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Abstract: Self-assembled monolayers (SAMs) of N-heterocyclic olefins (NHOs) have been prepared on Au(111) and\
their thermal stability, adsorption geometry, and molecular order were characterized by X-ray photoelectron
spectroscopy, polarized X-ray absorption spectroscopy, scanning tunneling microscopy (STM), and density functional
theory (DFT) calculations. The strong o-bond character of NHO anchoring to Au induced high geometrical flexibility
that enabled a flat-lying adsorption geometry via coordination to a gold adatom. The flat-lying adsorption geometry was
utilized to further increase the surface interaction of the NHO monolayer by backbone functionalization with methyl
groups that induced high thermal stability and a large impact on work-function values, which outperformed that of N-
heterocyclic carbenes. STM measurements, supported by DFT modeling, identified that the NHOs were self-assembled
in dimers, trimers, and tetramers constructed of two, three, and four complexes of NHO—Au-adatom. This self-assembly
pattern was correlated to strong NHO—Au interactions and steric hindrance between adsorbates, demonstrating the
\crucial influence of the carbon-metal 6-bond on monolayer properties. )

Introduction

The strong affinity of N-heterocyclic carbene (NHC) ligands
to metals, metal-oxides, and semimetals enabled the for-
mation of NHC-based self-assembled monolayers (SAMs)
on a variety of surfaces.! The thermal stability” and
synthetic versatility”! of NHCs have made NHC-based
SAMs a viable alternative to thiol-based monolayers. Due
to these advantages, NHC-based SAMs were applied as
(bio)sensors,**#%4  ligands for nanoparticles and
clusters,'®*%3 molecular probes for surface reactivity,!
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modifiers for electronic devices,’™” corrosion inhibitors,®
and co-catalysts.”*!

NHCs are well-established ligands in transition metal
chemistry and homogeneous catalysis. While c-donation is
the most important component of metal-ligand binding,
NHCs also function as n-accepting ligands.!'”! Their c-donor
ability makes them suitable surface binders for late-
transition metals, such as gold.”*"! Self-assembly of various
classes of NHCs was investigated to identify the influence of
the carbene ring properties on surface-anchoring. This
includes carbenes such as cyclic (alkyl)(amino)carbenes
(CAACQ)P? with a single nitrogen atom in the carbene
heterocycle, and triazolone-based compounds,'® such as
nitron."! However, in all aforementioned ligands, surface-
anchoring was induced via the carbene carbon thus combin-
ing both o-donation and n-back-donation capabilities and
restricting the disentangling of these two effects.

N-heterocyclic olefins (NHOs) represent a different class
of carbon-based ligands that are formally composed of an
alkylidene moiety (CH,) appended to the NHC
(Scheme 1a).*7l NHOs can be represented by a neutral as
well as a zwitterionic mesomeric Lewis structure
(Scheme 1a).'®! The stabilization of the positive charge by
the aromatic imidazolium moiety, makes NHOs highly
polarized towards the exocyclic carbon atom thus leading to
a strong o-donor, with negligible n-accepting character. The
pronounced difference between these overall donor effects
is reflected by the low Tolman electronic parameter (TEP)
of NHOs compared to NHCs [TEP (NHO)=2025-
2030 cm™'; TEP (NHC)~2040-2051 cm~'].! Due to these
electronic characteristics, NHOs and their derivatives have
found broad application in transition metal- and organo-
catalysis,” main-group,”! and coordination chemistry,””” or
polymer chemistry.”! However, the utilization of NHOs as
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Scheme 1. a) Molecular structures of NHCs and NHOs. b) Molecular structures of 1,3-dimethyl imidazolium hydrogen carbonate (V*NHC-H),
1,2,3-trimethyl imidazolium hydrogen carbonate (NHO-1H), and 1,2,3,4,5-pentamethyl imidazolium hydrogen carbonate (NHO-2H) that were
used as precursors for vapor deposition of “Y*“NHC, NHO-1 and NHO-2, respectively, on Au(111).

surface ligands that can decouple the o-donation and n-
back-donation properties was not yet explored.

In this work we show that NHOs derived from their
protonated imidazolium salts (NHO-1/2H) (Scheme 1b) are
self-assembled on Au(111) via o-bond interaction with Au-
adatom, forming a pattern of dimers, trimers and tetramers
that are constructed of NHO—Au-adatom complexes. The o-
bond character provided geometrical flexibility, enabling a
flat-lying adsorption geometry that induced high thermal
stability and substantially reduced the substrate work-
function. The high flexibility of surface-anchored NHOs
enabled to further increase their surface interaction by
backbone functionalization that also resulted in an improved
thermal stability.

Results and Discussion

The self-assembly of NHO-1 and NHO-2 on Au(111) were
studied and the properties of NHO monolayers were
compared to that of MNHC, which serves based on its
structural similarity as a carbene reference to NHO-1
(Scheme 1b). NHO-1 and NHO-2 were chosen for this study
to identify the impact of backbone functionalization on
NHO self-assembly.’! NHO-1 and NHO-2 are highly air-
sensitive compounds, therefore we were interested in air-
stable precursors for their in situ generation. In order to find
a pathway to generate the desired NHOs on the surface
without addition of external base we selected bench-stable
hydrogen carbonate salts as precursors, a procedure estab-
lished for the generation of carbenes on surfaces.?™®<? It
should be noted that NHO formation and self-assembly can
be also achieved by the addition of an external base, which
will be described further below.
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Based on this procedure, ™NHC as well as NHO-1 and
NHO-2 were vapor deposited under ultrahigh vacuum
(UHV) conditions on Au(111) while using 1,3-dimethyl
imidazolium hydrogen carbonate (M*NHC-H), 1,2,3-trimeth-
yl imidazolium hydrogen carbonate (NHO-1H) and
1,2,3,4,5-pentamethyl imidazolium hydrogen carbonate
(NHO-2H) as precursors for ™NHC, NHO-1, and NHO-2,
respectively (for additional synthetic details, see experimen-
tal section and Figures S1-S12). Vapor deposition was
performed by in-vacuo sublimation of the solid precursor at
350 K from a Knudsen cell with a boron nitride crucible. !
The anchoring geometry and thermal stability of the SAMs
were characterized using X-ray photoelectron spectroscopy
(XPS) and polarized near-edge X-ray absorption fine
structure (NEXAFS) measurements (performed at the
ALOISA beamline of the ELETTRA synchrotron facility in
Trieste, Italy).”!

N1s XPS signals of NHO-1 and NHO-2 on Au(111)
were acquired and are shown in Figurela and 1b,
respectively. XPS measurements were performed following
annealing to 150°C to remove physisorbed residues (Fig-
ure S13). The N1s spectra of NHO-1 and NHO-2 was fit to a
Gaussian centered at 402.2 and 402.0 eV, respectively (Fig-
ure la and 1b). A shoulder at lower binding energy was
probed for NHO-1 and assigned to physisorbed residues,””
which desorbed upon further annealing. To compare the
properties of NHO monolayers with that of NHCs, M*NHC
was deposited on Au(111) under UHV conditions and
characterized by XPS measurements. The N1s XPS spec-
trum of MNHC (Figure 1c) was fit by one main Gaussian
that was centred at 401.2 eV, in agreement with previous
observations.”™ A minor Gaussian was located at 402.2 eV
and assigned to protonated nitrogen.”*"!

The obtained results demonstrate that NHOs can be
self-assembled on Au(111) to form a stable monolayer. The
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Figure 1. N1s XPS signals of (a) NHO-1 (b) NHO-2 and (c) "*NHC on Au(111).

N1s XPS signals of the two NHOs were shifted towards
higher binding energies than that of MNHC, indicative of a
partial positive charge on the nitrogen atoms, which was
correlated to the zwitterionic structure of NHO.”” The peak
area of NHO-1 and NHO-2 was lower by 53 and 52 %,
respectively, than that of Y NHC. The lower surface density
of NHOs can be linked to their larger molecular footprint
and stronger surface interactions, as will be further detailed
in STM measurements and DFT calculations.

Nitrogen K-edge NEXAFS measurements were con-
ducted to elucidate the anchoring geometry of NHOs by
comparing their p- and s-polarized NEXAFS spectra
(marked by solid and dotted lines, respectively, in Figure 2).
NEXAFS measurements of NHO-1 and NHO-2 were
performed after annealing to 150 and 200 °C, respectively, to
remove all physisorbed residues. Nitrogen K-edge NEXAFS
spectrum of NHO-1 (Figure2a) showed a dominant m*
transition at 401.8 eV, correlated to N1s—m* y_¢),”” and two

Q

NHO-1

Normalized absorption

395 400 405 410 415
Photon energy (eV)

smaller peaks positioned at 398.8 eV and 399.8 assigned to
Nls—m*n_c_c) and Nls—m*y o), respectively.”” " En-
hanced signal was obtained at p-polarization in the n* range
and implies that the imidazole ring adopted a flat-lying
adsorption geometry with respect to the surface normal (see
experimental section for details). A continuum of transitions
was measured in the o* region (404-415 eV), correlated to
Nls—o* transitions.”” In the o* region, the intensity of the
spectrum at s-polarization was higher than that of p-polar-
ization. The opposite dichroism in the o* region is an
additional indication for the preference towards a flat-lying
orientation with respect to the surface.

Nitrogen K-edge NEXAFS spectra of NHO-2 on Au-
(111) showed a similar pattern to the one detected for
NHO-1 with a dominant N1 s—m*y_c) transition in the m*
region, centered at 401.8 eV, and a clear positive dichroism
characteristic of a flat-lying geometry (Figure 2b). N1s—o*
transitions were detected in the o* region, and displayed an

O

NHO-2

Normalized absorption

395 400 405 410 415
Photon energy (eV)

Figure 2. Nitrogen K-edge NEXAFS spectra measured at p- and s-polarizations (solid and dotted lines, respectively) of (a) NHO-1 and (b) NHO-2.
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opposite dichroism trend comparing to the n* region, which
further specifies that the surface-anchored molecules were
adsorbed in a flat-lying geometry. Small transitions were
detected at 399.8 and 403.4 eV and correlated to a more
oxidized species (Figure 2b).’**l Nitrogen and carbon K-
edge NEXAFS spectra of ™NHC showed similar dichroism,
which specified a flat-lying adsorption geometry (Fig-
ure S14-S15), in accordance with previous publications.!"'¢**

DFT structural optimizations starting with olefinic
(planar) NHO identified an optimal adsorption of NHO-1
(Figure 3a-b) and NHO-2 (Figure 3c-d) on Au(111) and
Au-adatoms with a flat-lying adsorption geometry (Ta-
ble S1). The adsorption energies of NHO-1 and NHO-2 on a
Au-adatom were —2.73 and —3.00 eV, respectively, while
values lower by ~0.7 eV were calculated for NHOs adsorp-
tion on Au(111). It should be noted that the energetic
stabilization that stems from adsorption on an adatom
(AE=0.69 eV for NHO-2) does not fully compensate for the
energetic cost of adatom formation on terrace sites
(0.79 eV). Thus, it is hypothesized that NHO-adatom
formation was initially induced on step sites, as validated in
STM images that showed large meandering and indentation
of monoatomic steps following adsorption of NHOs (Fig-
ure S16). The adsorption energy of flat-lying ¥Y*NHC on Au-
adatom was —2.72 eV, which is in good agreement with a
previous study for NHCs,? although a larger value was also

reported." The calculations hence show that NHO-1 and
MeNHC have similar adsorption energies, while NHO-2 has a

Figure 3. Calculated optimized adsorption geometries for NHO-1 (a—
b), and NHO-2 (c—d) on a terrace (a, c), and on a Au-adatom (b, d).

Angew. Chem. Int. Ed. 2023, 62, €202311832 (4 of 9)

Research Articles

Angewandte

intemationaldition’y) Chemie

higher adsorption energy due to backbone functionalization
that induced stronger surface interactions.

DFT analysis of bond lengths and bond angles of NHO-1
and NHO-2 was performed to elucidate the ylidic versus
olefinic character of surface-anchored NHOs (Scheme 1).
The bond length of the carbene carbon with the CH, carbon
(denoted as C1 and C6, respectively, in Figure S17) was
increased by ca. 0.1 A (NHO-1: 1.364 A to 1.444 A; NHO-2:
1.365 A to 1.447 A) upon adsorption of both NHO-1 and
NHO-2 on a Au-adatom (Table S2). In addition, the
calculated bond angle of C1-C6—Au was 107° and 110° for
surface-anchored NHO-1 and NHO-2, respectively. Both
observations indicate that the CH, carbon in surface-
anchored NHO is sp® hybridized, which is indicative of
NHO adsorption in ylidic rather than in olefinic structure.
This coordination mode is also in agreement with the
homogeneous, molecular Au complexes of NHOs showing
an end-on coordination to the metal center with a Au—C
bond length of 2.087(3) A" in a similar range to the
calculated values for the Au-surface bound species (2.124 A
to 2.135 A; Table S2). Analysis of the electron density
displacement upon adsorption (Figure S18) highlights an
accumulation of charge density between the C6 atom and
the Au-adatom with nearly cylindrical symmetry around the
Au—C bond, together with a depletion of n charge within the
molecule and a minor accumulation of charge in the back-
bone plane. A strong bonding with the Au-adatom is also
recognized by analyzing the electronic density of states
projected on atomic orbitals® showing a large hybridization
of the highest occupied molecular orbitals (HOMO) and
HOMO-1, both having n symmetry but especially a strong
amplitude at the C6 atom, with surface states (Figure S19).
These results further rationalize the high adsorption energy
of NHOs on Au.

The thermal stabilities of NHO-1, NHO-2 and M*NHC
were analysed by recording their N1s XPS signal following
annealing (Figure 4 and Figure S20). Comparative analysis
of the normalized N1s XPS peak area demonstrated the
improved thermal stability of NHO-1 and NHO-2 over that
of MNHC (Figure 4). The N1s XPS signal of ™NHC was
reduced by 90 % after annealing to 300°C, while that of
NHO-1 and NHO-2 were reduced by 34 and 25%,
respectively. NHO-2 showed improved thermal stability,
and nitrogen signal was detected even after annealing to
400°C, and preserved its original peak pattern up to 300°C
(Figure S20). Further annealing of NHO-2 to 350 and 400°C
led to significant peak shifts toward lower binding energies,
which may indicate decomposition of the molecules and
formation of pyridine species.*” The improved thermal
stability of NHO monolayers can be attributed to their
strong ¢ donating properties.'”! The enhanced stability of
NHO-2, in comparison to NHO-1, is correlated to stronger
surface interactions that are induced by the methyl groups
on its backbone.

To examine the role of the precursor in NHO self-
assembly we also investigated a hydrogen carbonate free
synthetic approach and an independent synthetic strategy
applying an external base. Self-assembled monolayers of
NHO-1 and NHO-2 were prepared by using 1,2,3-trimethyl
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Figure 4. Normalized N1s XPS peak area of NHO-1 (green), NHO-2 (orange) and "*NHC (blue).

imidazolium and 1,2,3,4,5-pentamethyl imidazolium salts,
both containing iodide anions as precursors. Deprotonation
was induced by potassium fert-butoxide immersed in THF
(experimental details are provided in the SI). Nl1s XPS
signal of NHO monolayers that were self-assembled on Au
film and prepared while using halide-imidazolium precursors
showed an overall similar pattern to that of NHO mono-
layers prepared via UHV deposition of imidazolium hydro-
gen carbonate precursors (Figure S22). The N1s/Audf XPS
peak area ratios of NHO-1 and NHO-2, which were
prepared by base-induced deprotonation of imidazolium
iodide precursors, were comparable to that of NHC
monolayers that were prepared by base-induced
deprotonation.t!

Deprotonation of 1,2,3,4,5-pentamethyl imidazolium hy-
drogen carbonate precursor (NHO-2H) for the formation of
NHO-2 monolayer was also demonstrated under liquid
phase conditions. NHO-2 monolayer was prepared on a Au
film, following annealing of THF-solvated NHO-2H at
70°C. The N1s XPS signal of NHO that was prepared by
using solvated 1,2,3,4,5-pentamethyl imidazolium hydrogen
carbonate resembled the pattern of the sample prepared by
1,2,3,4,5-pentamethyl imidazolium iodide precursor (Fig-
ure S22). These experiments further validate that NHO
monolayers can be prepared by using NHO precursors with
either halide or hydrogen carbonate anions and deprotona-
tion can be achieved with a strong base or via annealing,
respectively.

Slow exchange of the imidazole-CH; protons for
imidazole-CD; was observed in CD;CN solution for the
hydrogen carbonate salts and indicated the possibility to
form the olefin as a transient intermediate (Figure S23 and
S24). Heating the hydrogen carbonate precursors NHO-1/
2H under vacuum (107 mbar) did not induce sufficient

Angew. Chem. Int. Ed. 2023, 62, €202311832 (5 of 9)

amounts of NHOs to be detected by NMR, but mostly
resulted in sublimation of the salts. These results indicate
that mechanistically, deprotonation is either characterized
with a very low efficiency (which is sufficient for surface
deposition) or that deprotonation is further facilitated by
surface interactions.

Low-energy XPS measurements were conducted to
quantify the electronic effects of NHO monolayers on the
work function of Au(111). Changes in the work function
values of —1.9+0.1, -24+0.1 and -2.1+0.1V were
measured for NHO-1, NHO-2 and ““NHC, respectively
(Figure S25). These results show that all three molecules
significantly reduce the work function of Au, as expected for
molecules with high o-donation affinity and as previously
demonstrated for NHC monolayers."” NHO-2, which was
postulated to be a better c-donor in comparison to M*NHC
and NHO-1, induced a noticeable decrease in the work
function value that outperformed that of NHCs. It should be
noted that the surface density of NHOs was lower by 50 %
in comparison to that of NHCs. Thus, the normalized effect
of NHOs is larger in comparison to NHCs, in line with their
strong donor characteristics.

The self-assembly pattern of NHOs on Au(111) was
imaged using STM measurements. High mobility of both
NHO-1 and NHO-2 was detected, which prevented their
high-resolution imaging at room temperature (Figure S16).
Low-temperature (130 K) STM imaging of NHO-1 (Fig-
ure Sa—c) and NHO-2 (Figure 5d—f) on Au(111) revealed
that NHOs were self-assembled in units of trimers and
tetramers structures. The average height of isolated NHO-1
and NHO-2 was 105 and 80 pm, respectively, which is
indicative of a flat-lying adsorption geometry. For both
NHOs, a similar self-assembly pattern was observed, though
lower surface density was identified for NHO-1, possibly
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Figure 5. a-b. STM images of NHO-1 on Au(111) (130 K, +1.3 V, 0.2 nA). c. High resolution STM image of trimers and tetramers of NHO-1
(130K, +1.6V, 0.25 nA). d—e. STM images of NHO-2 on Au(111) (130 K, +1.3 V, 0.2 nA). f. High resolution STM image of trimers and tetramers

of NHO-2 (130 K, +1.0V, 0.2 nA).

correlated to physisorbed species that limited the formation
of a high surface density monolayer. In the case of NHO-1,
tetramers equally formed a square or a rhombic shape
(Figure 5c), while tetramers were mostly detected in
stretched rhombic shape for NHO-2 (Figure 5f).

DFT simulations were conducted to elucidate the self-
assembly patterns of NHOs. The adsorption patterns of
NHO-2-Au-adatom complexes for the formation of coupled
dimers (Figure 6a), trimers (Figure 6b) and tetramers (Fig-
ure 6c) were simulated and fit well the experimental STM
images (Figures 6d—6f). The simulations were performed for
NHO-2, and very similar patterns are expected for NHO-1,
according to the resemblance of energetics, as listed in
Table S1.

The calculations show that two, three and four
NHO-Au-adatom complexes can self-assemble while gain-
ing 0.07-0.08 eV/molecule in forming dimers, trimers, or
tetramers with Au-adatom per NHO (see models in Fig-
ure S26). Conversely, the adsorption of a second NHO-2
molecule on the same Au-adatom is less favorable, by
0.78 eV, with respect to adsorption on a separate adatom in
a dimer. While the closely squared tetramers can be
attributed to four NHO—Au complexes (Figure 6¢ and 6f),
the stretched rhombic tetramers better fit the two dimers
scenario (Figure 6a and 6d). In fact, the latter configuration

Angew. Chem. Int. Ed. 2023, 62, €202311832 (6 of 9)

is also stable, although with a lower energy gain of 0.02 eV/
molecule with respect to isolated NHO—Au-adatom com-
plexes (see Table S1). The observation that stretched
tetramers are mostly observed in large scale images (Fig-
ure 5d and 5e), may be attributed to activation barriers in
fusing two dimers or to intermolecular interactions among
adjacent supramolecular complexes that are neglected in
present calculations. The absence of peripheral methyl
groups in NHO-1 supramolecular complexes, as well as the
overall lower surface density, favors a larger mobility, hence
explaining the larger variety of tetrameric aggregates.

It was previously demonstrated that MNHC molecules
are self-assembled on Au surface and form dimers and
trimers that are linked via a single Au-adatom. This
assembly pattern is different than the self-assembly of
NHOs that involve the assembly of NHO-Au-adatom
complexes, in which each NHO is coordinated to Au-
adatom.!"*¥ This distinct self-assembly pattern of NHOs is
correlated to strong NHO-Au interactions and steric
hindrance between adsorbates that lead to adsorption geo-
metries that prevent the assembly of two NHO molecules on
a single Au-adatom.

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

85U017 SUOWIWOD) 8A 81D 3|qeot|dde au Aq pausenob afe sae VO ‘8sn JO 3Nt 104 A%eiq18ullUQ A1\ UO (SUONIPUOD-pUe-SLLBIALIOY" A3 1M Afe1q 1 jBUt|UO//SANY) SUONIPUOD pue SWis | 84} 89S *[G20zZ/70/G2] U0 AriqiTauliuo A8|iM ‘punwiiog eIsBAIUN ayasIuyde | AQ ZESTTEZ0Z 1Ue/Z00T 0T/I0p/W0d A8 | im Areiq Ul uo//:Sdny oy pepeojumod ‘O ‘€202 ‘ELLETZST



Research Articles A"

Figure 6. Simulated STM images of (a) pair of dimers, (b) trimers, and (
images of NHO-2 (d and e) and NHO 1 (f). Scale bar equals 1 nm.

Conclusion

In this work we demonstrate that NHOs form thermally
stable, chemisorbed monolayers on Au(111). The mono-
layers were characterized with improved thermal stability,
and larger effect on the work function that, for methyl-
functionalized NHO-2, surpass that of ™'NHC. NHOs were
found to adsorb in a flat-lying adsorption geometry on a Au-
adatom via end-on carbon coordination. At room temper-
ature, the molecules were self-assembled in dimers, trimers
and tetramers, constructed of two, three, and four
NHO-Au-adatom complexes, respectively. The improved
thermal stability of NHOs on Au(111) and their impact on
work function properties demonstrate the crucial role of the
surface-anchoring CH,-group on the molecular flexibility
that yielded optimized adsorption geometry. The molecular
flexibility enabled to utilize NHO backbone functionaliza-
tion to further improve the thermal stability and the impact
on work function. By analyzing the surface properties of
NHO monolayers, this work demonstrates the critical role
of the surface-anchoring carbon species and its impact in
tuning the surface properties of self-assembled monolayers.
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