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Significant progress has been made over the last decades in surface functionalization of coinage metals using
thiols and more recently N-heterocyclic carbenes. As shown in this work, mesoionic carbenes (MICs) provide
straightforward access to a novel class of surface ligands including electroactive ones and thus materials.
Importantly, MICs are easily accessed from triazolium salts (TS) onto which functional groups may be attached
with little synthetic effort. Here, we present a library of TS that were further converted, in situ, into MICs and

grafted onto gold surfaces. The modified surfaces were thoroughly characterized by advanced spectroscopic
methods such as XPS, infrared and Tip-Enhanced Raman Spectroscopy. Through cyclic voltammetry at 100 Vs,
we could evaluate the surfacic concentration of the grafted molecules for electroactive MICs. We also prepared
mixed MIC/thiol self-assembled monolayers, which opens the route to multifunctional surfaces.

1. Introduction

Tuning surface properties is crucial to many domains such as mo-
lecular electronics, (bio)sensing or energy harvesting, among others [1].
In the 1980s, the discovery of self-assembled monolayers (SAMs) pro-
vided a facile method for the attachment of thiol ligands to gold or silver
surfaces allowing greater structural control compared to electro-
polymerization [2,3]. This discovery paved the way to a wealth of ap-
plications while also stimulating alternative surface modification
strategies for the development of well-defined and robust interfaces on
various substrates.

An alternative and interesting possibility is offered by grafting aryl
diazonium or iodonium salts [4,5]. Here, aryl radicals, generated under
negative potentials, illumination or spontaneously, may react and bind
to the surface. However, controlling surface organization remains quite
difficult despite the proposition of interesting yet elaborated strategies
[6-8]. Often, these various protocols lead to non-homogeneous multi-
layers. Alternatively, hydrosilylation can be used to produce monolayers
on silicon, but the approach is restricted to this substrate and requires
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rather harsh preparation conditions [9]. Hence, there is a demand for
proposing novel, reproducible and robust synthetic routes towards
SAMs.

For slightly more than a decade, (benz)imidazolium-based N-het-
erocyclic carbenes (NHCs), well-known ligands in organometallic
chemistry, have appeared as promising surface anchors in material sci-
ence [10-14]. Initially used to stabilize metallic nanoparticles [15-26],
they were soon after studied on flat surfaces where they exhibit strong
anchoring and simultaneously provide monolayers [27-33]. Some other
types of carbenes have also been deposited on metallic surfaces: 1,2,
4-triazolylidene [33], cyclic (alkyl)(amino)carbenes [34], cyclo-
propenylidenes [35], and very recently imidazo[1,2-a]pyridine [36].
However, a significant drawback of these NHCs emerges when
non-symmetric, backbone-modified or functional analogues are
required. Access is often difficult as it requires multiple synthetic steps
or post-modification on a pre-functionalized surface which represents an
equally complicated strategy [33,37]. As a consequence, this strategy
remains rather underexploited in comparison to those cited above.

Herein, we describe an alternative approach with the potential of
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solving the issues mentioned above. It relies on the use of 1,2,3-triazole-
based mesoionic carbenes (MICs) as surface-capping ligands [38,39].
From a synthetic point of view, MICs are easily generated by deproto-
nation of their parent triazolium salts. These salts are readily obtained
via the modular copper-catalyzed alkyne-azide cycloaddition (CuAAC)
click reaction, followed by quaternization of the y-nitrogen (N°). This
highlights a major advantage of MICs over NHCs in the simplicity of
backbone modification through alkylation at the N position. Moreover,
the carbanionic character of the coordinating site makes MICs more
o-donating than classical Arduengo-type NHCs, a priori resulting in a
stronger metal-carbene interaction when grafted on surfaces [36]. This
has already been exploited for the synthesis of gold or silver nano-
particles[40-43] but, to the best of our knowledge, has never been
described for surface functionalization prior our initial report [44].

Herein, we demonstrate that various easily-prepared MICs can be
anchored to gold surfaces and provide careful characterization of the
latter through X-ray photoelectron (XPS), infrared (IR) and Tip
Enhanced Raman (TERS) spectroscopies. Electrochemical studies are
also central to monitor monolayer formation and determine molecular
coverages as a function of time. Finally, we also demonstrate that mixed
MIC/thiol monolayers may be formed, opening an avenue to surfaces
bearing different types of ligands, electroactive or not.

2. Synthesis and surface modification

At the outset of this study, we prepared the functionalized triazolium
salts (TS 1-5) in two steps from the two common triazole precursors 6a-
b (Scheme 1a). Briefly, the latter heterocycles were readily obtained by a
CuAAC click reaction and subsequently engaged in an alkylation step
with an alkyl bromide (R2-Br), some of them bearing specific functional
groups such as a ferrocenyl moiety (TS 1 and TS 2) or substituted arenes
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(TS 3 and TS 4). This pool of reagents not only allows us to investigate
the generality of the gold surface functionalization event, but also
conveys a specific purpose in that TS 1, TS 2 and TS 3 are electroactive
and TS 4 bears a biphenyl entity with a characteristic Raman spectro-
scopic signature. Triazolium TS 5 was also studied as a reference to our
former work on nanoparticles [43]. Detailed syntheses are provided in
the Supporting Information (SI).

To assess the potential of the MICs derived from triazolium salts TS
1-5 to functionalize gold surfaces or gold electrodes, we set out to
prepare the free mesoionic carbenes MIC 1-5 by deprotonation of TS
1-5 prior to exposing them to a gold surface. To that end, we prepared 1
mM THF solutions of the triazolium precursors into which we added,
under argon, 1 equivalent of t-BuONa as base (Scheme 2). Gold surfaces
were subsequently introduced in the reactor and left in the carbene
solution for times ranging from 5 min to 3 h. After thorough rinsing to
remove any physisorbed molecules (see the SI for details), in-depth
surface analytical methods were used to characterize the new mate-
rials and to assess the extent of surface coverage.

2.1. Spectroscopic investigations

Characterizations of gold surfaces functionalized with MICs 1-5
were performed by XPS as shown in Fig. 1 (100 scans were collected to
maximize the signal/noise ratio). As expected, peaks attributed to car-
bon (Cls ~ 285 eV) and nitrogen (N1s ~ 400 eV) are observed, in
addition to those of gold, confirming the immobilization of the MIC on
the surface (see Fig. S1). A fine analysis of the Cls and N1s peaks
(presented in the SI) confirms the presence of the MIC. The N/C ratios
are given in Table 1. The slightly lower N/C ratios observed can be
explained by a stronger attenuation of the N signal, which comes from
atoms screened by the alkyl chains, in agreement with an upright
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Scheme 1. (a) General synthetic route to functionalized triazolium salts TS. (b) Systems TS 1-5 investigated in this study; yields are calculated over two syn-

thetic steps.
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Fig. 1. XPS spectra of N1s for MICs 1-5 grafted on gold substrates.
Table 1

N/C ratio and surface coverage obtained for MIC 1-5. Theoretical N/C ratios are
indicated in parenthesis.

MIC N/C Surface coverage

MIC 1 0.068 (0.076) 1.7 10°° molm™

MIC 2 0.086 (0.14) 1.8 107 molm™
MIC 3 0.11 (0.11) 1.8 10 molm
MIC 4 0.091 (0.14) 1.2 107°° molm™
MIC 5 0.080 (0.078) 1.9 107 molm™

coordination geometry as depicted in Scheme 2.

The N1s peak can be split into two components at ~401.5 and
~400.0 eV with a 2:1 ratio corresponding to the different chemical
environments of the nitrogen atoms [43]. Compared to the binding
energy of the triazolium salt, a shift of 1.8 eV is observed toward lower
binding energy. For MIC 3 a third component at 405 eV, characteristic of
the NO,, group, is also observed. This shift already described previously
on gold NPs confirms the covalent bond between the MIC and gold
substrate [23,24,43]. We did not detect any Br, which indirectly con-
firms covalent grafting and the absence of physisorbed triazolium salt
precursor. For each grafted MIC, a surface density has been estimated
(see Table 1) by solving the set of equations given in the SI. The surface
coverages are found within a range 1.2-1.9 107® molm as expected for
their similar structures.

Attenuated total reflectance (ATR) infrared measurements onto
SAMs made from MIC 1-3 and MIC 5 on flat gold surfaces were also
performed to verify that the molecular integrity of the surface ligands
was preserved upon grafting. The recorded spectra and their analysis are
provided in Figs. S2-5 and Table S1. All the assemblies showed char-
acteristic bands corresponding to the specific pendant functional groups.

As an alternative spectroscopic approach, Surface Enhanced Raman
Spectroscopy (SERS) has been formerly used to analyze the ligand shell

around nanoparticles and assess their stability [45,46]. For our macro-
scopic surfaces, we resorted here to Tip Enhanced Raman Spectroscopy
(TERS) that allows the observation, at the nanometer scale, of whether
molecules are uniformly distributed or not. TERS advantageously com-
bines scanning probe microscopy (here scanning tunneling microscopy)
with SERS [47-55]. It requires the use of a tip for which the localized
plasmon resonance can be stimulated using a laser of adapted wave-
length so as to considerably amplify the electromagnetic field below the
tip. In this study, we used a gold STM tip to image the surface and record
Raman spectra for MIC 4 adsorbed on a flat gold substrate over 180 min
as presented in Fig. 2.

At each pixel acquired over a 100 ms integration time, we recorded a
Raman spectrum, with a spatial resolution of a few nanometers as
described in the SI. The average signal over the area is provided by the
red trace in Fig. 2a. The characteristic features of the phenyl moieties’
vibrations are apparent, with a clear similarity to 4-biphenylthiol sig-
nals, and in agreement with theoretical calculations reported in the SI
(Table S2) [56,57]. This allowed us to construct the intensity map,
presented in Fig. 2b, by integrating the phenyl rings breathing mode
vibrations at 1609 cm™! over an area of 12 x 12 nm? (an average of four
6 x 6 nm? pixels in our acquisition procedure). The two other traces in
Fig. 2a, corresponding to one rather intense (blue trace, red pixel in
Fig. 2b) and one less intense (green trace, black pixel in Fig. 2b) pixel,
show that in fact there is little intensity fluctuation. It is however diffi-
cult to ascertain if the observed variations are due to different local
concentrations, orientation of the molecules or electromagnetic ampli-
fication. We emphasize that even at the dark pixel (green trace), the
Raman spectrum still evidences the presence of MIC4. Overall, we can
conclude that the whole surface was covered by MIC 4, with little
concentration variations, and that there were no large areas without
molecules. A TERS signal was also recorded with MIC 3, which presents
an intense band at 1325 cm™! ascribed to the symmetric NO, stretching
mode [58]. Spectroscopic and electrochemical data for this system are
presented in Figs. S6-7.

2.2. Electroactive self-assembled monolayers

The spectroscopic evidences presented above confirm that MICs were
efficiently grafted onto gold surfaces. In order to more accurately
quantify the number of molecules present on the surface and assess the
grafting kinetics, we used MIC 2 that bears a redox tag. The molecular
coverage was estimated by cyclic voltammetry (CV). In this approach,
the number of redox entities grafted on an electrode as a function of
immersion time could be easily followed by simple integration of the
faradaic current peak. Indeed, when performing CV on a SAM, the
faradaic charge that flows through the electrode is directly proportional
to the number of adsorbed redox systems [59]. Experimentally, we
resorted to gold balls that were flame annealed prior to immersion in
MIC 2 solutions for different times [60,61]. Their area was determined
by CV in a reference ferrocene solution as described in SI. After rinsing,
the electrodes were immersed in a 0.1 M tetrabutylammonium hexa-
fluorophosphate solution (dichloromethane) as supporting electrolyte.
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Fig. 2. (a) Average Raman spectrum of MIC 4 (red). Spectra at a bright pixel (blue) and at a dark pixel (green) at positions indicated on (b). (b) TERS intensity map of
MIC4 obtained by integration of the band between 1582 and 1643 cm?, highlighted in pale red in Fig. 2a; black pixels are less intense than red pixels. The area inside

the dashed square was taken to obtain the average red spectrum in Fig. 2a.

A scan rate of 100 V-s1 was chosen to prevent any degradation of the
molecule while in its oxidized state [33]. It is important to note that we
do not interpret the peak to peak separations since electron transfer
limitations cannot be easily decorrelated from those due to ohmic drop.
Indeed, no ohmic drop compensation procedure was used in order to
perform the measurement as soon as possible after rinsing the electrode.
This may be performed in a future study.

The recorded voltammograms (Fig. 3) displayed well-resolved peaks
with a bell-shape behavior corresponding to the reversible oxidation of
the ferrocene entities with apparent standard potentials at +389 + 10
mV vs SCE. The corresponding surface coverages quickly increased
during the first 30 min to finally reach T' = 1.2 x 10~° mol-m? after 3 h,
therefore in qualitative agreement with a rough estimation of the
compact packing of the molecules estimated considering hexagonal
pavement with a molecular diameter of 0.9 nm (2.3 x 107° mol-m™) and
in qualitative agreement with our XPS estimations and typical values
obtained for other NHCs on gold [62,63]. Longer immersion times oc-
casionally resulted in reproducibility issues regarding surface coverage.
This may be due to a competition between adsorption and organization
in the monolayer with partial degradation of the layer possibly leading
to detachment of the electroactive entity. At the present stage, further
investigations are necessary to explain such variations.

Notably, the time necessary for significant surface coverage with
MICs is larger than that required with thiols, indicating an activation
limited process. While the stability of NHCs coatings on NPs or surfaces
is usually addressed by replacement experiments [19,21,26,41,43], we
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Fig. 3. Cyclic voltammograms obtained in 0.1 M tetrabutylammonium hexa-
fluorophosphate (dichloromethane) for a gold electrode modified with MIC 2

during 5 (black), 15 (red), 60 (green) and 180 (blue) minutes. Two consecutive
cycles were recorded.

realized that such stability tests may be fruitfully exploited in the
fabrication of partial or mixed SAMs. This would pave the way towards
alternative strategies for adjusting molecular coverage, and importantly
for producing multifunctional surfaces. We thus proceeded to examine
the reversibility of thiol incorporation in MIC monolayers or vice versa.
Using the same protocol developed for MIC 2, we coated an electrode
with MIC 1 over 18 h (' = 8.3 x 107 mol-m'z). Following immersion of
the electrode into a 1 mM dodecanethiol solution (THF), we observed a
gradual decrease of molecular coverage leading to almost complete loss
of all redox entities after 3 h as shown in Fig. 4. However, when the same
electrode was once again immersed in a solution of MIC 1 for 3 h, 75 %
of the initial MIC 1 coverage was recovered evidencing effective MIC 1
incorporation. It is nevertheless very likely that thiols were still present
on the electrode surface as suggested by the larger standard potential
(528 vs 464 mV) most likely resulting from an increased hydrophobic
environment near the redox centers [64]. We suggest that in the partial
pavement vacancies of the MIC-functionalized electrode surface, there is
still room for some smaller dodecanethiol molecules that are then not
removed.

These experiments contrast with results from literature for which no
exchange was observed [33,36], and deserve further discussion. Thiol
interactions with gold have been studied by many experimental and
theoretical methods [65,66]. Desorption experiments indicated a bond
energy of 127 kJmol™ [67]. As early as 1994, enhanced mobility of gold
atoms ligated by thiolates was spotted by Weiss et al., based on STM
experiments [68]. Later, single molecule AFM and STM experiments
demonstrated that when pulling a dithiol away from the surface, rupture

100 1

Current/ yA
2

-100 4

00 02 04 06 08 10
Potential / V vs SCE

Fig. 4. Initial signal obtained after immersion of a gold electrode in 1 mM MIC
1 for 18 h (I' = 8.3 x 107 mol-m?, black), then 3 h in 1 mM dodecanethiol
(red), then again in 1 mM MIC 1 for 3h (I' = 6.2 x 107 mol-m, blue). Three
consecutive cycles.
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occurs between two gold atoms and not between Au and S [69-74]. This
emphasizes that the metal/ligand bond is not the only parameter to
consider.

Returning to carbenes, the bond strength is about 150 kJmol™?, and
DFT calculations suggest that coordination on-top of a gold atom is more
favorable [33,75]. Here also, Glorius demonstrated that Au-carbene
entities are mobile on the surface [29]. We also note that for
NHC-capped gold NPs, stability tests show very different results
depending on the ligands, solvents and ionic concentrations involved,
with only a few systems presenting good resistance to thiol exchange
[19,21,26,41,43]. We therefore suggest that initial coverage of the
monolayer is also an important parameter, exchange being favored at
lower coverages or at monolayers containing more defects. Further-
more, to reach the surface, Van der Waals interaction that may favor
incorporation of the carbene in the preexisting layer may be favorable.
As support of this hypothesis and illustration of the complexity of these
replacement experiments, we performed similar experiments with MIC
2 as shown in Fig. S8. In this case, we could not significantly displace
dodecanethiol while both MIC structures (1 and 2) are similar and hence
probably their Au-C bond strengths.

3. Conclusion

Therefore, this work introduces a novel route, beyond the traditional
Au-S affinity, to provide complex and multifunctional SAMs. Impor-
tantly, it is also shown that mixed MIC/thiol SAMs with different relative
compositions may be created. The ease of preparation of functional MICs
in comparison with NHCs will pave the way for future applications.
Further studies will aim at understanding and controlling the grafting
mechanism and organization, and to extend the methodology to other
substrates, such as 2D materials [76].
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