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Herein, we introduce an electrochemical based approach for surface-anchoring of N-heterocyclic carbene
(NHC) monolayers. The deposition process is based on in-situ formation of hydroxide ions by water reduction
under negative potential. The hydroxide ions function as a base for deprotonation of the imidazole cations for
the formation of active carbenes that self-assemble on the electrode's surface. Therefore, the electrochemical
deposition does not require dry conditions or the addition of external base for carbene activation. The high
temporal and spatial proximity between the NHC's activation and surface anchoring enabled the formation of
well-ordered monolayers of NHCs on Au surfaces with higher density and stability than those achieved using
liquid-phase deposition.
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ABSTRACT

N-heterocyclic carbenes (NHCs) have been widely utilized for the formation of
organic self-assembled monolayers (SAM) on various surfaces. Two main
approaches have been developed thus far for NHCs-based SAM formation, namely
liquid- and vapor-phase deposition; however, these two methodologies have inherent
drawbacks. Liquid-phase deposition requires inert atmosphere and strong base for
NHCs’ activation, while vapor-phase deposition involves a chemically-restricting ion
exchange processes for precursors’ synthesis. Herein, we demonstrate an alternative
electrochemical-based approach for surface-anchoring of NHCs which overcomes
the need for dry environment, addition of exogenous strong base or ion exchange
processes for NHCs’ deposition. In this approach high concentration of hydroxide
ions is electrochemically-induced in proximity to a metal electrode by water reduction.
The hydroxide ions function as a base for deprotonation of the imidazole cations to
the formation of active carbenes that self-assembled on the electrode’s surface. The
high spatial and temporal proximity between NHC’s activation and surface anchoring
enabled the formation of well-ordered SAMs of NHCs on Au surfaces with higher
stability and surface density than those achieved using liquid-phase deposition.
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INTRODUCTION
N-Heterocyclic Carbenes (NHCs) are molecular ligands characterized with strong
affinity to metals.1-3 The strong NHC-metal interaction enabled the formation of stable
and chemically-addressable self-assembled monolayers (SAMs) of NHCs on
metals,4-16 metal-oxides17,18 and semimetals.19 The wide chemical-tunability of NHCs
led to utilization of NHC-based SAMs as biosensors,20-22 molecular probes for surface
reactivity23-25 and co-catalysts.2,26-29
NHC-based SAMs have been prepared thus far by two deposition techniques;
namely liquid- and vapor-phase deposition (Scheme 1a and 1b, respectively). In the
liquid-phase deposition approach2,4,6 (Scheme 1a) the imidazolium salt is dissolved in
THF under an anhydrous environment. Subsequently, a strong base, such as
potassium tert butoxide (KOtBu) is used for deprotonation and carbene formation.
Although the liquid-phase deposition approach has been widely utilized for
preparation of NHC-based SAMs it has few inherent drawbacks: First, an anhydrous
environment is required for liquid deposition since residual water can quench the
active carbene. Moreover, base and solvent residues can remain on the surface
following liquid-deposition and limit the formation of well-ordered monolayers.10
Finally, the deposition process requires high concentration (~ 60 mM) of imidazolium
salt and extended deposition times (> 12 h).

Scheme 1: Liquid-phase, vapor-phase and electrochemical deposition approaches for
preparation of NHC-based SAMs are shown in a, b and c, respectively.

A second approach for surface-anchoring of NHCs employs imidazolium carbonate
salts as precursors for the reactive NHC (Scheme 1b).4,8,10,20 Annealing of the
imidazolium carbonate salts under vacuum conditions facilitates the formation of an
active carbene that can be evaporated and anchored on metal surfaces with the
concomitant formation of CO2 and H2O as side products. The main advantage of the
evaporation-based approach is that it does not induce any liquid or base residues on

the surface, thereby allowing for the formation of well-ordered monolayers.10,20
However, this approach also has several disadvantages: First, imidazolium carbonate
salts require specific preparation, which includes an inefficient ion exchange process.
Additionally, various functional groups are incompatible with the imidazolium
carbonate synthesis, which limits the preparation of functionalized addressable
carbene. Finally, the deposition technique involves annealing and evaporation of the
imidazolium carbonates which restricts the use of high molecular-mass or
temperature-sensitive precursors.
While the above deposition processes provide useful syntheses of many addressed
NHC-based SAMs, the abovementioned limitations inspired us to consider
complementary methods that might avoid some of their restrictions. Herein, we
demonstrate a new approach for preparation of NHC-based SAMs, in which
deprotonation of the imidazolium salt is electrochemically-induced (Scheme 1c). The
electrochemical (EC) deposition utilizes the localized formation of hydroxide ions by
water reduction under negative potential (-1 V) in high proximity to the electrode
surface for deprotonation of the imidazolium salt.30-32 The high vicinity between the
active carbene and the metal electrode enable the formation of NHC-based SAMs
under ambient conditions.
In this work, nitro-functionalized NHCs (NO2-NHCs)10,11,23 were utilized as a model
system for addressable carbenes and were EC-deposited on Au surfaces. The ECdeposition leads to high spatial and temporal proximity between the deprotonation
and surface-anchoring of NHCs, while sustaining a small and constant concentration
of active carbenes in the solution. These advantages led to formation of uniform and
stable monolayers of NO2-NHCs on Au films, characterized with higher surface
density, stability and order than liquid-phase deposited SAMs.

EXPERIMENTAL
Electrochemical deposition: Au films were prepared by evaporation of Au layer (20
nm) on a highly doped n-type silicon wafer, followed by annealing under nitrogen
(300 °C, 10 h) for the formation of a patchy Au film. The Au-coated wafers (2 cm x
1cm) were thoroughly rinsed and dried under nitrogen prior to NHCs deposition. The
EC-deposition setup consists of a conventional three-electrode cell, with the metalcoated Si wafer as the working electrode. 5 mM of imidazolium salt was solvated in 8
ml acetonitrile with 0.1 M of a supporting electrolyte (tetrabutylammonium
tetrafluoroborate) and 50 mM triple-distilled water, at room temperature. The solution
was exposed to a voltage of -1 V for five minutes. The Au-coated Si wafer was then
rinsed three times with acetonitrile and twice with triple-distilled water and flushed
with N2.
Liquid deposition: NO2-NHCs were prepared and activated in a glove box according
to a previously published protocol.24 The freshly prepared carbene solution was
transferred into a vial in which the Au-coated Si wafers were deposited. After 18 h,
the wafer was removed from the glove box and rinsed three times with THF (5 ml)
and distilled water (5 ml) intermittently. The sample was then flushed with N 2 for 5
minutes.
XPS measurements: X-ray photoelectron spectroscopy (XPS) measurements were
performed in a 5600 multi-technique (AES/XPS) system (PHI) using Al Kα (1486.6
eV) X-ray source.
Cyclic voltammetry measurements were conducted with a potentiostat (CHI-630, CH
Instruments Inc.) using a three-electrode glass cell. An Ag/AgBr quasi-reference and
Ag/AgCl (KCl 1 M) reference electrode were used for organic and aqueous solutions,
respectively. A platinum wire was used as the counter electrode. In the cyclic
voltammetry measurements the voltage was scanned from 0.1 to -1 V at 0.1 V/S.

AFM-IR measurements: Tapping-mode AFM-IR measurements were performed using
a nanoIR3 system (Bruker) equipped with Bruker Hyperspectral QCL laser source
(800-1800 cm-1). AFM-IR measurements were performed using gold-coated Si
probes with a nominal diameter of ~25 nm, resonance frequency values of 75 ± 15
kHz and spring constant values of 1 – 7 N/m. Averaged spectral acquisition time was
5 sec /spectra with spectral resolution of 4 cm-1. All spectra were averaged and
smoothed using Savitzky-Golay filter.
RESULTS AND DISCUSSION
Nitro-functionalized NHCs (NO2-NHCs) were electrochemically (EC) deposited on Sisupported Au film (Scheme 2). Hydroxide ions were formed in high proximity to the
Au-coated Si electrode by applying negative potential (-1 V) that led to water
reduction. The hydroxide ions function as a base for deprotonation of the imidazole
cations and formation of active carbenes that self-assembled on the electrode’s
surface. Surface-anchoring of NO2-NHCs on the metal electrode was identified by
N1s XPS measurements (Supp. Info. Fig. S1).

Scheme 2: Suggested mechanism for EC-deposition of NO2-NHCs on Au-coated Si
electrode. R = 2,4 dinitrophenyl

AFM-IR measurements were conducted to map the distribution and local chemical
properties of EC-deposited NO2-NHCs (Fig. 1).33,34 Figure 1a shows a topographic
map of the Si substrate (brown-colored) and the patchy Au film (50-70 nm height,

gold-colored) on which NO2-NHCs were EC-deposited. AFM-IR measurements were
conducted on several points across the Au film and the bare Si surface. Colored dots
in Fig. 1a mark the locations in which AFM-IR measurements were performed and
the measured IR spectra are shown in Fig. 1b with identical color-coding. The
spectra measured on the gold surface (red and green colored dots in Fig. 1a and red
and green colored spectra in Fig. 1b) showed signals at 1533 and 1603 cm-1,
correlated to NO2 anti-symmetric and aromatic C=C vibrations, respectively.24
Vibrational signals were not detected on the bare silicon substrate (blue colored
spectrum in Fig. 1b). Interestingly, stronger vibrational signals were identified on
flatter areas, correlated to higher surface density of NO2-NHCs on these sites (Supp.
Info. Fig. S2).

Figure 1: AFM topography (a) and AFM-IR point spectra measurements (b) following ECdeposition of NO2-NHCs on Au-coated Si electrode. Colored circles in a mark the local IR
measurement positions and the measured IR spectra are shown in b with identical colorcoding. AFM topography image at higher magnification and the corresponding AFM-IR image
-1

at 1533 cm are shown in c and d, respectively.

AFM topography image along with the corresponding AFM-IR image at 1533 cm-1,
which corresponds to the N=O vibration, are shown in Figure 1c and 1d, respectively.
The IR map reveals homogeneous distribution of the N=O vibration across the Au
surface, while no signal was detected on the bare Si surface. AFM-IR mapping at
1603 cm-1 on the same area also showed a uniform distribution of the vibrational
signals on the Au surface (Supp. Info. Fig. S3). These results suggest that the
chemical functionality of the surface-anchored molecules was homogeneous and not
influenced by their specific anchoring sites.
The AFM topography image (Fig. 1c) showed randomly distributed crystalline
structures in the size range of 10-70 nm, which were scattered on both the Au film
and Si substrate and higher by 10-15 nm from their surrounding environment. These
structures did not show the indicative IR absorption at 1533 cm-1 (Fig. 1d). AFM
phase image showed differences between the phase of the randomly distributed
structures and their surrounding environment (Supp. Info. Fig. S4). These structures
can be attributed to electrolyte residues that were adsorbed on the electrode surface
and locally blocked the NHCs’ adsorption sites on the Au film.
NO2-NHCs were liquid-phase deposited on Au film (Scheme 1a) and characterized
by AFM-IR measurements (Fig. 2). The colored dots in the AFM topography image
(Fig. 2a) represent the locations in which the localized IR measurements were
performed and the corresponding IR spectra were plotted in Fig. 2b with the same
color-coding. AFM-IR spectra showed dominant vibrational features at 1346 and
1533 cm-1 that correspond to the symmetric and anti-symmetric NO2 vibrations,
respectively (Fig. 2b). A signal at 1466 cm-1 was detected and assigned to a C-NH
vibration. Notably, this peak, which presumably results from reduction of the nitrogroup to an amine, was not detected in the AFM-IR spectra of EC-deposited NO2NHCs. This observation demonstrates the milder, less reductive nature of the ECdeposition approach.

Figure 2: AFM topography (a) and AFM-IR point spectra measurements (b) following liquidphase deposition of NO2-NHCs on Au-coated Si substrate. Colored circles in a mark the local
IR measurement positions and the measured IR spectra are shown in b with identical colorcoding. Higher magnification AFM topography image and the corresponding AFM-IR image at
1533 cm-1 are shown in c and d, respectively.

Vibrational signature was also probed at 1603 cm -1 and correlated to aromatic C=C
vibrations. No vibrational signature was detected on the bare silicon surface,
indicating that the liquid-phase deposited NO2-NHCs were solely anchored to the Au
surface. The more reductive nature of the liquid-phase deposition approach, in
comparison to EC-deposition, was also detected by XPS measurements in which the
NO2 signature was twofold higher for EC-deposited NO2-NHCs in comparison to the
liquid-phase deposited NHCs (Supp. Info. Table S1 and Fig. S1).
AFM topography image at higher magnification revealed that following liquid
deposition the Au surface was decorated with nanoparticles in the size range of 1050 nm (Fig. 2c). AFM-IR mapping at 1533 cm-1 (Fig. 2d) showed that while the flat
areas on the Au film were characterized with strong vibrational signal, no vibrational

signature was detected on the nanoparticles-decorated areas. This observation is
consistent with the hypothesis that the nanoparticles blocked the NHCs’ adsorption
sites on the Au surface. These nanoparticles may be constructed from KOtBu
residues derived from the base that was added to the solution for activation of the
NHCs. It was previously shown that base residues were strongly-adsorbed on the
metal surface following liquid-phase deposition of NHCs.10 The presence of residues
on the metal and Si surfaces was also identified in the AFM phase imaging (Supp.
Info. Fig S5).
A comparison between the AFM-IR spectra of EC- and liquid-phase deposited NO2NHCs is shown in Fig. 3. The amplitude of the main vibrational features of ECdeposited NO2-NHCs (black-colored spectrum, Fig. 3) was more than twofold higher
than that of the liquid-phase deposited NHCs (red-colored spectrum, Fig. 3),
reflecting the higher surface density of EC-deposited NHCs. The higher density of
EC-deposited NHCs was also identified by analysis of the N1s/Au4f XPS peaks area
ratio, which was twofold higher than that of liquid-phase deposited NO2-NHCs (Supp.
Info. Table S1).

Figure 3: AFM-IR spectra of EC-deposited and liquid-phase deposited NO2-NHC on Au film
(black and red colored spectra, respectively).

The two deposition techniques led to variations in the amplitude ratio of the
vibrational features within the AFM-IR spectrum. Since the AFM-IR measurement is
more sensitive to dipoles that are perpendicular to the surface, 33 the changes in the
amplitude ratio can be correlated to differences in the anchoring geometry of the
surface-anchored molecules. While two N-O signatures (1344 and 1533 cm-1) were
detected in the spectrum of liquid-deposited NHCs, only one signal (1533 cm-1) was
detected in the EC-deposited NHCs spectrum. Additionally, much higher ratio of the
aromatic C=C vibrations (1603 cm-1) was detected in the EC-deposited NHCs
spectrum. These differences suggest that the aromatic rings accumulate a preferred
standing position in the EC-deposited NO2-NHCs, while the –NO2 groups were
positioned parallel to the surface. The lower signature of the aromatic vibration and
the presence of two NO vibrations in the AFM-IR signal of liquid-phase deposited
NHCs indicate that these molecules tend to be more flat-lying on the surface and
their -NO2 groups were not characterized with a preferred surface orientation. Thus,
the dissimilarities in the AFM-IR spectra most likely reflect the less-ordered nature of
the liquid-phase deposited monolayer in comparison to EC-deposited monolayer.10
The chemically-addressable NO2 groups in NO2-NHCs can function as a chemical
handle for identifying the influence of electroreduction on the chemical properties and
anchoring geometry of EC-deposited NO2-NHCs. Electroreduction voltammograms of
EC-deposited NO2-NHCs are shown in Fig. 4a. A dominant reduction peak was
observed at -0.93 V (red-colored spectrum, Fig. 4a). The sharp reduction peak
demonstrated that a surface-induced reduction has been initiated. The second
voltammogram did not show the reduction peak (black-colored spectrum, Fig. 5a),
thus validating that the nitro groups were fully and irreversibly reduced during the first
electroreduction cycle. A similar electroreduction pattern was previously reported for
SAMs of nitro-thiols on Au surfaces.35 However, a more negative voltage was
required for reduction of the NO2 groups in NO2-NHCs.

Figure 4: a. First and second voltammograms (colored in red and black, respectively) were
measured on EC-deposited NO2-NHCs on Au-coated Si electrode. b. N1s XPS signals of ECdeposited NO2-NHCs on Au-coated Si electrode before (spectrum i) and after (spectrum ii)
exposure to one cycle of electroreduction.

The nitro-to-amine electroreduction was identified as well in N1s XPS measurements
(Fig. 4b). The high binding energy peak (405.5 eV) that was detected following ECdeposition and correlated to NO2 species (Fig 4b, spectrum i) was not detected after
exposure to one cycle of electroreduction (Fig. 4b spectrum ii). The elimination of the
high binding energy peak was coupled with an increase in the area of the low-binding
energy features (397-403 eV) in the XP spectra, correlated to amine groups. The
coupled changes in the XPS signals show that a nitro-to-amine electroreduction was
facilitated on the Au surface. It should be noted that the N1s/Au4f XPS peaks area
ratio deteriorated following electroreduction (Supp. Info. Table S1), specifying that
electroreduction was coupled with electro-desorption of NHCs from the Au surface.
AFM topography (Fig. 5a) and AFM-IR measurements (Fig. 5b) were conducted to
identify the influence of electroreduction on the local distribution and vibrational
properties of NO2-NHCs. AFM-IR measurements showed IR spectra with a single
peak at 1463 cm-1, corresponding to N-H bend (Fig. 5b). The lack of N-O signatures
in the IR spectra demonstrates the high efficiency of the electroreduction process. No
vibrational signatures were detected on the bare Si surface, indicating that the

electroreduction did not lead to diffusion of NHCs toward the Si substrate. The
absence of aromatic vibration (1603 cm-1) following electroreduction suggests that
the molecules have changed their orientation into a more flat-lying position.11

Figure 5: AFM topography (a) and AFM-IR point spectra (b) of EC-deposited NO2-NHCs
following exposure to electroreducing conditions. The vibrational signals were acquired at
different locations as indicated by dots with corresponding colors in the AFM topography
image. Higher magnification AFM topography image and the corresponding AFM-IR image at
-1

1460 cm are shown in c and d, respectively.

AFM topography measurement at higher magnification (Fig. 5c) and AFM-IR
mapping at 1460 cm-1 of the same area (Fig. 5d) revealed a non-homogenous
distribution of the vibrational signal on the Au surface. Areas that were adjacent to the
Si substrate showed weaker vibrational signal, indicating a lower surface-density of
NHCs on these sites. Thus, AFM-IR mapping specified that NHCs desorption from
the Au surface mostly occurred on sites that were in high proximity to the Si
substrate. This can be rationalized by the fact that these areas are characterized with

higher density of surface defects that prevented the formation of a well-ordered
monolayer that can be further stabilized by intermolecular interactions.10
CONCLUSIONS
In this work we demonstrate a new approach for NHC-based SAM formation in which
deprotonation of the imidazolium salt is electrochemically facilitated. Hydroxide ions
were formed by water reduction in proximity to the metal electrode surface enabling
highly-localized activation of NHCs and their anchoring on the metal electrode
surface under ambient conditions and without using exogenous base in the
deposition process. A locally-high concentration of active carbene is formed in
proximity to the metal surface during the EC-deposition, inducing the formation of
NHCs-based SAM with high density and high chemical stability. AFM-IR
nanospectroscopy and ensemble-based XPS measurements revealed that ECdeposited NO2-functionalized NHCs were better-ordered and showed improved
stability and surface density in comparison to SAMs that were prepared by liquidphase deposition. These advantages, along with the fact that the EC-deposition does
not require dry conditions or the use of external base, make it a desirable and easily
applicable method for preparation of NHC-based SAMs on surfaces.
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Table S1: XPS peaks area analysis.
N1s/Au4f

C1s/ Au4f

C1s/N1s

NO2:
NHx

Liquid-deposition

0.05

0.25

0.18

0.48

EC-deposition

0.10

0.39

0.25

0.59

EC-deposition after
electroreduction

0.01

0.05

0.09

0.00

ii

i

Figure S1: N1s XPS measurements of EC-deposited (i) and liquid-phase deposited (ii) NO2NHCs on Au-coated Si electrode.

Figure S2: AFM topography (a) and AFM-IR point spectra measurements (b) of EC-deposited
NO2-NHCs. Colored circles in a mark the local IR measurement positions and the measured IR
spectra are shown in b with identical color-coding.

Figure S3: AFM-IR mapping at 1603 cm-1 of EC-deposited NO2-NHCs.

Figure S4: AFM topography, phase and AFM-IR mapping (at 1533 cm-1) of EC-deposited
NHCs. Green lines highlight the appearance of circular features in the three images.

Figure S5: AFM topography and AFM phase image of liquid-deposited NHCs.
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