtained
(Table V-6, sample Ag2S-19).

We precise the synthesis protocol for sample Ag2S-19. 118.5 mg of ImidPEG4 (5 equiv.) were
dissolved in 10 ml of DM SO, then NaH (16.1 mg, 2 equiv. / ImidPEG4) was dissolved in 4mL
DM SO and added to the ImidPEGa solution. The resulting suspension is left under stirring for
5 minutes approximatively. Then, 11.4 mg of AgNOs, dissolved in 1 ml of DM SO, was added.
The solution was stirred for 10 minutes, protected from light. After, 2.1 mg of S°, dissolved in
4 mL of DM SO, were added to the solution. Immediately afterwards, the reaction medium was
transferred into a monomodal microwave cavity and heated to 100° C (300 W) for 5 min, with
magnetic stirring. After microwave heating, the suspension was dialyzed with dialysis cassette,
the molecular weight threshold of which wasl0 kDa. This cassette was immersed in deionized
water for 24 h to eliminate unreacted moleculesand ions. A black/dark brown stable suspension
IS obtained.
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Figure V-11 TEM images of NPs synthesized from AgNO3z, imid-PEG4, NaH and S in DMSO
with microwave (sample AgzS-19).

TEM observation showed 7.8 (x1.4) nm NPs (Figure V-11). In comparison with previous
synthesis using NaS.9H-0, it gave dlightly bigger NPs but still polydispersed. We can see
different contrasts on the particles. It is in agreement with the fact that we have two types of
NPs (Agz2S and Ag NPs). In terms of morphology and average size of NPs, the change of sulfur
source did not lead to drastic changes when synthesisis performed in DM SO.

We decided to see if the same tendency was followed in DCM. The synthesis performed in
DCM led to stable brown suspensions (Table V-6, sample Ag2S-20). NPs with a mean size of
9.6 (x1.7) nm were observed by TEM (Figure V-13). In the case of synthesis in DCM, we
observed bigger NPs size when using S° compared to Na2S.9H20 as sulfur source (Figure V-
12).

7727476788828486889 929496981058 B8 5 &
N B0

Figure V-12 TEM images of NPs synthesized from AgNOs, imid-PEG4, NaH and & in DCM
(sample Ag2S-20).
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Concerning the effect of the sulfur source on suspension stability, NPs size and morphology,
wedid not see considerable changes. The small effectswe saw could be due to abetter solubility
of S in organic solvents compared to Na2S.9H20. According to electrochemical potentials, two
different reduction pathways could happen leading to either Ag(0) NPs or Ag2S NPs. UV-Vis
spectroscopy analysiswas doneto seeif it could bring more information on the NPs by studying
the absorption peaks.

V.C.2.c. UV-Vis spectroscopy study

A study of the literature was done to see if Ag2S NPsand Ag NPs had characteristic absorption
bands as it is the case for gold NPs, for example. For Ag NPs, various articles reported an
absorption band around 430 nm in UV-Vis spectroscopy.®394° An observation of the UV-Vis
spectra of suspensions after synthesis with both sulfur sources showed two absorption bands:
one just below 300 nm and the other around 360 nm (Figure V-13).

i '.I ——with Na25.9H20

Figure V-13 UV-Vis spectra of NPs stabilized by imidPEG4 synthetized in DMSO with
Na2S (blue curve) and S (orange curve). Samples AgoS-10 in Table V-3 and Ag2S-19 in
table V-6 respectively.

At the sametime, it was noticed that when the imid-PEGa is added to NaH in DM SO to initiate
the deprotonation, the suspension color changes (Figure VV-14). This phenomenon was followed
by UV-Vis spectroscopy. In fact, this color change could mean that the ligand has an effect on
the UV-Vis spectra of NPs suspensions. A high intensity peak at 280 nm and a broad peak at
350 nm was observed. It is similar to the results obtained for the NPs UV-Vis spectrain DM SO
(Figure V-13). However, in the case of the ligand spectrum, second peak (350 nm) isvery broad
compared to the one on the NPs spectrum. This peak has also lower intensity than the one of
the NPs spectra. Very broad absorption spectra are usually indicative of a charge transfer.
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Figure V-14 UV spectroscopy following of the imidazolium mixed with NaH in DMSO over
time.

Over time the second peak around 350 nm on the “ligand” spectrum flattens and tend to
disappear. The sole study of UV-Vis spectra cannot give complete information on the nature of
the synthesized particles. In fact, some of the peaks that are seen on the NPs UV spectra, could
be attributed to the ligand. It can be noted that no peak at 430-450 nm was observed as it is
usually the case for Ag NPs of this size.

To gain more information on the NPs nature, HRTEM-EDX experiments were conducted on
samples presented in the previous parts. Also, the influence of the sulfur source on the samples
composition can be assessed.

V.C.2.d. HRTEM-EDX characterization for chemical composition

Samples of interest were analyzed by High Resolution Transmission Electron Microscopy and
Energy Dispersive X-Ray Analysis (HRTEM-EDX). They were synthesized with
characteristicslisted in Table V-7.

Table V-7 Ag2SNPs synthesized in DCM by using ImidPEG4 and sulfur source (Na2S.9H20
or sulfur powder).

Particles | solvent | [Ag] Ag/S Sulfur Ligand/Ag | T (°C) t (min)
in samples mM source

AgS21 | DCM 5 1 NaS.9H20 5 100°C 5
AgS22 | DCM 5 1 S 5 100°C 5
Ag:S-23 | DCM 5 2 N&aS.9H20 5 100°C 5
Ag:S24 | DCM 5 2 S 5 100°C 5
Ag-21 DCM 5 1 NaS.9H20 5 100°C 5
Ag-22 DCM 5 1 S 5 100°C 5
Ag-23 DCM 5 2 NaS.9H20 5 100°C 5
Ag-24 DCM 5 2 S 5 100°C 5
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When observed in HRTEM, the samples showed similarities. Two types of NPs could be
observed for al of them. The first type of NPs were spherical NPs completely crystallinein
lower proportion (Figure V-15). The second type of NPs were spherical NPs with a heart/shell
organization in much higher proportion (Figure V-16). For this second type of particles, the
heart is much more crystalline than the shell. We can hypothesize that the heterogeneity of the
core/shell NPs comes from two phases: silver sulfide and metallic silver. It has been reported
in the literature in the case of Ag2S nanoparticles that the high redox potential of silver ions
and the high temperature used during synthesis can lead to the formation of a metallic silver
core. To minimize the formation of the metallic silver core different strategies have been
proposed but it led to NPs with low quantum yields and photoluminescence lifetimes.*?

EDX analysis (Table V-8, Ag-21, Ag-22, Ag-23, Ag-24) on theses samples for elements Ag
and S showed that the first category of NPs, which are uniformly crystalline, are composed of
Ag (oxygen and azote from the ligand were al so detected). However, 0% of sulfur atoms were
found. Asfor the second category of NPs, which have a core/shell organization, they were
composed of Ag and sulfur (in the proportion reported in table V-8). Oxygen and azote from
the ligand were also detected. It means that both NHC capped Ag NPs and NHC capped Ag2S
NPs were synthesized. It confirms the hypotheses that were raised in the previous parts about
the samples NPs composition. Since, both types of NPs were found in all the samples, it
means that there are various way leading to the synthesis of a NP mixture since the
mechanism involved when using sulfur powder and Na2S.9H20 are very different. However,
it also means that changing the sulfur source did not help in resolving the issue of two NPs
types synthesis.

Figure V-15 HRTEM images of crystalline NHC capped Ag NPsin samples Ag-21, Ag-22,
Ag-23 and Ag-24.
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Figure V-16 HRTEM images of crystalline NHC capped Ag>SNPs in samples Ag.S-21, Ag:S
22, Ag2S-23 and Ag2S-24.

Table V-8 Szes and Ag/Sratio (mean size based only on Ag>S NPs) for samples synthesized in
DCM from AgNOs and sulfur source (Na2S.9H20 or sulfur powder).

sample | Ag/S Sulfur Ligand/Ag | Size Ag/S
source TEM MET-
(nm) EDX
AQS-21 1 N&a2S.9H20 5 6(x05)| 162
/19 (=
2.5
AQ2S-22 1 S 5 9.6 1.68
(£1.7)
AQ2S-23 2 N&aS.9H20 5 7.8 2
(£1.8)
AQ2S-24 2 S 5 9.5 2.25
(x1.4)

The mean Ag/S ratio were calculated for Ag2S NPsin various grids for al the samples (Table
V-8). It showed that when the starting reagents Ag/Sratiois of 1, thefinal Ag/Sratio of the
NPs s sub stoichiometric, below 2 (1.62 when using Na2S.9H20 and 1.68 when using sulfur
powder). On the contrary, when the starting reagents Ag/Sratio is of 2, thefinal Ag/Sratio of
the NPs is stoichiometric or above stoichiometry (2 when using Na2S.9H20 and 2.25 when
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using sulfur powder). The Ag/Sratio is controlled by the amount of Na:S.9H20 introduced
into the reaction medium. The Ag/S ratio decreases with an increase in the amount of
Na2S.9H20. Thus, the ionic strength increases by increasing the quantity of cations (Na")
present in the medium. When the ionic strength is high, the nucleation of the AgzS NPs is
triggered by the addition of sulfur to the reaction medium before introduction into the
microwave. Thisis probably the case when Ag/S =1. Indeed, it was reported that ionic
strength is one of the factors which affect silver nanowires sulfidation to form AgzS. The four
electrolytes Na', K*, Mg?* and Ca?* promoted sulfidation, leading to significantly increased
rate constants compared to reaction without any electrolyte. 4 It means the resulting NPs are
going to be more polydispersein size. When Ag/S = 2, the nucleation is triggered by
microwave irradiation. It means the seeds are formed over a very short period. The particles
grow at the same time which reduces the polydispersity of the population of nanoparticles
obtained (Ag2S-21 vs AgeS-23).

To conclude this synthesis method produces two types of NPs: NHC capped Ag NPsand NHC
capped Agz2S NPs. Even though there are much more Ag2S NPs in all the samples, we could
not move the equilibrium toward the synthesis of Ag2S NPs completely. One of the lines of
though would be to increase the synthesis time from 5 minutes to 10 or 15 minutes to allow
further formation of Ag2S NPs. However, these syntheses have not been doneyet. Also, analysis
of the Ag/S ratio in the NPs by HRTEM-EDX shows an effect of the initial Ag/S ratio
introduced through the reagents. It does not seem to impact the overall morphology of the NPs
except for the polydispersity but it could have a higher impact on the resulting properties. The
effect on the photoluminescence of the NPswill be presented in the next part.

Measurement of emission and PL activity were performed to seeif characteristic NIR-11 Ag2S
NPs emission could be measured.

V.C.3. Photoluminescence properties of Ag>S nanoparticles
V.C.3.a. Theory and optical set up

Our main interest for Ag2S NPs comes from their ability to emit in the NIR-Il window, which
could be agreat asset for temperature measurement at the cellular scale, for example. To obtain
the NPs PL information, an Ag2S NPs suspension in water is placed in acell under stirring and
then, the suspension is excited by a 730 nm laser. The system is connected to an optical filter
which collects the emitted photons using a NIR(11) camera (InGaS detector) (Figure V-17).

After asserting that the NPs emit in the window of interest, the future goal would be to extract
temperature information from PL data. PL parameters need to be extracted from hyperspectral
data. When the PL parameter is measured then the temperatureis cal culated with the calibration
model resulting from the experimental data. One of our team members, Lise Abiven, developed
a calibration curve obtained from Ag2S NPs dispersed in D20. The relative sensitivity (Sr) is
obtained thanks to the material-parameter couple and expressed in %.°C 1.2’
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Figure V-17 Optical set up for PL measurement activity and modelling of PL parameter
as a function of temperature.

Samples of NPs synthetized in DCM were used for PL intensity measurements. After drying of
DCM solvent, redispersion in water of the samples was done to wash them through dialysis.
Then, the PL curves were recorded. The sample were subjected to excitation at 730 nm and a
high pass filter 1000 nm was used.

V.C.3.b. Photoluminescence of Ag>S NPs

PL of NPs synthesized in DCM using two different sulfur sources, S and NaS.9H20 in the
microwave, werefirst studied. An emission peak between 1050 nm and 1100 nm seem to appear
for both samples (Figure V-18). Unfortunately, the signal/noiseratio is very low in the window
of interest. This means that the NPs excited at 730 nm emit very few photons between 1000nm
and 1400nm (our window of interest). This may be related to the Ag/S ratio since the samples
were concentrated.

Pl ind ensity

Wavelength (nm)

Figure V-18 Emission spectra in water of silver sulfide NPs synthesized with (A) SO (B)
NazS.9H20 with microwave for Ag/Sratio = 1.
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The influence of the Ag/S ratio on the NPs emission was explored by changing the ratio from
1to 2. We wanted to seeif it did improve the signal/noise ratio and thus the number of photons
emitted in the NIR-I1 window. The previous synthesis was reproduced in DCM. NPs of size 5.5
(x2.6) nm were obtained for the synthesis with Na:S.9H20. For the synthesis with S, TEM
observations showed two populations: ~ 4nm NPs and = 15 nm NPs. Emission spectra were
also measured and it actually gave better signal/noise ratio with the change of Ag/Sratio to 2
instead to 1 (Figure V-19). The analysis of the sample synthesized from NaS.9H20 displays
on the PL spectrum avery broad peak whereas the one synthesized from Sis sharper.

PL intensity

Wavelength (nm)

Figure V-19 Emission spectra in water of silver sulfide NPs synthesized with (A) Sand (B)
Na2S.9H20 using microwave heating for Ag/Sratio = 2.

V.C.3.c. Dependence of the Ag.S photoluminescence with temperature

A study was performed on sample (A). This study consisted of heating the sample over timeto
seeif achange in temperature implies changesin the emission properties of the materials. First,
the temperature is kept stable at 19°C for 5 min. Then, a rise in temperature of 5°C/min is
applied from 19°C to 40°C. Then, there is a decrease of temperature from 40°C to 19°C during
approximatively 5 minutes. Finally, the temperature is back at 19°C for 5 minutes. This
experiment is applied as a cycle and the NPs PL emission is measured at the same time. By
recording the evolution of the photoluminescence intensity as afunction of time (Figure V-20),
and therefore of the temperature variation, an extinction of the PL can be observed. Indeed, the
PL peak intensity is stable from 0 to 5 minutes when the temperature is at 19°C. Then, from 5
minutes to 15 minutes, corresponding to the temperature variation window, the PL intensity
decrease proportionally to the increase in temperature. When the temperature goes back to the
initial temperature of 19°C, the PL intensity goes back at its maximum. This quenching of PL
as afunction of temperature allows nanomaterials to potentially be used as nanothermometers.
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Figure V-20 Evolution of PL intensity as a function of time and temperature for silver sulfide
NPs suspension synthesized from AgNOs, imid-PEG4, NaH and Sin DCM (Ag2S-24). Red
dotted line corresponds to switching on (5 min) and turning off (15 min) of the heating.

The photoluminescence bands observed below 1150 nm indicates the presence of the silver
sulfide phase in our samples (Figure V-19). Indeed, silver nanoparticles do not emit in the
wavelength window that we detect with the hyperspectral camera that we used in this study.*

The synthesis of Ag2S NPS from imidazolium-PEGa, allowed better understanding of the
synthesis mechanisms involved, as well as the importance of the choice of solvents. In the
current reaction conditions, DCM was the best solvent we tested for the reagents solubility and
reactivity. The influence of the Ag/S ratio was confirmed here with particles emitting in the
NIR-1I window being in greater number in the samples synthesized with Ag/S = 2. The
influence of the sulfur source on the reaction mechanisms was also demonstrated, even though
it did not have a huge impact on NPs morphology it seems like it does influence the final NPs
emission properties giving better resolution spectra. The use of some of the reagents
complicated the synthesis pathway (NaH). Therefore, to overcome these problems, it was
chosen to explore another synthetic route that uses Ag-NHC-PEG4 as a reagent.
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V.D. Synthesisusing Ag-NHC complex: Ag-NHC-PEG4

V.D.1. Synthesis of complex Ag-NHC-PEG4

In this part the Ag-NHC-PEG4 complex was produced to free ourselves from the step of in situ
generation of the NHC-PEGa. The synthesis consists of dissolving theimid-PEG4in DCM and
then add an excess of silver oxide (Ag20). The synthesisis carried out at reflux for 20 h under
N2 (Scheme V-3). After 20 hours, the reaction suspension is filtered, the solvent is evaporated
and the crude product is washed with ethyl acetate. It gives us the complex as a brown oil with
ayield >75%.

om0 Anhydrous DCM o o
N_ N 0 + Ag}O
&  Imid-PEG, Reflux, 20h, N,

y
z
z

p:\(_]':!- Ag -NHC ‘pEG.1

Scheme V-3 Synthesis of complex Ag-NHC-PEGA.

In order to confirm the formation of this compound, *H and *3C NMR analysis were performed
in CDCl3zand compared with the spectrathat we previously obtained from the analysis of imid-
PEGs. H-BCHSQC and H-*C HMBC complementary experiments helped in doing the
attributions. A study of the chemical shift (*3C) [ppm] value for the samples, shows that the
potential “carbenic carbon” is around 181 ppm. It is similar to chemical shifts of known
carbenic carbons. Thisvalueisdifferent from the corresponding carbon in the imidazolium salt
which has alower chemical shift around 137 ppm. The comparison of the *H NMR spectra of
Imid-PEG4 and Ag-NHC-PEG4 (Figure V-21) also give information on the formation of the
complex. One of the proof of the complex formation is that all the proton peaks are similar
except the signal labelled 11 at 9.6 ppm (“imidazolium peak”). The signal disappears in the Ag-
NHC-PEG4 form. The complex was kept in air and remained stable over time.
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Figure V-21 *H NMR spectra of Ag-NHC-PEG4 and Imid-PEGas in CDCls.

V.D.2. Microwave assisted NPs synthesis

Theligand Ag-NHC-PEG4 was used as NHC and silver source here. All the microwave assisted
synthesis were performed in a microwave Anton Paar Monowave 300 (Figure V-22).
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Figure V-22 Microwave assisted Ag2S NPs synthesi s pathway using silver-NHC complex.
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V.D.2.a. Influence of the solvent

Since NaH was not needed in this part, the NPs synthesis was again performed in water. To a
solution of Ag-NHC-PEG4 in water, a solution of NaS.9H20 in water was added just before
heating. The synthesis was carried out in microwave at 100°C for 5 min (Table V-9, Ag-S-a
and Ag2S-b).

Table V-9 Ag2S NPs synthesized in water and DCM by using Ag-NHC-PEG4 and Na2S.9H20.

sample | solvent | [Ag] Ag/S Sulfur Ligand/Ag | T (°C) t (min)
mM source

AgS-a | water 5 1 NaS.9H20 1 100°C 5

AgSb | water 5 2 NaS.9H20 1 100°C 5

AgSc | DCM 5 1 NaS.9H20 1 100°C 5

AgSd | DCM 5 2 NaS.9H20 1 100°C 5

No NPs were observed as we obtained a silver aggregate in the bottom of the flask. Aiming at
understanding why the synthesis did not proceed in water, *H NMR of Ag-NHC-PEG: in D20
(90%) H20 (10%) was carried out. At the very moment the complex is added into water, the
suspension becomes blurry, then everything precipitates. We tried to see if degradation of the
complex occurred and when it did happen. There was no difference between the spectra of the
complex in D20/H20 after 10 min or after 24h (only after 24h the suspension was clear and
everything was at the bottom of the tube). Thus, it means the degradation occurs very rapidly.
We have been able to observe that the carbene reprotonates itself in water and reform the
imidazolium. The absence of the *H imidazolium signal and of the associated carbon (137.3
ppm) on the HSQC map was also observed. It comes from the fact that the reaction is carried
out in a medium mainly consisting of D20 (90%). It is therefore the deuterated form of
imidazolium which is obtained by hydrolysis of Ag-NHC-PEGa4. This synthetic route is
therefore not possible in water solvent since there the Ag-NHC-PEG4 complex is hydrolyzed.
To avoid such hydrolysis reaction and the destruction of the Ag-NHC-PEG4 complex, the
synthesis was done in an organic solvent.

DCM was then chosen as a solvent for the synthesis. To a solution of Ag-NHC-PEG4in DCM,
asolution of Na2S.9H20 in DCM was added just before heating. The synthesis was carried out
inmicrowave at 100°C for 5 min. Also, synthesiswith both Ag/Sratio of 1 and 2 were achieved
(Table V-9, AgeS-c and Ag2S-d).

TEM observation showed that Ag.S NPs sized 9.5 (+1.9) nm were synthesized for Ag/S=1
(Ag2S-c). AgeS NPs sized 8.9 (£2.3) nm were synthesized for Ag/S = 2 (Ag2S-d) (Figure V-
23).

We precise the synthesis protocol for sample Ag2S-c. 30.4 mg of Ag-NHC-PEG4 (1 equiv.)
weredissolved in 8 ml of DCM and the resulting suspension was | eft under stirring for 5 minutes
approximatively. Then, NaS.9H20 (16 mg, 1 equiv.) was dissolved in 4mL of DCM and added
to the Ag-NHC-PEG2 solution. Immediately afterwards, the reaction medium was transferred
into a monomodal microwave cavity and heated to 100° C (300 W) for 5 min, with magnetic
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stirring. After microwave heating, the suspension was dialyzed with dialysis cassette, the
molecular weight threshold of which was 10 kDa. This cassette was immersed in deionized
water for 24 h to eliminate unreacted moleculesand ions. A black/dark brown stable suspension
is obtained.

Figure V-23 TEM images of AgzS NPs synthesized in DCM with microwave from Ag-
NHCPEG4 + Na2S9H20 with Ag/Sratio of 1 (left) and Ag/Sratio of 2 (right).

Theseresultsled to conclude that the Ag/Sratio did not tremendously influence the morphol ogy
nor the size of the NPs. UV-Vis spectroscopy did not give us much more information especially
due to the NHC ligand absorption. Then, PL analysis has been carried out on the reported
synthesis.

V.D.2.b. Photoluminescence of Ag-S-NHC PEG4 NPs

The PL emission spectrawererecorded for synthesiswith Ag/S=1and Ag/S= 2 (sample Ag-S-
¢ and Ag2S-d). For the sample AgzS-c, a slight broad peak is observed between 1050 nm and
1150 nm. However, the intensity is extremely low meaning that very few photons are emitted
in the NIR-Il window. For the sample AgzS-d, there was a large emission peak between 1000
nm and 1150 nm with much higher intensity. These experiments confirmed some of the results
obtained. There is an influence of the Ag/S ratio on the NPs PL curves signal/noise ratio. It
seems like even though stable AgzS NPs are synthesized with an Ag/S ratio of 1, there is not
enough photons that are emitted in the NIR-II in these conditions. Better signal/noise is
observed for the PL curves of the samples synthesized when ratio Ag/S=2 (Figure V-24). The
presence of a shoulder on the spectrum may mean that we synthesize two populations of

154



Synthesis of n-heterocyclic carbene stabilized silver sulfide nanoparticles

particles however previous characterizations (HRTEM-EDX) did not suggest two populations
of particles.
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Figure V-24 Emission spectra in water of Ag2S NPs synthesized with Ag-NHCPEG4 and
NazS.9H20 in DCM with Ag/Sratio = 1 (left, sample Ag2S-c) and Ag/Sratio = 2 (right
sample Ag2S-d).

The Ag/Sratio is adetermining factor for obtaining an emission in our window of interest with
our Agz2S NPs. This synthesis pathway can give stable suspensions of NIR-Il emitting Ag2S
NPsunder certain conditions (Ag/S = 2). One of the downfallsisthat the ligand/Ag ratio cannot
be modulated here. Also, great experiment would be to measure the influence of temperature
on PL intensity for theses samples to confirm the possibility to use them as potential future
nanothermometers. To understand the differences in PL emission properties further
characterization were performed on the samples.
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V.D.3. Further characterization of Ag>S NPs

V.D.3.a HRTEM-EDX characterization for chemical composition

Samples of interest were analyzed by High Resolution Transmission Electron Microscopy and
Energy Dispersive X-Ray Analysis (HRTEM-EDX). They were synthesized with
characteristics listed in Table V-10.

Table V-10 Szes and Ag/Sratio (mean size based only on Ag>S NPs) for samples synthesized
from Ag-NHC-PEG4 and Na2S.9H:-0.

sample | Ag/S Size Ag/S
TEM MET-
(nm) EDX
Ag2S-c 1 9.5 1.87
(£1.9)
AQ2Sd 2 8.9 2
(£2.3)

The results confirmed the presence of Ag and S atoms. It aso showed oxygen and azote
atoms coming from the NHC ligand. NPs with a dlight sub stoichiometric Ag/S atomic ratio
(1.87) for sample Ag2S-c were observed. HRTEM observation showed a core/shell
organization with the core that is more crystalline as seen in previous part (Figure V-25).

Figure V-25 HRTEM images of crystalline NHC capped Ag2S NPs in samples Ag.S-c and
Ag2S-d.

The HRTEM analysis confirmed the obtaining of Ag2S NPs but did not give us much
information on the differences between the NPs synthesized with Ag/Sratio 2 or 1. Indeed,
the synthesis of Ag2S NPswith Ag/S atomic ratios of less than 2 has been reported in several

studies.*?* Further analysis have been performed on samples Ag2S-d to gain more
information
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V.D.3.a XPS Analysis

X-ray photoel ectron spectroscopy (XPS) was used to study the silver-sulfur interaction at the
nanoparticles surface. XPS spectra are obtained by irradiating of materials with abeam of X-
rays. Simultaneously the kinetic energy and number of electrons that escape from the
analyzed surface (up to 10 nm depth) is measured. The material is placed in a high vacuum
chamber. Thanks to XPS we can determine the chemical state of an analyzed surface and also
give the material elementary composition. XPS can also give the binding mode of the ligand
on the metallic surface when analyzing NPs. However, characterization can be challenging
due to peaks widening for example.

XPS analysis was carried out on sample Ag2S-d (Figure V-26). Spectra over awide scan
range of Ag2S-d NPs depicting strong existence of Ag 3d, S2p, C 1s, N 1sareshownin
Figure V-26. The Ag 3d spectrum of Ag2S-d NPs was characterized by two peaks, which
were the result of spin orbital separation. It corresponds to the core levels of Ag 3ds2 (at 374
eV) and Ag 3ds2 (at 368 eV).* These values are characteristic of silver sulfide.*’ For S 2p, it
was observed that the sulfur ions are in the S*~ state at binding energies 161 eV. These values
arein good agreement with the previously reported values for Ag2S NPs.*® Moreover,
analysis of elemental composition from XPS data unveiled an elemental ratio of
approximatively 2/1 for Ag/S, which aso confirms the formation of Ag2S NPs (Figure V-26).
These values are in good agreement with results obtained from EDX analysis. For the ligand
we calculated the theoretical ratio of total number of atoms divided by the number of carbon
atomsin the ligand: N(total) / C(NHC-PEG) = 0.15. By XPS, we obtained avalue of 0.13
which isin good agreement if we take into account the little contamination on the carbon
spectrum. Also, to validate the covalent bonding of the ligand we did study the N 1s spectrum.
NHC binding to the NPs surface was corroborated a N 1s peak at a binding energy at

401.5 eV .= (Figure V-26).
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Figure V-26 Ag 3d, S2p, C 1s, N 1s XPS spectra for the sample Ag2S-d and elemental

composition.

Through XPS analysis, we were able to confirm the composition of the samples: Ag>S NPs
with a Ag/Sratio of 2. Also, the coordination of ligand NHC-PEG4 to the NPs was assessed.

More surface characterization was performed. FT-IR analyses of the Ag-NHC-PEG4 and of
the sample Ag>S-d showed that both spectra display characteristic bandsat 1105 cm™ (C-O
stretching) for the PEG chain and characteristic bands at approximatively 1570 cmy* and 1457
cmt (C-N stretching) for the NHC ring.
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V.D.4. Low temperature synthesis

In this part, we tried to evaluate the influence of the solvent on the reaction’s kinetic when the
reaction is not assisted by microwave in various solvents. Indeed, it is possible to evaluate how
solubility of the chemicals influence the reactions kinetics and the particles size. Also, it is
possible to see how solubility is not the only parameter to take into account when choosing the
solvent. Moreover, it is an example of how using microwave heating improves the reactions
speed. For thissynthesis, Ag-NHC-PEG4 was mixed with Na2S.9H20 in solution using different
solvents and the suspension waslet under stirring at room temperature. The reagentsratioswere
Ag/S = 2 and NHC-PEG4/Ag = 1. First, aggregation in the suspensions and color of the
suspensions were observed and then their evolution was followed over time during 8 days
(Figure V-27).

time | 5 minutes 3 hours 1 day 2 days 6 days 8 days
solvent
ACT (Acetonitrile)

THF
(Tetrahydrofurane)

EtOH (Ethanol)

MeOH
(Methanol)

DCM

(Dichloromethane)

Figure V-27 Evolution of AgzS suspensions synthesized from NazS.9H20 and Ag-NHC-PEG4
over time at room temperature in various solvents.

Syntheses that were carried out in EtOH and MeOH gave precipitated suspensions. Our
hypothesisisthat the same hydrolysis of the Ag-NHCPEG4 complex, already observed in water
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also happened in these other solvents. Despite the high solubility of the reagents in EtOH and
MeOH, the reaction did not give stable NPs. The reaction in THF happened rapidly (after 5
minutes the suspension is already light brown) and after 1 day the suspension is completely
dark brown. However, from day 1 to day 8, there are aggregates at the bottom of the flask (even
when using anhydrous THF). When using ACT, aggregates did not form but the reaction kinetic
(followed by color change) was very slow compared to THF for example. As for DCM, the
reaction was finished after day 1 (no specia evolution of suspension color or particlessize from
day 1 to day 8). No aggregates were noticed in the suspensions. We note that over time there
was a strong evaporation of the solvent at room temperature. The NPs suspensions were
observed after 8 days of ageing by TEM for the synthesis performed in ACT, DCM and THF
The mean sizes are respectively of 9.6 (£2.5) nm, 12.7 (+4.9) nm, 11.1 (+3.8) nm (Figure V-
28).

Figure V-28 TEM images of Ag2S NPs synthesis from Na2S.9H20 and Ag-NHC-PEGa4 in THF
(A), DCM (B) and ACT (C) at room temperature.

Compared to the synthesis in microwave the particles were more polydisperse and slightly
bigger in size. These results confirmed our choice of DCM as a reaction solvent. Indeed, the
reaction is fast, there is a good solubility of the reagents and there is no sign of aggregation. It
also confirmed that NPs synthesis can be performed at low temperature without microwave. Of
course, microwave synthesis speeds up the reaction. Also, for the synthesis in DCM, these
particles did not exhibit emission in the NIR-11 as the one synthesized by microwave. Synthesis
by microwave aso seem to improve crystallization as observed by HRTEM.

Further studies could be performed on NHC capped Ag2S NPs such as study of the crystalline
structure which can have an influence on the band gap. Also, astudy of the surface to determine
the density of ligands (by Thermogravimetric analysis for example) could be conducted.

Synthesis in microwave in our reaction conditions was proven to be most effective regarding
Ag2SNPsPL properties. Also, using an NHC-metallic complex simplify the reaction conditions
and prevents side reactions in an easy synthesis pathway.

160



Synthesis of n-heterocyclic carbene stabilized silver sulfide nanoparticles

V.E. CONCLUSION

To conclude, we were able to successfully synthesize water soluble NHC capped AgzS NPs
using two methods. One consistsin adding AgNOs in asuspension of imid-PEGsand NaH then
add asulfur source and initiate the reaction in microwave. Even though this pathway gave stable
suspensions, the reactivity of some of the reagents induced undesired secondary reactions.
HRTEM-EDX analysis allowed to see that both Ag and Ag2S NPs are synthesized in our
reaction conditions. Further improvement would be to shift the reaction equilibrium toward the
formation of only Ag2S NPs.

The second method relies on the reaction between sulfur source NaS.9H20 and complex Ag-
NHCPEG4in DCM. It isasimple and reproducible synthesis method for the formation of NHC
capped Ag2S NPs. The obtained NPswere NIR-11 emitting for Ag/Sreagentsratio of 2. In these
conditions the ligand/Ag ratio is of 1. Knowing as the surfactant to silver ratio can be a
determining parameter, we would like to develop synthesis with a ligand/Ag ratio superior to
1. Increasing the quantity of ligand could lead to a modification of the NPs optical properties.

To the best of our knowledge, it is the first synthesis of water soluble NHC capped Ag2S NPs
reported so far. The possibility of studies on this subject are wide and opened. Future
advancements in the subject would be to change the parameters like the size of the PEG chain.
Actually, a shorter or longer chain could modulate the size of the NPs but also their stability.
Many other parameters could also be tested to tune the NPs PL properties aiming at emission
inthe NIR-I1.

Other than microwave heating method, conventional heating was explored with little success.
Indeed, we were able to obtain NPs but the suspensions were difficult to purify and unstable.
This synthesis route parameters still need to be tuned to obtain more stable NPs suspensions.

The literature on NHC protected Ag2S NPsisvery dlight. Thus, thereis still alot to do on this
topic. By using therich library of NHC ligands, it is possible to tune further the NPs size (thus
the PL properties). Literature showed that the mean diameter of reported AgzS NPs displayed
a linear correlation with the Tolman electronic parameter (which is a commonly employed
parameter to compare electron-donating ability). It means that by using more or less electro-
donating NHCs stabilizing ligands, it is possible to influence Ag2S NPs mean diameter.?
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Conclusion

Thiswork isdivided in two partsthat focus on the synthesis of two different type of nanometric
particles stabilized by N-heterocyclic carbenes (NHCs): gold nanoclusters (AuNCs) and silver
sulfide nanoparticles (Ag2S NPs). First, the main goals were to develop easy and reproducible
synthesis methods by testing various synthesis tools, parameters and reagents for gold
nanoclusters production. We also needed to ensure the stability of as-obtained nanoclusters and
better understand the kinetic or thermodynamic origin of their formation. Then, the second
objectivewasto find and devel op efficient characterization methodsto validate the composition
of the nano-objects obtained, follow the effects of the synthesis settings and for some of these
nanoclusters study their properties. Finaly, we wished to extend the synthesis protocol
developed for NHC-gold nanostructures to the formation other nanoparticles of interest, the
silver sulfide. AgzS is a fluorophore that emits in the second near-infrared window (NIR-I1,
1000-1700 nm), which allows for better in vivo imaging quality in terms of deeper tissue
imaging, higher spatial resolution, and higher contrast due to minimal auto-fluorescence and
tissue diffusion.

Chapter 11

A preliminary and very important part of our work focused on the development of mass
spectrometry methodology for the analysis of gold nanoclusters suspensions. The literature on
the analysis of gold nanoclusters was large, however it was lacking since most of the
characterization methods such as UV-Vis spectroscopy did not give much information on the
nanoclusters chemical composition. This specific characterization technique provides
information on nanoclusters optical properties through discrete electronic transition related to
such superatomic units. UV-Vis spectroscopy can aso bring out the effect of the different
protecting ligands on the AUNCs optical properties. However, usually experimental spectra do
not have well-defined enough features to do that much conclusions. Some other characterization
methods give precise structural and chemical information such as X-Ray diffraction.
Nevertheless, using this technic, only the species that crystallize can be observed. Thisis a
limiting point, since we do not have accessto the real composition of the speciesin suspension.
In addition, formation of the crystal can be difficult, time consuming, and often based on luck.
The last major characterization technique that drew our interest was mass spectrometry. Mass
spectrometry (MS) analyses of gold nanoclusters had already been reported in the literature,
especially ESI (electrospray ionization source)-MS, but it was limited by the number of
nanoclusters and species in suspension that can be analyzed on the spectra. The more species,
the more patterns on the spectra, and analysis of the spectra becomes quite impossible. It
became mandatory for our team to develop in collaboration with Denis Lesage and Frangois
Simon (IPCM, SU), a software designed for the analysis of nanoclusters in a large range of
nuclearity and in very complex mixtures. No such software was found on the market to our
knowledge for the analysis of such nanoclusters. It became arapid and efficient way to find the
nanoclusters composition with high accuracy. This software is still in development to alow a
faster processing of the data and to add more specificities. We aim at increasing the precision
in the formulas that are proposed for a specific pattern on the spectra at a given m/z.
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Chapter 111

Then, we developed a synthesis of NHC stabilized gold nanoclusters from AuClPPhs as a gold
source. Our approach was inspired by previously reported syntheses of NHC capped gold
nanoparticles reported by one of our coworker, Laura Hippolyte.! The main goal has been the
use of three imidazolium salts as NHCs precursors. 1,3-diisopropylimidazolium bromide (iPr-
Br), 1,3-didodecylimidazolium bromide (C12-Br) and 1,3-didodecylbenzimidazolium bromide
(bC12-Br). These imidazolium salts are different in the length of the chains on the N atoms and
in the presence or absence of a benzene ring fused to the imidazolium ring. Density Functional
Theory (DFT) calculations predicted that NHCs ligands generally formed stronger bonds than
phosphine ligands to stabilize gold nanoclusters. However, the use of a gold source where gold
is aready bonded to PPhs, made the synthesis of nanoclusters only stabilized by NHCs
experimentally impossible. Our results showed that the competition between phosphine and
NHCs as ligandsis favored toward phosphines. Various nanoclusters with various nuclearities
were formed. Most of them are PPhs capped AuNCs and mixted NHC-PPhs Au NCs are always
in the minority of identified clusters. These results were common when using all three NHC
precursors. However, there was still some differences between the syntheses depending on the
type of NHC. When using iPr-Br NHC precursor, the only specie containing NHCs that was
stable was Auw1(PPhs)7(iPr)Brz". However, when using ligands C12 or bC12, agreater diversity
of clusters, in number, nuclearity and chemical composition, were formed. We were able to
detect by ESI-M S analysis, in the samples after purification, nanoclusters stabilized by NHCs
only (such as Aus(NHC)s4") but these nanoclusters did decompose with ageing of the
suspensions. Nanoclusters stabilized by both NHCs and PPhs were also detected in the samples
after purification, but all of them did not remain stable with ageing except for one,
Au11(PPhs)7(NHC)Br2*. Moreover, nanoclusters stabilized by PPhsonly were detected by ESI-
MS analysis, some of them remained stable toward ageing of the samples and some of them did
decompose. When analyzing the results obtained from using NHC precursor iPr-Br comparing
to the result obtained when using NHC precursors C12-Br and bC12-Br, we can conclude that
the length of the alkyl chains on the NHCs N atoms does influence the ability to form
nanoclusters. Indeed, the composition of the samples after synthesis are very different. The
variety of nanoclusters synthesized is way higher for imidazolium sats C12-Br and bC12-Br
thanfor iPr-Br. It isprobably dueto steric effects of thelong alkyl chains and through secondary
weak interactions between the chains (such as Van der Waals). However, following of ageing
of the samples by ESI-MS, showed that this effect of the ligand is limited to the
thermodynamical stability of the nanocluster formed. Indeed, the only NHC containing
nanocluster that did remain stableisthe samefor all NHC ligands: Au11(PPhs)7(NHC)Br2*. The
thermodynamically favored binding of the NHC to gold atom compared to PPhs was not
observed here. It confirmed limitations of most DFT calculations when it comes to predict the
stabilization of gold nanoclusters since they do not take into account some kinetics parameters,
more especialy, the fact that PPhs ligandsare already bonded to gold in AuCIPPhs before the
reduction step. The only stable NHC containing nanoclusters incorporated still one NHC, for
al the NHC ligands tested in this study. This behavior was also observed by another team
working on ligand exchange reactions between PPhz capped Aui1 gold nanoclustersand NHCs.?
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Chapter 1V

The following of this work focused on the synthesis of AuUNCs stabilized only by NHCs.
HAuUCl4.3H20 was chosen as gold source to avoid a stronger complexation of gold atom and
was used with seven imidazolium salts. We increased the variety of NHC precursors to have a
better understanding of the ligand effects on the nanoclusters composition and stability. We
found out that short substituted groups on the NHCs N atoms, decreased the suspensions
stability and the ability to stabilize AUNCs such as for the syntheses with imidazolium salt
Allyl-Br and bAllyl-Br. The syntheses using imidazolium salts C12-Br and bC12-Br showed
that the long alkyl chains were not the only determining parameter for very stable nanoclusters
synthesis. The benzene on the benzimidazolium ring of bC12 alows stabilization of more
nanocluster species than with C12 ligand. The n-nt stacking effects brought by the benzene ring
are supposed to enhance the stabilizing ability of the ligands and strengthen the NHC-Au bond.
Experimental data show that when imidazolium salt bC12-Br is used as NHC precursor, mostly
[Au(NHC)2]" molecular complex is formed. It seems like the increased bond strength, brought
by the benzene ring in bC12-Br, favors the formation of [Au(NHC)2]" molecular complex and
also favors decomposition of some nanoclusters into [Au(NHC)2]" molecular complex with
ageing of the samples. This tendency was also observed in the synthesis using imidazolium salt
bBenzyl-Cl. It was then determined that ligand C12-Br allowed a good nanocluster stabilization
through the long alkyl chains without promoting the formation of [Au(NHC)2]" molecular
complexes. Also, with ligand C12-Br, the nuclearity was focused on the same number since
only NHC capped Auis nanoclusters were formed. Also, ageing of the suspensions went toward
the thermodynamic stabilization of [Au3(C12)9Br3]?* nanocluster. Moreover, the kinetics
effects of imidazolium salts deprotonation were studied. In protic solvents, reverse protonation
of the NHC happens very rapidly, thus it was necessary to use NaH as a base since NaBH4
deprotonation rate was too slow compared to reverse protonation in ethanol. Then, aiming at
developing water dispersible AuNCs, water soluble imidazolium salts were synthesized
(imidPEG4, imidBiSPEGs). However, the results went toward the formation of stable
nanoparticles in water solution for both ligands. We observed after synthesis and purification
of the brown suspensions, the formation of extra small particles (size < 2 nm) by TEM
(transmission electronic microscopy). However, the suspensions evolved toward the formation
of larger particles in size and suspensions color changed from brown to red. ESI-MS analysis
on samples with ultra-small particles (brown suspensions after purification) and on samples
with larger particles (red suspensions after ageing) did not detect the formation of any
nanoclusters and only Au-NHC molecular complexes were observed. The results were
surprising, especialy given the structural similarities between C12-Br and imidBisSPEG4 NHC
precursors. It seems that other effects and parameters drive the synthesis toward the formation
of AuUNCs (probably chain conformation in a given solvent). Since it was confirmed that no
AUNCswere formed, further analysis on the samples after ageing were done (red suspensions).
XPS analysis confirmed the formation of NHC capped Au NPs and alocalized surface plasmon
band at 530 nm, characteristic of gold nanoparticles, was observed on UV-Visible spectra.
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Chapter V

The final part of our work was the development of NHC capped silver sulfide nanoparticles.
The interest of this ionic solid formed by precipitation of Ag" and S* ions, comes from its
stability in biological mediaand itsability to emit in the second infrared window (NIR-I1) when
excited in the first infrared window. The literature on NHC capped AgzS being very light, we
developed a synthesis designed for obtaining water dispersible Ag2S NPs for biological
applications (especially for in vivo imaging and for nanothermometry). Our syntheses were
developed based on the work of Lise Abiven on contactless temperature measurements at the
cellular scale, by photoluminescence (PL) of Ag2S NPs.® We first developed syntheses by
conventional heating method using AgDDT (silver diethyldithiocarbamate) as silver source and
imidazolium salts, which did not give expected results due to particles stability issues. Then, in
collaboration with Thomas Naillon, we devel oped microwave assisted synthesis methods. The
first method consisted in the use of AgQNOs and an imidazolium salt, imidPEG4, with NaH as a
base and a sulfur source (Na2S.9H20 or S°). Various solvents and reagents ratios were tested to
conclude on the optimized heating settings (5 min, 100°C) and reagents ratio (Ag/S = 2 and
NHC/Ag=5). Analysisby HRTEM-EDX (high resolution transmission €l ectronic microscopy-
energy dispersive x-ray) confirmed that both Ag2S NPs and Ag NPs were synthesized through
this synthesis method as aready reported by Ortega-Rodriguez et al. who used thermal
degradation of Ag(DDTC) in oleylamine and dodecanethiol .# Even though the obtained Ag>S
NPs were emitting in the NIR-II, the inability to shift the synthesis completely toward the
formation of Ag2S NPsled to the development of a second synthesis method. This method uses
Ag-NHCPEG4 complex and NaS.9H20. We were able to obtain stable Ag2S NIR-11 emitting
NPs dispersible in water. Various solvents and reagents ratios were tested to conclude on the
optimized heating settings (5 min, 100°C) and reagentsratio (Ag/S = 2 and NHC/Ag = 5). We
were aso able to confirm a link between the photoluminescence activity and the temperature,
which makes them potential candidates as nanothermometers.

Prospectson Part |

NHC capped AuNCs are structurally similar to PPhs capped AuNCs: they are thermodynamic
analogues. It would be possible to play on the versatility of the N heterocycles of the NHC
ligands to modulate their donor character. Then, it would be possible to associate the nuclearity
of the nanoclusters formed to the donor character of the NHCs. It would al so be great to conduct
a comparative study of the results obtained by calculation methods (such as DFT) to
experimentation. Moreover, increasing the ageing experiment time could alow further
understanding on the stability of the various nanoclusters synthesized.

Moreover, we would like to develop an efficient separation method of all the nanoclusters for
individual study. Several attempts by silicagel column chromatography did not succeed in this
am (except for [Au(C12)eBrs]?"). PAGE (Polyacrylamide gel electrophoresis)
chromatography or HPL C (High-performance liquid chromatography) could help in this goal.
Then, we could do further surface characterization to study the gold-NHC interface XPS (X-
ray photoelectron spectroscopy), SAXS (Small angle X-ray scattering), TGA
(Thermogravimetric analysis), etc). Also, the nanoclusters properties could be studied such as
catalytic properties or fluorescence properties.
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Prospectson Part 11

Thefirst prospects would be to find away to develop further the conventional heating synthesis
method in organic solvents of Ag2S NPs. The first ideas will be to work in mixed solvents
environments to allow better solubility of the reagents and increase the quantity of the NHC
ligand for a better stabilization of the NPs. Regarding the microwave assisted synthesis, the
prospects would be to shift the first synthesis method toward the synthesis of AgzS NPs only.
Indeed, this first synthesis produced both Ag NPs Ag2S NPs. This shift could be done by
increasing the reaction time, for example. Then, the synthesis of imidazolium salts with longer
PEG chains could influence the PL of the particles aswell asthe NPs affinity to cells membrane
or the oxidative stress induced on the cells. Testing alarger panel of water-soluble silver-NHC
complexes could thus improve the resulting NPs overall properties. Finaly, when it comes to
properties, further PL tests could be performed followed by in vivo experiments to validate NPs
stability or toxicity.
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Appendix
A. ADDITIONAL EXPERIMENTAL DATA

A. Chapter 11

Example of nanocluster formula finding with L abview softwar e for nanocluster
[Au10(PPh3)24]3" (C27 = ligand C12 in Figure A-1)

380.000 structures
Charge Incertitude Lecture des données
33 - 30,1 teStEd L [=X Denis\D Travaif\LabView\2-N 144.bin =
44 at less than 20

AR e ; e wemex AU 150148 (Co7H52N3)0.20 (PPh3)g.25Cly; Nag 3Brg 4 **
ae ppm incertitude “
o Résultat AU c27 PPh3 cl Na Br
Element Masse min max 30 JAu jc PCIBHIS a Jna Jer Incertitude
Au 196,966569 120 148 o = o 2 0 To To -0,009363 |
=] 404,130 0 2 143 s 1 1 0 g 0087615
PCIBH15 262,091137 0 25 134 1 3 2 0 o 0,190564
a 34,9668 0 2 10 s 7 2 0 o 0,026646
Na 298977 0 3 122 4 2 0 i o 0062354
Br 78,91834 0 1 136 12 0 1 1 0 0,159332
13 5 4 1 1 0 -0,058078
13 g g 2 1 0 004471
10 3 10 2 1 o -0,172540
145 7 1 0 2 0 -0,089311
136 0 3 7 2 0 0013838
127 3 5 2 2 o 0116587
13 7 0 2 2 o -0,100823
B T o o T o Do
120 14 2 1 3 o 0085355
136 8 6 1 3 0 -0,132055
139 2 1 1 3 0 0181489
120 7 4 2 3 0 0,183304
127 T 0 2 B 0 -0,029106
140 10 0 0 0 1 0,159367
147 4 4 0 0 1 -0,05804
138 7 B 1 0 1 0044305
145 1 10 1 0 1 -0,172505
126 16 1 2 0 1 -0,165690
129 0 B 2 0 i 0147854
136 4 12 2 0 1 -0,069556
10 8 3 0 1 1 0013673
131 n 5 1 1 1 0,116622
138 5 g 1 1 1 0100788 |
129 8 1 2 1 1 0,002161

Figure A-1 Interface of Labview software for nanoclusters

One pattern is chosen on the spectra and the corresponding values are entered in the software.
For al the 44 structures isotopical pattern were simulated on the Brucker mass spectrometer
software. Out of all these structures only 1 theoretical isotopic pattern corresponded to the
experimental isotopic pattern: the one from for [Auz2e(PPhs)24]*. Below are presented
examples of isotopic patterns for [Aui20(PPhs)24]%" and for [Au1ss(C27)11Nas] ",
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Au129(PC18H16)24 = 8
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Figure A-2 Comparison of theoretical isotopic patterns for [Auize(PPhs)24]*+ and
[Au13s(C27)11Nag]>".

A. Chapter 111

Svynthesis and mor phology. Effect of the ligand/Au ratio (Fiqure A-3)

10 equiv. of C12-Br
6 equiv. of C12-Br

4 equiv. of C12-Br

Absorbance

400 500 600 700 800
Wavelength (nm)

Figure A-3 UV-Vis spectra of AUNCs synthesized from AuCIPPhs, imidazolium salt C12-Br (4,

5, 10 equiv.) and NaBHa4 in EtOH.
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M ass spectrometry (M S) analysis. ESI-M S results discussion Spectrum of the
suspensions after 3 months showing little suspensions evolution except for nanoclusters
having H* which disappeared on C12-AuNC sample spectrum (Figure A-4)

[Auy,(PPhy)gBr,]*
IMintens 1+ 191030_000018.d: +MS
x107 242420674
[Aus(PPhs)s*
64 2293:.[;7094
44
5l [Auu(PP}‘13)Z(bC12)Br‘1]+
[AUB(PPh_:;)f+
Auy,(PPh,)(bC12),Br,]*
04 VI | K- A s ) J.‘l FITVE WO NPT W Ll
1500 2000 2500 3000 3500 4000 4500 5000 miz
[Auy1(PPh3)gBr,]*
|r'.l‘.|".'|? | 1+ AG1030_O0I01F d: 1R85
x| Aug(PPh,)sBr * 442020862
ie
1 L 51062 + [AU I:PPh ] {ClZ]Br M
. Aus(PPh,)s AUSEPF:IhsLBr LTl 2l
g ;1.-.,.;%;“.-3 343128581
(\N.-—-nu”::
N':/
Br
2 Cazhy
1 Aug(PPh, ),
T T PRTRUOT I | S0 NI Ao 1 Y I
S s 2000 2500 2000 a0 460 4500 5000 mie

Figure A-4 ESI M S spectra of AUNCs synthesized from AuClPPhsz, imidazolium salts i Pr-Br,
C12-Br, bC12-Br (4equiv.) and NaBHa4 in EtOH after 3 months.
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A. Chapter IV

1H NM R spectra and infrared data of imidazolium salts used in chapter 1V to confirm

formation and purification. Some impurities corresponding to residual solvents can be

observed on *HNMR spectra
| I/_\I
HM =" 2-Bromopropane, MaH a-"l“ N A:}"’J
/" THF, reflux, 2dh i;;” B

H NMR (400 MHz, Chioroform-d) purified compound

IR data

655 cm! : =C-H deformation

1222 cm™ ; C-N, stretching, amine aliphatic
1377 cm™ ; C-N., stretching, amine aromatic
1732 cm™ : C=C aromatic stretching
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UV-Visible spectra for AUNCs samples synthesized in EtOH from HAuCl4.3H-O and

NHC precursors C12-Br, bC12-Br, bBenzyl-Cl

4,5

35
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Ahbsorbance

1,5

0,5

bBenzyl-Cl

C12-Br

bC12-Br

300 350 400 450 500 550

Wavelength (nm)

A. Chapter V

600

650

UV-Visible spectra for sampleslisted in the following table

700

750 800

sample | solvent | [Ag] Ag/S Ligand/Ag | T (°C) t (min) | Sulfur

mM source
AgS-11 | DMSO 5 1 25 100°C 5 Na2S.9H20
Ag2S-13 | DMSO 5 2 25 100°C 5 Na2S.9H20
AgS-15 | DMSO 5 S=0 5 100°C 5 none
AgS-16 | DCM 5 1 5 100°C 5 Na2S.9H20
AgS17 | DCM 5 2 5 100°C 5 Na2S.9H20
Ag2S-19 | DMSO 5 1 5 100°C 5 s
AgS-20 | DCM 5 1 5 100°C 5 S
AgSc | DCM 5 1 1 100°C 5 Na2S.9H20
AgSd | DCM 5 2 1 100°C 5 Na2S.9H20
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B. INSTRUMENTATION

Electr ospray ionization mass spectrometry, ESI-M S analysis settings

The samples were prepared for analysis in various solvents. toluene/MeOH, EtOH with 100
ug/ pl concentration and addition of CSOAc as a calibrant. The silica capillaries were washed
with MeOH and acetone to prevent contamination.

All samples were analyzed with the same mass spectrometer conditions in positive ion mode
(capillary temperature, 250 °C; spray voltage, 5 kV). Resolution m/Am = 40,000 for our Q-
TOF, acquisition speed 20Hz. For our FT-ICR, resolution m/Am = 120,000 for m/z 200 and
20,000 for m/z 2000 for a 7 Teslamagnet and 1 Hz detection. Instrument tune parameters
were carefully optimized on the prominent peaks for the total mass spectrum obtained from
250—10000 m/z and 250-7000 m/z (these settings were used for all experiments).

Figure B-1 FT-ICR mass spectrometer

Transmission electronic microscopy, TEM

The samples are prepared by depositing a drop of suspension of the compound in the solvent
to be characterized on a copper grid covered with athin layer of carbon. The analysis of the
morphology of the nanoparticlesisthen carried out by observation of the samplein
transmission el ectron microscopy (TEM) (Tecnai G2 Spirit Twin) with an accelerating
voltage of 120 kV. The processing of the TEM images is done with the open source software
Image J.
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UV-Vis-NIR spectrometer

Absorption spectra are recorded with a UV-Vis-NIR spectrometer CARY 5000 from Agilent
Technologies, operating between 200 nm and 900 nm. The solutions were prepared by
appropriate dilution of stock solutions then transferred in a closed quartz cuvette for analysis.

Nuclear M agnetic Resonance Spectr oscopy, NM R

'H NMR and *C NMR spectra were recorded at room temperature on Bruker Avance 300 or
Avance 400 spectrometers. Shifts (8) are given in parts per million (ppm).

Spectra were recorded with a Thermo ESCALAB 250 X-ray photoel ectron spectrometer with
amonochromatic Al-Ka X-Ray source (hv = 1486.6 €V) operating at 10°° Torr. The analyzer
pass energy was 50 eV. All spectrawere calibrated versus the binding energy (BE) of
hydrocarbons (Cls at 285.0 eV). Spectra were recorded and analyzed using Thermo Avantage
software

High Resolution Transmission Electronic Microscopy, HRTEM/ Enerqy Dispersive X-
Ray Analysis, EDX

The samples are prepared by depositing a drop of suspension of the compound in the solvent
to be characterized on a copper grid covered with athin layer of carbon. The analysis of the
morphology of the nanoparticlesis then carried out by observation of the samplein high
resolution transmission electron microscopy (MET 2100 PLUS). Other characteristics: -
Acceleration voltage: 200 kV - Resolution: 1.9 angstrom - Camera CCD Gatan (Orius) -
Software Gatan - Beam scanning system (STEM = scanning transmission electron

M Croscope).

The analysis of the chemical composition of the nanoparticlesis performed with a dissipative
energy spectroscopy probe EDS analyzer (SDD 80 mm2-Oxford, AZtec software)

M onomode Micr owave

A single mode microwave is used in this thesis (Monowave 300, Anton Paar, Figure B-2 a.).
A temperature of 100°C is reached within the reactor in less than one minute. To reach such a
performance, the power delivered by the furnace is 300 W. The pressure inside the reactor
when the temperature plateau is at 100°C is 10 bars (the safety threshold set by the
manufacturer is 30 bars). At the end of the temperature plateau, the reactor is cooled by a
compressed air flow. This allows arapid decrease in temperature (50°C in 4 min) of the
reaction medium. The samples are put in areactor with external (infrared sensor) and internal
(ruby immersion temperature probe) temperature controls (Figure B-2 b.).
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Irmarsion tube

FO probe

Camera ‘ IR sensor

Figure B-2 a. Monowave 300, Anton Paar. b. reactor with external (infrared sensor) and
internal (ruby immersion temperature probe) temperature controls.

Photoluminescence measuring device

The photons emitted by the silver sulfide are collected by an optical fiber equipped with a
1000 nm high-pass filter (to avoid detecting of parasite signals). The photons are then sent to
amonochromator (Figure B-3 b.). The output dlit of the monochromator is connected to the
hyperspectral camera (PyLoN-IR, Princeton). The hyperspectral camera used is (PyLoN-IR,
Princeton) to detect the photoluminescence signal of AgzS. It is equipped with an Indium and
Gallium Arsenide (InGaAs) sensor (Figure B-3 a.). It isthe most sensitive materia for
detecting photons in the second transparency window of biological tissues. Thus, it can detect
the signal of photoluminescent probes emitting between 1000 nm and 1400 nm. The InGaAs
detector is a photodiode, allowing to convert alight signal into current. The measurement of
the current induced by the absorption of photons allows to get the number of photons detected
for a given wavelength range. The monochromator coupled to the InGaAs photodetector
allows to obtain the photoluminescence emission spectrum of silver sulfide with a spectral
resolution of 0.43 nm. All photoluminescence spectra are acquired at 25°C for an aqueous
suspension volume of 0.7 mL (sample concentration 0,5 mg.mL™) . The temperature of the
sampleis controlled using a heated sample holder (Quantum Northwest). A 730 nm LED
(ThorLabs, 0.1 W.cm) is used as the excitation source.
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Figure B-3 a. Hyperspectral camera connected on a monochromator. b. Path of the polychromatic
light beam from the source to the outlet of the monochromator.
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Abstract

In the present work, we developed a novel synthesis of gold nanoclusters stabilized by N-
heterocyclic carbenes (NHCs). The syntheses of gold nanoclusters (AuNCs) were confirmed
by characterizations technics, especialy electrospray ionization mass spectrometry (ESI-MS).
We were able to analyze very complex gold nanoclusters mixtures of PPhs and NHC capped
nanoclusters. First, a AUNC synthesis was carried out in ethanol and resulted from AuClPPhs
reduction by NaBHa in presence of imidazolium salts as NHC precursors. We were able to
prove that mostly PPhs capped nanoclusters are synthesized even though Au-NHC bound are
generally stronger than Au-PPhs bond. However, it was highlighted that a highly stable
Au11(PPh3)7(NHC)Br?* is synthesized. Following of samples aging by ESI-M S showed
evolution of the suspensions over time. Unstable nanoclusters primary formed decompose to
form more stable nanoclusters structure. Then, the second synthesis was also carried out in
ethanol and resulted from HAuUCI4.3H20 reduction by NaBH4 in presence of imidazolium
salts as NHC precursors and NaH as a base. NHC capped gold nanoclusters were obtained
with various gold nuclearities. A strong NHC ligand effect was highlighted since the
nanoclusters suspensions stabilities varied depending on the imidazolium salt used for the
synthesis. Also, the composition of the suspensions (nanoclusters formula) varied depending
on the NHC ligand. Synthesis with imidazolium salt 1,3-didodecylimidazoliumbromide
allowed formation of highly stable [Au13(C12)9Brz]?* nanocluster. Various reaction parameter
were tested to assess their effect on the nanoclusters formation (solvents, base, ligand/Au ratio
...). It was a'so shown that synthesis with awater soluble imidazolium salt 1-methyl, 3-
tetraethyleneglycolimidazolium bromide, in similar reaction conditions as previoudly, led to
the formation of gold nanoparticles. It showed that the border between gold nanoclusters and
gold nanoparticles synthesisisthin. Finally, synthesis of AgzS nanoparticles stabilized by
water soluble NHC was reported. Silver-NHC complex was synthesized then put in presence
of aS* source. Synthesis through microwave heating showed promising results as Ag:S
nanoparticles emitting in the second window of the infrared was demonstrated. Indeed, it is
the window of biological tissues transparency which is of interest for biological applications.

Résumeé

Dans ce travail, nous avons dével oppé une nouvelle synthése de nanoclusters d'or stabilisés
par des carbénes N-hétérocycliques (NHCs). Les syntheses de nanoclusters d'or (AuNCs) ont
€été confirmées par des techniques de caractérisation, notamment |a spectrométrie de masse
par ionisation électrospray (ESI-MS). Nous avons pu analyser des mélanges de nanoclusters
d'or trés complexes stabilizées par des ligands PPhs et NHC. Tout d'abord, une synthese de
AUNC a éte réalisee dans I'éthanol. Elle résulte de la réduction de AuCIPPhs par NaBHa4 en
présence de sels d'imidazolium comme précurseurs de NHC. Nous avons pu prouver que la
plupart des nanoclusters synthetisés sont stabilizés par des PPhs méme si laliaison Au-NHC
est généralement plus forte que laliaison Au-PPhs. Cependant, il a éé mis en évidence qu'un
nanocluster Aui1(PPhz)7(NHC)Br?* trés stable est synthétisé. Le suivi du vieillissement des
échantillons par ESI-M S a montré I'évolution des suspensions au cours du temps. Les
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nanoclusters instables détéctés au départ dans les échantillons se décomposent pour former
des structures de nanoclusters plus stable. Ensuite, la deuxiéme synthese a également été
réalisée dans I'éthanol et résulte de la réduction de HAuUCI4.3H20 par NaBH4 en présence de
sels d'imidazolium comme précurseurs de NHC et de NaH comme base. Des nanoclusters d'or
coiffés de NHC ont été obtenus avec différentes nucléités d'or. Un fort effet du ligand NHC a
€té mis en évidence puisque les stabilités des suspensions de nanoclusters varient en fonction
du sel dimidazolium utilisé pour la synthese. De méme, la composition des suspensions
(formule des nanoclusters) varie en fonction du ligand NHC. La synthese avec le sel
d'imidazolium 1,3-didodécylimidazoliumbromide a permis la formation de nanoclusters
[Au13(C12)9Br3]?* trés stables. Différents paramétres réactionnels ont été testés afin d'évaluer
leur effet sur laformation des nanoclusters (solvants, base, rapport ligand/Au...). Il a
également été montré que la synthése avec un sel d'imidazolium soluble dans I'eau, le
bromure de 1-méthyl, 3-tétraéthyleneglycolimidazolium, dans des conditions réactionnelles
similaires aux précédentes, conduisait alaformation de nanoparticules d'or. Celaa montré
que lafrontiere entre la synthése de nanoclusters d'or et de nanoparticules d'or est mince.
Enfin, la synthése de nanoparticules d” AgeS stabilisées par des NHC solubles dans I'eau a été
rapportée. Le complexe argent-NHC a été synthétisé puis mis en présence d'une source de S%.
La synthése par chauffage micro-ondes a donné des résultats prometteurs puisque des
nanoparticules d'AgzS émettant dans la deuxiéme fenétre de I'infrarouge a été démontrée. En
effet, il Sagit de lafenétre de transparence des tissus biologiques qui présente un intérét pour
les applications biologiques.
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