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Experimental and Theoretical Study of the Reactivity of Gold

Nanoparticles Towards Benzimidazole-2-ylidene Ligands

Marfa Rodriguez-Castillo,” Gustavo Lugo-Preciado,™ Danielle Laurencin, Frederik Tielens,*' Arie
van der Lee,'¥ Sébastien Clément,’ Yannick Guari,” José M. Lépez-de-Luzuriaga,’® Miguel Monge,

Francoise Remacle*™ and Sébastien Richeter*®

Abstract: The purpose of this work is to shed light on the reactivity
of benzimidazol-2-ylidenes with respect to gold nanoparticles
(AuNPs), using a combined experimental/computational approach.
First, the grafting of benzimidazol-2-ylidenes bearing benzyl groups
on the nitrogen atoms is described, and comparisons are made with
structurally similar N-heterocyclic carbenes (NHCs) bearing other N-
groups. Similar reactivity was observed for all NHCs, with (i) the
erosion of the AuNPs under the effect of the NHC and (ii) the
formation of bis(NHC) gold complexes. Density Functional Theory
(DFT) calculations were performed to investigate the modes of
grafting of such ligands, and to determine adsorption energies. Two
types of computational models were developed, in order to describe
the grafting onto large or small AuNPs, using either periodic or
cluster-type DFT calculations. Calculations of NMR parameters were
also performed on some of these models, and discussed in light of
the experimental data.

Introduction

Metal nanoparticles (MNPs) are an important class of na-
nomaterials which have found numerous applications, notably in
catalysis™ and medicine.”? During the last decade, many
synthetic pathways have been reported to obtain MNPs of
controlled size and shape, both of these criteria being very
important for specific applications like catalysis.! As well
documented in the literature, the nature of the coating agents
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and experimental conditions used for the synthesis of MNPs
have a significant impact on their morphology and solubility.”!

N-Heterocyclic carbenes (NHCs) have become an
ubiquitous class of ligands in the field of organometallic
chemistry.”! As NHCs are singlet carbenes, they are considered
as phosphine analogs (i.e. two-electron g-donor ligands), which
can form very stable bonds with a wide range of metals in low
and high oxidation states, including noble metals like Ru,® Pd®
or Au.!”? Since their steric and electronic properties can be finely
tuned according to the substituents present, respectively, on the
nitrogen atoms and heterocycle backbone, NHCs are now
extensively used in the field of catalysis either as ligands of
transition-metal complexes! or as organocatalysts.® The use of
NHCs as coating and stabilizing agents of metal nanoparticles
(MNPs), and more generally metal surfaces, is also an emerging
field of research with promising applications. NHC-coated Pd,®
Ag,2% Ru™ and Pt*? nanoparticles have indeed been described
in the literature: it was shown that these NHC-coated MNPs are
often stable, and that they can sometimes be used as
catalysts.®1*2

Among MNPs, gold nanoparticles (AuNPs) are probably
one of the most investigated metal-based nanoparticles.!***”!
Surface stabilization of AuNPs is routinely performed with
thiols.™® However, more labile ligands such as thioethers,™
phosphines,*® amines,*® or carboxylates*” can also be used.
In the last few years, the use of NHCs to stabilize AuNPs has
also been looked into.®*¥2 The stability of NHC-coated AUNPs
strongly depends of the structure of the NHCs, i.e. their size and
their rigidity: in order to ensure an efficient stabilization, they
should be small or flexible to minimize steric repulsion between
the NHC and the AuNP surface. In particular, small groups such
as methyls or long flexible alkyl chains are suitable N-
substituents. More surprisingly, the stability of NHC-coated
AuNPs strongly depends on the experimental procedures used
for their synthesis. To date, stable AuNPs coated by NHCs have
mainly been prepared by chemical reduction®®! or
thermolysis®?? of molecular species. Preparations using ligand
exchange reactions have also been reported. In this case,
starting materials are AuNPs coated by weakly coordinated
molecules such as thioethers. Chechik et al. showed that the
substitution of thioethers by NHCs is feasible, but they observed
that the obtained AuNPs were not very stable and aggregated
within a few hours. ®!! In contrast, Glorius, Rawo et al. showed
that stable NHC-coated MNPs (M = Au or Pd) could be obtained
by ligand exchange reactions using NHCs bearing long alkyl
chains at their backbone (in positions 3 and 4 of imidazol-2-
ylidenes).®™ The improved stability of the NHC-coated AuNPs
can be explained by the chemisorption of the NHC at the AUNPs
surface and by the interactions between the long alkyl chains
which occur simultaneously.®>*%
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To date, most studies on the functionalization of AUNPs by
NHCs have been performed using imidazol-2-ylidenes. However,
in order to have a better comprehension of the interaction
between NHCs and AuNPs, and to extend the types of coating
agents which could be used, we, and others, have more recently
started to study benzimidazol-2-ylidenes as stabilizing agents of
AuNPs.**2223 Crydden et al. showed that stable self-assembled
monolayers of benzimidazol-2-ylidenes can be anchored on
planar gold surfaces by exchange of thioether molecules.?? In
comparison to imidazol-2-ylidenes, the presence of the benzene
ring fused to the positions 3 and 4 thus appears as a suitable
option for further stabilization through n-n stacking at the surface
of AuNPs. These additional inter-NHCs interactions seem to be
of importance to obtain stable NHC-coated planar gold surfaces.
Concurrently, we demonstrated that ligand exchange reactions
between thioethers and benzimidazol-2-ylidenes bearing methyl
or n-hexyl groups on the N atoms (Figure 1, NHCa and NHCb)
occurred at the surface of AuNPs,”@ and *°C solid state NMR
spectroscopy was used to characterize the grafted NHCs. We
also showed that the reactivity of these benzimidazol-2-ylidenes
was actually complex, because in addition to the ligand
exchange reaction, the formation of bis(NHC) Au(l) complexes
was clearly evidenced (Figure 1, 3a and 3b). Moreover, Au(l)
complexes used as starting materials or generated during the
reaction also appeared to be able to remove thioether molecules
from the surface of AuUNPs.?
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Figure 1. Structure of the NHC ligands, benzimidazolium salts, NHC-Au(l)
complexes, and NHC-functionalized AuNPs discussed in this work.

Due to the apparent complexity of the reactivity of NHCs
towards Au surfaces, and given the difficulties in characterizing
experimentally their exact mode of grafting, computational
studies have been initiated.?>#%! |n particular, Density
Functional Theory (DFT) calculations have been carried out
using both periodic???® and cluster approaches.??! To date,
these computational studies have mainly been performed in
order to gain insight into the nature of binding between the NHC
and the Au surface, and to calculate the binding energy of the
NHC ligand. However, the calculations have so far been carried
out on relatively simple models of Au surfaces, meaning that
more complex simulations still need to be performed to get a
better grasp of the potential differences in binding of NHCs on
different Au surfaces, and hence, on AuNPs of different size and
shape.

The purpose of this work is thus to provide a deeper
insight into the reactivity and the grafting of benzimidazol-2-
ylidenes at AuNP surfaces. In a first part, an overview of the
experimental observations concerning the reactivity of
benzimidazol-2-ylidenes onto AuNPs is provided. In particular,
the grafting of a carbene bearing benzyl groups on the N atoms
(NHCc) is discussed. Benzyl groups were chosen because they
are flexible substituents which may contribute to further stabilize
AuNPs through m-interactions with the gold surface.™#?! Here,
the reactivity of this new system is compared with the previously
studied NHCs involving methyl or n-hexyl substituents (NHCa
and NHCb, respectively),”® and the challenges related to the
characterization of the functionalized nanoparticles are
underscored. In a second part, a computational study of the
binding of benzimidazol-2-ylidene ligands at AuNP surfaces is
provided through DFT calculations. Different approaches
(periodic and finite model DFT) to the modeling of gold surfaces
functionalized by benzimidazol-2-ylidenes are presented, by
looking at their grafting either onto “flat” Au surfaces or onto
small nanoparticles, providing complementary insight into the
strength and mode of binding benzimidazol-2-ylidenes on Au
surfaces. In the latter case, DFT calculations of NMR
parameters were also performed, and results were discussed in
view of the experimental data.

Results and Discussion

1. Reactivity of NHCc towards thioether-coated AuNPs.
The starting AuNPs used for the grafting were synthesized
following the procedure described by Reinhoudt et al.?”? They
are well-dispersed spherical AuNPs coated with di-n-
dodecylthioether, and have a mean size of 5.8 (+1.2) nm.”® The
grafting of NHCc was performed in a similar way as previously

described for NHCa and NHCb.”¥ First, the di-n-
dodecylthioether-coated AuNPs were mixed with the
benzimidazolium salt 1c. Then, tBuONa was added to

deprotonate 1c and generate NHCc in situ. This led to the quick
appearance of a dark precipitate in the reaction medium. Before
complete precipitation, the UV-visible spectrum of the
suspension was collected, in order to monitor the change in the
Surface Plasmon Resonance (SPR) of the AuUNPs. Compared to



the spectrum of the starting di-n-dodecylthioether coated AuNPs
(Amax ~ 510 nm), SPR absorption band of the crude AuNPs(C)
was bathochromically shifted to Amax ~ 520 nm, suggesting that
NHC-coated nanoparticles tend to aggregate.

Figure 2. A/ TEM image of crude AuNPs(C), with the size distribution
histogram (statistics over 408 NPs; min. = 1.39 nm; max = 7.48 nm; mean =
3.44 nm; standard deviation = 0.77 nm); B/ SEM image of crude AuNPs(C)
after precipitation with EtOH.

Transmission electron microscopy (TEM) analyses actually
show that the crude AuNPs(C) contain both aggregated and
well dispersed spherical NPs, with a mean size of 3.4 (+0.8) nm
(Figure 2A). Thus, there is a significant decrease in the average
size of the nanoparticles compared to the starting thioether-
coated AuNPs (5.8 (+x1.2) nm). A similar observation had been
made in the case of NHCa, for which an average size of 2.8
(+0.6) nm had been measured for the crude AuNPs(A).? In
contrast, in the case of NHCb, the crude AuNPs(B) had an
average particle size ~ 5.1 (+1.0) nm, which is more similar to
the starting AuNPs.®! This is probably due to the presence of
long alkyl chains on the nitrogen atoms of NHCb, which interact
better with each other, and thereby improve the stability of the
NHC-coated AuNPs, and prevent a surface etching process to
occur. Such results are consistent with the work recently
reported by Glorius, Ravvo et al.l*

Crude AuNPs(C) were precipitated by addition of ethanol,
and isolated after several cycles of centrifugation and washing.
Scanning electronic microscopy (SEM) showed the presence of
a crystalline phase in the precipitate (Figure 2B), which was
identified by powder XRD and **C solid state NMR (Figure 3).
Indeed, when comparing the diffractogram of the crude
AuNPs(C) to those of the benzimidazolium salt 1c, and of the
NHCc-Au(l) complexes 2c and 3c (for which a full description of

the crystal structures and spectral data is provided in the
Supporting Information), it is clear that the bis(NHC) Au(l)
complex 3c is the crystalline by-product. It is worth noting that
the presence of AuNPs in the crude AuNPs(C) sample is
actually hardly noticeable by XRD, due to the high quantity and
high crystallinity of 3c: only a weak Bragg reflection around 26 ~
40°, characteristic of the (111) reflection of Au is visible (Figure
3A). The analysis of the **C CPMAS (Cross-Polarization Magic
Angle Spinning) solid state NMR spectrum of the crude
AuNPs(C) was also consistent with the formation of the
bis(NHC) Au(l) complex 3c, as shown by the characteristic
chemical shift at ~ 190 ppm of the carbon bound to Au(l) (data
not shown).®>#! Thus, both XRD and C solid state NMR
suggest that the etching of the AuNPs is related to the formation
of the bis(NHC) Au(l) complex 3c. The results are fully
consistent with our previous study on the grafting of NHCa and
NHCb on AuNPs.#
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Figure 3. A/ XRD powder patterns of compounds 1c, 2c, 3c, crude AuNPs(C),
and AuNPs(C) after additional washing with CH3CN; (* reflections assigned to
Na.B,07*5H,0, a by-product formed during the reaction). B/ 8c CPMAS solid
state NMR spectra of 1c, 2c, 3c, and AuNPs(C) after washing with EtOH and
CH3CN.

Given that the bis(NHC) Au(l) complex 3c was soluble in
acetonitrile, it was possible to wash the crude AuNPs(C) with
this solvent to isolate the functionalized nanoparticles. These
NPs were found to be insoluble in most solvents, and they were
thus characterized by **C CPMAS solid state NMR in order to
identify organic species such as NHCs at their surface. Several
difficulties were encountered when trying to record the *3C NMR



spectrum. Indeed, because several washes were needed to fully
eliminate the diffraction peaks corresponding to the bis(NHC)
Au(l) complex, only a very small amount of residual NPs was
collected. The solid state NMR spectrum obtained on these NPs
was very noisy, even after two days of acquisition (Figure 3B,
green spectrum). Nevertheless, signals characteristic of NHCc
can be distinguished on this spectrum, proving their presence at
the AuNPs surface. It is worth noting that in our previous work,
difficulties had also been encountered for recording the *C solid
state NMR spectra of the grafted NPs after complete washing,
notably for AUNPs functionalized by NHCa."?® So far, it is only in
the case of NHCb ligands that a decent spectrum could be
obtained, with broad signals and different chemical shifts for the
carbene C(2) atom (at & ~ 170 and 181 ppm).©#

2. Modeling of functionalized AuNPs. As shown above,
the characterization of the exact mode of grafting of NHCs at the
surface of AuNPs can be particularly challenging, especially
when the surface coverage of the nanoparticles is low. Thus, in
view of clarifying in a more general way the interaction between
benzimidazol-2-ylidene carbenes and AuNP surfaces,
computational modeling was performed using DFT calculations.
Given that NHCs have been shown to be able to bind to AuNPs
of different size (ranging from ~1 to 6.8 nm),['3*% two different
approaches were used to model the grafting. On one hand, the
functionalization of the larger AUNPs was modeled considering a
planar Au(111) surface, since it is predominant in relatively large
AuUNPs, as consequence of being the most stable surface.?® In
this case, periodic DFT calculations were performed using the
VASP code.® On the other hand, the functionalization of the
smaller AUNPs was modeled considering the Ausg gold cluster,
which is a well-known Au cluster with a size of ~1 nm.B% In this
case, calculations were performed using a cluster-type approach
and the Gaussian09 code.®™ For both kinds of DFT
investigations, the grafting of the benzimidazol-2-ylidene
carbene bearing a methyl substituent on the nitrogen atoms
(NHCa) was studied in order to reduce the computational cost,
and because our experimental studies had shown similar
reactivity for NHCa, NHCb and NHCc.

Grafting of NHCa on a planar Au(111) surface. The
binding of a single NHCa ligand on a planar Au(111) surface
was first studied. Only monodentate modes of coordination of
the NHC at the Au surface were considered (through a single
Au—-C(2) bond), because a previous computational study had
shown that it was energetically less favorable for the carbene to
adopt bridging positions between surface Au atoms.?? Here,
different binding orientations with respect to the surface were
studied for NHCa (Figure 4): perpendicular (Model A), tilted by
~45° (Model B) and parallel (Model C). Looking at the
orientation preference of the carbene at the Au(11l) surface
appeared as an important point to consider, because a recent
computational investigation on the grafting of pyridine
derivatives on Au had shown that depending on the nature of the
substituents on the pyridine, either parallel or perpendicular
configurations could be more favourable.® In the case of NHCa,
the energies of these different configurations after geometry

optimization are provided in Table 1, together with the average
Au—-C(2) distances.
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Figure 4. DFT-optimized geometries for the different grafting models of NHCa
on the Au(111) surface (VASP code).

Results presented in Table 1 clearly show that the
perpendicular binding of NHCa with respect to the Au(111)
surface (Model A) is more favourable than the other geometries,
the adsorption energy being ~ —34.21 kcal.mol™. Compared to
Model B where NHCa is not perpendicular to the surface, the
energy difference is small (~ 3.76 kcal.mol™) suggesting that the
angle is flexible and determined by the surface coverage.
However, a closer look at the geometries of the optimized
structures suggests that this may be because the perpendicular
orientation  represents the optimal balance between
intermolecular interactions between the methyl substituents and
the Au surface (dispersion — steric repulsion), and the best Au—
C(2) orbital overlap. It is worth noting that in Models A and B,
the Au atom is pulled up out of the surface by ~1 A, and the Au—
C(2) distance is ~ 2.1 A, which is similar to what is observed in
mono(NHC) and bis(NHC) Au(l) complexes like 2a (d(Au-C(2))
~1.98 A)B and 3a (d(Au-C(2)) ~ 2.01 A).”* This confirms that
strong Au-C(2) bonds can form between the Au surface and the
carbene. A similar phenomenon has been observed for other
ligands such as thiols, for which the alkyl chain length can also
influence the Au-S bond length.®" In contrast, when the
adsorption of a thioether ligand like diethylthioether on Au(111)
was considered (as a model of the di-n-dodecylthioether ligand
initially present experimentally at the surface of the AuNPs), a
much weaker adsorption energy (~ —14.36 kcal.mol™) and a
longer Au-S bond (~ 2.60 A) were observed, which explains the
ease with which these ligands could be removed from the
surface during the synthesis (Figure S12 in the Supporting
Information).

It should be noted that the pulling of a gold atom out of the
surface in Models A and B can only be seen as a local
minimum on the potential energy surface, without passing a



possible activation energy barrier for the formation of a true
adatom, and without introducing the filling up of the vacancy site
left in the bulk after displacement of this gold atom on top of the
surface. However, the present optimized geometries might be
considered as the initial step of a surface reconstruction induced
by grafting of a carbene. Such pulling of a Au atom out of the
surface might also facilitate the release of mono(NHC) Au(l)
complexes, and thereby explain the formation of bis(NHC) Au(l)
complexes such as 3a-c (vide infra).

Table 1. Binding energies and Au-C(2) bond lengths for the optimized
Models A-D (VASP code)

Model Binding energy Au-C(2) distance (A)
(kcal.mol™)
Model A -34.21 2.10
Model B -30.45 211
Model C -11.42 2.40
Model D -63.55 2.03

The grafting of NHCa onto an adatom positioned at a face-
centered cubic (fcc) position of the Au(111) surface was then
studied, as a first approach towards determining how surface
defects may affect the adsorption mode or energy of NHCs on
Au. Such low coordinated atoms are indeed expected to be the
most reactive sites on the nanoparticle surface.®™ In this case,
only the adsorption of NHCa perpendicularly to the surface was
looked into (see Model D in Figure 4). The binding of the
carbene was found to be even more favourable energetically
than in Model A (~-63.55 kcal.mol™ vs ~ —34.21 kcal.mol™). In
Model D, no steric hindrance between the methyl groups and Au
surface is observed, and after geometry optimization, the Au—
C(2) bond distance is ~ 2.03 A, which is shorter than what had
been observed for Model A, and very similar to what is
experimentally measured for Au—NHC complexes. It is also
worth noting that a similar adsorption energy (~ —67 kcal.mol™)
had been previously calculated for the binding of an imidazole-2-
ylidene bearing aryl bromide functional groups onto an
adatom.” On a more general perspective, the significant
difference in adsorption energies of NHCa in Models A and D
shows that the reactivity of the NHC will strongly depend on the
gold surface structure. In view of analyzing in more detail the
difference in affinity of NHCa for a variety of Au surface sites, we
thus turned towards the modelling of its grafting onto smaller Au
nanoparticles, which do not present any flat Au(111) surface.

Grafting of NHCa on a Ausg cluster. Many models of
nanoparticles and/or small clusters of metals, metal oxides and
metal chalcogenides have been theoretically investigated,®®
including by some of us.*! Here, we decided to look into the
adsorption of NHCa on the Auss gold cluster, making the
transition between the models of the defect free flat facet and
the irregular surface of the AuNPs. The structure of the Auss

cluster was first created, starting from the crystallographic data
of Auss(SCH2CH:Ph)2,®® and performing a geometry
optimization on the bare Ausg core. The equilibrium geometry is
shown in Figure 5a: it consists of 2 central atoms (highlighted in
Figure 5b) surrounded by an ellipsoidal 21 gold frame
(highlighted in Figure 5c), thereby forming an Au,s core. Finally,
the remaining 15 gold atoms are located on some of the
triangular faces of the Aus core. The metallic core of the cluster
(or the bare cluster) belongs to a Cs point group within a 0.01 A
tolerance
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Figure 5. Equilibrium structures of the Ausg cluster at the DFT level (CAM-
B3LYP LANL2MB). a) the Augsg cluster; b) the two central atoms; c) the 23 gold
core (2 central atoms + 21 Au frame); d) the Auy; gold core visualized from the
bottom.
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Figure 6. Equilibrium structures of the NHCa—Ausg system, computed at the
CAM-B3LYP LANL2MB/6-31G(d) level in the gas phase.

Natural bonding orbital (NBO) analyses show that the gold
atoms of the bare cluster are separated in two differently
charged populations (see the Supporting Information, Figure
S13). In the first group, the partial charges were negative,



varying from —0.11 |e| to —-0.25 |e|, with the Auys gold core
belonging to this group. The rest of the atoms (on the surface of
the cluster) belonged to the second group, with positive partial
charges ranging from 0.20 |e| to 0.29 |e|. Further analyses of the
natural charge of every atom showed that they followed the C;
symmetry, meaning that we could actually classify the 21 atoms
of the Au; shell frame and the 15 other atoms of the external
surface in 12 different groups, each formed by 3 atoms
possessing the same natural charge (see the Supporting
Information, Figure S14)

Table 2. Complex label (as shown in Figure 6), coordination number CN@
charge of the gold atom in the bare cluster (NBO Au bare), natural charge of
the Auzz core (NBO Auss), binding energy (BE”’]), relative free energy AG and
C-Au bond length of the NHCa—Ausg system.

BE relat. AG

TN pmeqe)  Aumgep Kk G SR
mol™) mol™)
1 7 0.17 -3.44 -27.86 6.55 2.08
2 4 0.23 -3.15 -33.48 0.92 2.09
3 3 0.20 -3.15 -30.33 4.08 2.09
4 8 0.11 -2.82 -29.59 4.82 2.08
5 8 0.12 -3.10 25.71 8.69 2.08
6 7 0.22 -3.00 -34.41 0.00 2.08
7 8 0.11 -2.86 -20.32 14.09 2.08
8 3 0.29 -3.15 -34.38 0.02 2.09
9 4 0.20 -3.03 -33.83 0.60 2.08
10 8 -0.14 -3.04 -19.51 14.90 2.08
11 8 -0.15 -2.85 29.75 4.66 2.10
12 3 0.23 -3.08 -34.27 0.14 2.08

[a] CN is the coordination number of the gold atom in its bare configuration
that interacts with the ligand. [b] BE represents the binding energy of the Ausg
— NHC system. It is calculated as: BE = AG complex — AG bare complex — NAG Jigand
where the n is the number of ligands (in this case n = 1).

One atom out of each of these 12 different partial charge
groups was taken to interact with a single NHCa ligand. The
equilibrium geometries are shown in Figure 6. Immediately, it
appeared that completely different core geometries were
obtained depending on the binding site of NHCa. Further
analyses of the different equilibrium geometries showed that the
C; symmetry of the Auss cluster was broken, and that in most
cases the binding of NHCa “pulled” the gold atoms closer to
each other within the cluster. This could be highlighted by
comparing the distribution of distances between gold atoms in
the bare Auss and in the cluster ligated to NHCa (see the
Supporting Information, Figures S15 and S16).

As shown in Table 2, in all cases, the NHC ligand was
found to be strongly bound on the Ausg cluster surface, with
binding energies ranging from —19.51 to —34.41 kcal.mol™
(Table 2). Such binding energies are in the same range as those
computed here on a flat Au(111) surface (between —11.42 and —
34.21 kcal.mol™, see Table 1), as well as with other previous
DFT computations.??® |nterestingly, the binding strengths
varied with the binding site, being larger when NHCa was
attached to the least coordinated gold atoms. This is in line with
what had been observed for the VASP calculations, when
comparing models with/without an adatom (Models A and D).
The binding was found to be characterized by a charge transfer
from the NHCa ligand to the Au,; core, with the natural charge of
Augs varying from —-2.82 to —-3.44 |e| (Table 2). This clearly
highlights the electron donor nature of NHC ligands. More
specifically, as shown in Table 2, the natural charge on the Auys
core varied with the position of the grafted ligand, and the
electron donor character of NHCa was enhanced when the
coordination number of the gold atom (in its bare configuration)
increased.

No significant difference was observed between the Au—
C(2) bond lengths of the 12 equilibrium structures, which varied
between ~2.08 and ~2.10 A (Table 2). Such values are slightly
higher than the experimental value observed for the bis(NHC)
Au(l) complex 3a, but are in good agreement with previous DFT
calculations of a single carbene adsorbed onto an Au(111)
surface,”®®! such as those presented above (Table 1). In the
most stable cases, the shortest Au—-C(2) bond length was 2.08 A
for the Ausg cluster calculations (configuration 6 in Figure 6), and
2.03 A for the VASP calculations (Model D). The optimized
geometries of the NHCa-Auss system were also analyzed by
measuring angles between the C, axis of NHCa and the Ausg
cluster surface (see the Supporting Information, Figures S17 to
S19). Among the 12 calculated configurations, different angles
were observed between the gold cluster surface and NHCa,
especially when looking at the C, axis of the ligand. In general,
the NHC ligand was found to bind in an “on top” position on a
tetrahedron formed by four gold atoms. Qualitatively, the
configuration in which the ligand was the most perpendicular to
the surface was configuration 3 in Figure 6. However, no special
relation could be found between the stability of the cluster and
the angle of the ligand with respect to the cluster surface, nor
with any other geometrical parameter

Having analyzed the mode of binding of one NHC on Auss,
we then investigated the grating of more ligands at the
nanoparticle surface. First, we looked at the effect of the addition
a second NHCa on a surface Au site. The NHCa-Auss
compound corresponding to configuration “6” (Figure 6) was
used as starting point for this test, because this structure is the
most stable energetically in the gas phase (Table 2, entry 6),
and a second NHCa was added on a neighbouring surface site.
The final compound obtained after geometry optimization is
shown in Figures 7a and 7b. Interestingly, the addition of a
second ligand NHCa at this position did not induce a big
distortion of the metallic core (see Figures S23 and S24). The
equilibrium structure of the Ausg cluster fully covered by nine
NHCa ligands was then computed in the gas phase (Figures 7c



and 7d). Because of the electron donor character of the carbene
ligands, the metallic core in Auss(NHCa)s has a negative charge
of —2.57 |e|, see Figure S29. The larger negative charge on the
metallic core leads to an increase of the Coulomb repulsion
between the gold atoms and larger distances between Au atoms,
ranging from 2.67 to 12.27 A, compared to 2.79 to 11.96 A for
the bare cluster (see Figures S23 and S24). Overall, these
calculations underscore the strong flexibility of the Auss core
upon coordination of NHC ligands as simple as NHCa at its
surface.
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Figure 7. Equilibrium structures of the (NHCa),—Auzg system with two ligands
NHCa close to each other computed at the CAM-B3LYP LANL2MB/6-31G(d)
level in the gas phase: a) Top view, b) Side view. Equilibrium structures of the
(NHCa)y—Augs system computed at the same level: c) Top view, d) Side view.

Possible mechanism to explain the formation of
bis(NHC) Au(l) complexes. By combining experimental and
theoretical data, we propose as a first approximation the
following mechanism to explain the formation of bis(NHC) Au(l)
complexes and NHC grafted AuNPs (Figure 8):

(1) At the initial state, the weakly adsorbed thioethers are
gradually substituted by strongly bonded NHCs. The binding
energies can be high (exceeding —34 kcal.mol?, according to
DFT calculations) and do not seem depend on the size of the
AuNPs, because they are similar for both systems where NHCs
are bound to a Au(111) surface (assimilated to the surface of a
large AuNP) or to a Auss cluster-type surface (assimilated to a
small AuNP)

(2) Although computational studies show that the binding
energy between NHCs and AuNPs surface is high enough to
ensure their stability, the absence of secondary interactions
(such as van der Waals interactions) between NHCa-c can
explain the poor stability of obtained AuNPs. The strength of the
NHC-Au bonds leads to a repositionning of the Au atom with
respect to the surface and to surface reconstruction, with the
formation of surface defects like Au adatoms on the AuNP.

Subsequently, the NHC-Au moiety may diffuse at the AuNP
surface, and/or reconstruct the surface,?? because the C-Au
bonds compete with the Au-Au bonds.

(3) Finally, the (mono)NHC-Au fragments released from
the surface can react with the remaining NHC ligands in solution,
by analogy with what has been observed previously with other
types of ligands such as phosphines®® leading to the formation
of bis(NHC) Au(l) complexes and thereby to the erosion of the
AuNPs. Surface reconstruction leading to etching is a commonly
observed phenomenon with thiol coating agents. %

If characterizing molecular species such as bis(NHC) Au(l)
complexes is easy by using routine techniques such as **C NMR
spectroscopy, more difficulties were encountered when
characterizing nanomaterials. In this context, calculating *C
NMR spectra of NHC-coated AuNPs would be particularly useful
to understand how *C NMR signals of NHC ligands are altered
upon ligation to the Au surface.

NHC X NHC NHC—Au—NHC

RO

X = thioether

Figure 8. Proposed steps for the formation of bis(NHC) Au(l) complexes by
reaction of NHCs with AuNPs. The AuNP surface is schematically represented
here, and the Au atom removed from AuNP surface is drawn in orange.

Calculation of **C NMR spectra of NHCa bound to Auss
clusters. NMR spectroscopy is a uniquely-suited technique to
characterize molecular species present at the surface of MNPs,
and to determine the presence of different surface sites./*" Most
of the time, spectral differences are observed between the
“attached” molecular species and their “free” form, such as a line
broadening or disappearance of some resonances, and/or
altered chemical shifts, because the local environment of the
surface-bound molecules is different and more diverse than in
solution.®” Given the difficulties we had encountered in
characterizing the NHCa-functionalized AuNPs by NMR,?¥ we
decided to use DFT calculations to determine how *C NMR
signals of NHCa might have been altered upon ligation to the
AuNP surface, such information being useful for future studies of
the grafting of other carbenes onto AuNP surfaces (Table 3).

The *C NMR chemical shifts of molecular complex 3a
were calculated in a polarizable continuum model (PCM)
mimicking the effect of DMSO-ds as solvent, with and without the
BF4 counter anion. Results obtained for the cation showed a
good agreement between the calculated and the experimental
chemical shifts of complex 3a, although all calculated signals
were found at slightly higher chemical shifts (Table 3, see also
Figure S26 and Table S10 in the Supporting Information). In
particular, the calculated chemical shift of the carbene atom of
complex 3a is & = 191.54 ppm, which is close to the
experimental value (6 = 190.19 ppm). Taking into account the



BF, anion in the computation of the NMR spectrum leads to a
much better agreement with the experimental data, except in the
case of the lowest chemical shift as can be seen in Figure S26

and in Table S10.

Table 3. Experimental and calculated 3C NMR chemical shifts S (ppm) and
chemical shift differences Adfor the carbene and N-Me group resonances.)

Carbene / § (ppm)™® N-Me / & (ppm)@
Experimental
23l 177.18 34.91
33l 190.19 34.84
AuNP(a) 180 (4)4
Calculated
2al 189.64 (1)1 37.16 (2)1
3a (- BF,)d 191.54 (1)1 36.89 (2)
33 @M 192.29-191.40 (2)1 30.14-29.27 (4)"

NHC.—Augs (6)®"
NHC—Augs (2)'*
(NHCa)—Auszg™

(NHCa)o-Ausg™

189.62 (1)1
187.33 (1)
190.10-188.16 (2)1

194.05-190.08 (9)

36.35-32.81 (2)
33.61-32.68 (2)
36.07-32.71 (4)

36.01-30.72 (18)1"

[a] The Sranges represent the lowest and the highest chemical shifts in ppm.
[b] Measured in DMSO-ds, see reference [23]. [c] Measured at the solid
state, see reference [23]. [d] Number in parentheses corresponds to the full
width at half maximum. [e] Calculated at the CAM-B3LYP level in DMSO-ds.
Tetramethylsilane (TMS) was used as ¥C NMR reference. [fl Numbers in
parentheses represent the number of signals calculated for a given
configuration. [g] Calculated for complex 3a without BF, anion. [h]
Calculated for complex 3a with BF,~ anion. [i] Calculated for configuration 6
in Figure 6. [j] Calculated for configuration 2 in Figure 6.

To calculate the *C NMR chemical shifts of NHCa ligated
to an AuNP surface, we used the NHCa-Auss compound
corresponding to configuration “6” in Figure 6, this structure
being the most stable energetically in the gas phase (Table 2,
entry 6). In order to be able to compare the calculated shifts for
the NHCa-Auszs model with those of the molecular complexes 3a,
the equilibrium geometry of the NHCa—Ausg cluster was first
optimized in a polarizable continuum model mimicking the effect
of DMSO-ds as solvent (see the Supporting Information, Figures
S20-S22). Compared to the gas phase structure shown in Figure
6, only small differences were observed after geometry
optimization in the solvent model: while Au—-C(2) bond lengths
were close to 2.08 A in both cases, a slight decrease in the
charge of the Au,; core was observed (-3.00 |e| in the gas phase
compared to —2.89 |e| charge in the presence of the DMSO-ds).
As expected, calculated *C NMR signals for this NHCa—Auss

cluster were split because the NHC carbon atoms become non-
equivalent at the AuNP surface (Table 3, and Figure S27 and
Table S7 in the Supporting Information), the most important split
being obtained for the two methyl groups (A8 = 3.54 ppm). It is
also noticeable that all calculated **C NMR signals of NHCa—
Ausg cluster were found at lower chemical shifts compared to
those calculated for complex 3a (Table 3, and Table S10 in the
Supporting Information). Indeed, the calculated chemical shift of
the carbene atom ligated to the Auss cluster was §= 189.62 ppm,
which is still in the range of those observed for NHC-Au
complexes. The location of NHCa on the Ausg cluster has no
significant effect, since calculated **C NMR signals of NHCa—
Augsg cluster in configuration “2” in Figure 6 are similar to those
calculated in configuration “6” (Table 3 and Table S7 in the
Supporting Information).
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Figure 9. Calculated *C NMR spectrum of the (NHCa)s—Auss System in
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Adding an extra NHCa close to the first one (as in Figures
7a and 7b) had a significant impact on the computed NMR
spectrum (Table 3, (NHCa)—Auss). Indeed, all signals were split,
due to the fact that each NHCa ligand experienced different
chemical environments (Figure S28 and Table S8 in the
Supporting Information). This is even more noticeable in the
case of the fully protected (NHCa)s—Auss cluster (Figures 7c and
7d), as shown by the range of calculated **C NMR chemical
shifts for each type of C atom (shown in Figure 9 and Table 3,
and Table S9 in the supporting Information). Nevertheless, it is
worth underscoring that for both the (NHCa),—Auss and
(NHCa)o—Auzs models, the average values of -calculated
chemical shifts for each type of carbon are similar, even for the

C atom of the carbene (Table S10 in the Supporting Information).

Although these NMR calculations are the first of the kind to
be carried out on models of NHC-functionalized AuNPs, and
thus provide an interesting guideline to the discussion of
experimental spectra, comparisons to available **C NMR data
are still difficult to perform. The broadening of the NMR signals
of the grafted NHCs can be clearly explained by looking at the
study of the (NHCa)s—Auss model, but it is more difficult to
discuss the changes in chemical shifts (especially of the C atom
of the carbene). ®® This is due to the fact that calculations here
were performed on a simple NHCa ligand grafted on “small” Ausg
clusters, while experimental systems involve in general (i) more
complex ligands (with different ligand-ligand interactions) and/or
other sizes of particles (between ~1 and 6.8 nm), as well as (ii)
different analytical conditions (solid vs. solution NMR...).
Unfortunately, the complete modelling such complex systems is
still computationally prohibitive at this stage.

Conclusions

Many studies reported so far had shown that strong C-Au
bonds are formed in the course of the formation of NHC-coated
AuNPs.**2022 However, a strong C-Au binding energy is not a
sufficient factor to ensure the stability of NHC-coated AuNPs.
Here, for example, we performed a ligand exchange reaction
between NHC ligands (benzimidazol-2-ylidenes) and thioether-
coated AuNPs and observed the formation of bis(NHC) Au(l)
complexes, as well as the formation of smaller aggregated
AuNPs. The decrease in size of the AuNPs and the formation of
molecular of bis(NHC) Au(l) complexes could be explained by
the poor ability of benzimidazol-2-ylidenes used here to stabilize
AuNPs.

Further details on the reactivity of NHCs at the surface of
AuNPs were reached by combining experiments to
computational modeling. The development of two types of
computational models of the Au surface was found to be
particularly useful, in order to be able to confirm the calculated
trends and to generalize the conclusions to different sizes of
nanoparticles. Calculations of NMR shifts were performed for the
first time on these systems, showing that they can be used as an
interesting guideline to discuss experimental spectra.
Nevertheless, several challenges remain at this stage, which
include (i) recording higher-sensitivity **C NMR spectra of

functionalized AuNPs (using for example techniques like
Dynamic Nuclear Polarization),*™ (ii) developing more realistic
computational models (involving notably more complex NHCs),
and performing spectroscopic calculations on these complex
models (such as NMR) in order to confront them with the
experimental data.

Experimental Section
Materials

Reactions were performed using oven-dried glassware. Chemicals were
obtained from Alfa-Aesar (HAuCl;.3H,O, benzimidazole, di-n-
dodecylsulfide, benzyl bromide), Sigma-Aldrich (AgBF4), Panreac
(NaBH,) and Lancaster (tetra-n-octylammonium bromide), and used as
received. The N,N-dibenzylbenzimidazolium bromide precursor, the
AuNPs functionalized by di-n-dodecylsulfide, and complex 2c were
synthesized as described in the supporting information. All reactions
were monitored by thin-layer chromatography using Merck©® TLC Silica
gel 60 F254 plates. *H and *C{*H} solution NMR spectra were recorded
in DMSO-ds on a Bruker 300 MHz spectrometer. Chemical shifts are
reported in ppm, referenced to DMSO solvent residual peak at 2.50 ppm
for *H, and 39.52 ppm for **C{*H}. Abbreviations for 'H NMR spectra
used are as follows: s, singlet; d, doublet; t, triplet; qt, quintuplet; m,
multiplet. ESI mass spectra were recorded on a Q-Tof Waters 2001 MS
spectrometer.

Synthesis

N,N-dibenzylbenzimidazolium tetrafluoroborate salt (1c). N,N-
dibenzylbenzimidazolium bromide (0.280 g, 0.738 mmol) was dissolved
in acetonitrile (25 mL). A solution of AgBF, (0.158 g, 0.812 mmol) in
acetonitrile (5 mL) was then added dropwise leading to the precipitation
of AgBr. The suspension was stirred for 16 hours in absence of light and
the precipitate was eliminated by filtration. The filtrate was evaporated to
dryness, and the white residue was dissolved in dichloromethane. The
solution was heated to reflux for several minutes, and then, filtered to
remove insoluble impurities. The filtrate was concentrated to reach a
volume of ~2 mL, and n-pentane was then added, leading to the
immediate formation of a precipitate. After filtration and several washings
with n-pentane, the benzimidazolium salt was isolated as a white solid
(89%, 0.250 g). *H NMR (300 MHz, DMSO-ds, 25°C): & 10.02 (s, 1H,
C(2)-H), 7.97 (dd, %Jun = 6.2 Hz, “Jpt = 3.1 Hz, 2H, Ha,), 7.63 (dd, 3Ji.4
= 6.2 Hz, “Ju = 3.1 Hz, 2H, Ha), 7.58-7.32 (m, 10H, Ha), 5.79 (s, 4H,
CH,) ppm C{*H} NMR (75.4 MHz, DMSO-ds, 25°C): & 142.7 (C(2)),
133.9 (Car), 131.1 (Car), 129.0 (Car), 128.8 (Car), 128.3 (Car), 126.8 (Ca)
114.0 (Car), 50.0 (CH2) ppm HRMS (ESI-TOF"): calcd for CoHigNy" [M]*:
m/z = 299.1548, found: 299.1549.

Crude AuNPs(C): To a toluene solution (12 mL) of di-n-dodecylsulfide-
protected AuNPs, the N,N-dibenzylbenzimidazolium tetrafluoroborate salt
1c (0.198 g, 0.512 mmol) was added, followed by NaOtBu (0.086 g,
0.895 mmol). The mixture was stirred for 16 hours in absence of light.
Then, absolute EtOH (50 mL) was added and the mixture was
refrigerated at 4°C for two hours. After that, a dark precipitate was
separated by centrifugation (10.000 rpm for 5 minutes). After removing
the supernatant, absolute EtOH (15 mL) was added and centrifugation
was performed. This washing procedure was repeated twice. Finally, the
insoluble crude AuNPs were collected with n-pentane (10 mL) and the
solvent was slowly evaporated under atmospheric pressure at room



temperature. After drying under vacuum, crude AuNPs(C) were obtained
as a violet solid.

Separation of bis(N,N-dibenzylbenzimidazol-2-ylidene)Au(l)
tetrafluoroborate complex 3c from crude AuNPs(C): Acetonitrile (20
mL) was added to the insoluble crude AuNPs(C) and the mixture was
sonicated for 2 minutes. After centrifugation (10.000 rpm, 5 minutes), the
supernatant was separated from the solid residue of AuNPs(C). This
procedure was repeated three times. The organic phases were then
filtered through celite and evaporated together to dryness. n-pentane (10
mL) was added to the solid residue and the mixture was filtered and dried
under vacuum. The complex was obtained as a white solid in 38% yield
(45 mg). *H NMR (300 MHz, DMSO-ds, 25°C): & 7.82 (dd, *Ju.n = 6.0 Hz,
“3nn = 3.0 Hz, 4H, Ha) 7.75 (dd, Iy = 6.2 Hz, “Jpn = 3.0 Hz, 4H, Hay),
57.46 (dd, *Jyn = 6.1 Hz, *Jun = 3.0 Hz, 4H, Ha,) 7.40 (dd, 3Jyn = 6.1 Hz,
“Jnn = 3.1 Hz, 4H, Ha), 7.37-7.19 (m, 20H, Hp), 5.82 (s, 8H, CH,), 5.75
(s, 8H, CHy) ppm. The *H NMR spectrum is actually complex (see ESI),
due to the existence of an equilibrium in solution. HRMS (ESI-TOF"):
calcd for C4aHssNsAU™ [M]*: m/z = 793.2605, found: 793.26009.

TEM and SEM images. Samples for transmission electron microscopy
(TEM) measurements were prepared by deposition of a drop of crude
AuNPs(C) suspension on a copper grid. TEM measurements were
carried out at 100 kV using a JEOL 1200 EXII microscope. Scanning
electron microscopy measurements (SEM) were conducted on a Hitachi
S4800 instrument. Powdered samples were simply deposited on double
face tape and then, Pt-metallized by sputtering under vacuum.

Powder XRD analyses. Powder XRD analyses were carried out on a
Philips X'pert Pro MPD diffractometer using Cu Ka1 radiation (A = 1.5406
A) in Bragg-Brentano scanning mode with a 28 angle range from 4 to 40°
(or 4 to 53°), and a time per step of 50 or 300 s, depending on the
sample.

Solid state NMR. All solid state NMR experiments were performed on a
Varian VNMRS 600 MHz (14.1 T) NMR spectrometer, using a 1.6 mm
Varian T3 HXY MAS probe. The operating frequencies for *C was
150.83 MHz. Temperature regulation was used during the experiments,
to avoid any heating of the sample over 25°C during the spinning. *H-*C
CPMAS NMR spectra were recorded spinning at 25 or 30 kHz, using a
contact time of 2.5 ms, and 100 kHz spinal-64 'H decoupling during
acquisition. The recycle delays and number of transients acquired were
adapted for each sample, as shown in Table S5 (see the Supporting
Information). '*C chemical shifts were referenced externally to
adamantane (used as a secondary reference), the high frequency peak
being set to 38.5 ppm.

Computational details

Periodic DFT calculations. Calculations were performed in the frame of
periodic DFT by means of the Vienna Ab Initio Simulation Package
(VASP).” The electron-ion interactions were described by the projector
augmented wave (PAW)“? method, representing the valence electrons,
as provided in the code libraries. The convergence of the plane-wave
expansion was obtained with a cut off of 500 eV. The generalized
gradient approximation (GGA) was used with the functional of Perdew-
Burke-Ernzerhof (PBE).®! The sampling in the Brillouin zone was
performed on the gamma point.

Since our system involves organic molecules in interaction, we
introduced dispersion forces, by using the Grimme D2 method*! as
implemented in VASP 5.2.11. DFT-D2 Grimme (G, D2) describes the van
der Waals interactions between an atom and its neighbors in a given

radius, via a simple pair-wise force field. This force field is optimized for
several popular DFT functionals. In this case, this operator takes one
atom as a reference one, and calculates the interactions of this atom with
those around until a given distance or radius, and the same is done for all
the atoms of the system. The calculated dispersion energy is then added
to the pure DFT energy: E= Eppr+Ep,.

The Au(111) surface was modeled as a slab containing 3 layers of gold.
The slab was cut out of the bulk face centered cubic cell of Au. This slab
size was chosen by careful evaluation of the quality/costs ratio, after
satisfactory convergence tests of the system. In the periodic DFT
calculations, the surface is infinite in two dimensions, with a vacuum
space in the z axis direction. In our calculations, the vacuum layer was
about 20 A length along z, which was found to be large enough to enable
the adsorption of NHCa, while preventing its interaction with the
consecutive repetitions of the unit cell. The bulk optimized cell parameter
a after optimization of the slab at the PBE level was found to be equal to
4.164 A, which is in good agreement with the experimental data (4.078
A) for face centered cubic cell of gold.*® For the slab the unit cell
parameter was equal to a = 2.94 A,

During geometry optimizations of grafted surfaces, the bottom layer in
the Au slab was kept frozen on the bulk positions, while the two others
were allowed to relax. The structure of the ligands and complexes
adsorbed at the surface of the slab in the different models were allowed
to fully relax during the geometry optimizations. The adsorption energy
AE,g4s of NHCa on the Au(111) surface was calculated as follows: AEags =
Eau-NHca — Eau — Ennca (€Q. 1), where Eaunnc is the energy of the
complete system (after geometry optimization), Ea, is the energy of the
gold slab (after geometry optimization, alone) and Ennca is the energy of
the NHCa carbene (after geometry optimization, alone).

DFT calculations on the Augsg cluster. All computations on the Ausg
cluster were carried out at the density functional level of theory as
implemented in Gaussian 09 program.FY The long-range corrected
functional CAM-B3LYP"® was used together with the LANL2MB
relativistic corrected pseudopotentials and basis sets!*“® for the gold
atoms and the 6-31G(d) Gaussian basis set for the carbene ligand.
Frequency calculations on the equilibrium geometries showed no
imaginary frequencies for all the reported structures. Natural population
analysis and natural bond orbital methodologies“®*® were used to
compute the partial charges on the atoms of the clusters. Contributions
from different fragments (Auys core, the surface atoms and the ligand) to
the frontier molecular orbitals were obtained with AOMix program!®*5
using the default MPA (Mulliken population analysis). Evaluation of the
solvent (DMSO-dg) effect on the structure of the single carbene NHCa
ligated Ausg cluster was performed using the polarizable continuum
model (PCM)®**¥ Nuclear magnetic resonance (NMR) spectra were
computed using the CAM-B3LYP functional together with the LANL2MB
relativistic corrected pseudopotentials and basis sets for the gold atoms
and the 6 — 311+G(2d,p) Gaussian basis set for the carbene ligand.
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