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Abstract: The adsorption of N-heterocyclic olefins
(NHOs) on silicon is investigated in a combined
scanning tunneling microscopy, X-ray photoelectron
spectroscopy, and density functional theory study. We
find that both of the studied NHOs bind covalently, with
ylidic character, to the silicon adatoms of the substrate
and exhibit good thermal stability. The adsorption
geometry strongly depends on the N-substituents: for
large N-substituents, an upright adsorption geometry is
favored, while a flat-lying geometry is found for the
NHO with smaller wingtips. These different geometries
strongly influence the quality and properties of the
obtained monolayers. The upright geometry leads to the
formation of ordered monolayers, whereas the flat-lying
NHOs yield a mostly disordered, but denser, monolayer.
The obtained monolayers both show large work function
reductions, as the higher density of the flat-lying
monolayer is found to compensate for the smaller
vertical dipole moments. Our findings offer new pros-
pects in the design of tailor-made ligand structures in
organic electronics and optoelectronics, catalysis, and
material science.

Introduction

Owing to the ever-growing number of applications for
semiconductor materials, it becomes increasingly imperative
to modify surfaces that enable the creation of highly tailored
and advanced materials. Silicon, upon which the modern
semiconductor industry is largely based, is one of the most
sought-after materials in this regard. Therefore, new
approaches to functionalize and tune silicon surfaces are
particularly desired and molecular modifiers have emerged
as a novel toolkit in the field.[1,2]

N-Heterocyclic olefins (NHOs) are a class of compounds
containing a terminal alkylidene unit formally attached to an
N-heterocyclic carbene (NHC) (see Figure 1A,B).[3] NHOs
feature an exceptionally electron rich and strongly polar-
izable double bond best represented by two resonance
structures: a neutral olefin and a zwitterionic ylide. As a
result, the terminal carbon atom generally shows high
nucleophilicity.[4] After their successful isolation in 1993,
NHOs were used for the stabilization of various transition
metals and main group species including first applications in
catalysis.[3,5–10] In addition, NHOs are structurally similar to
the “deoxy-Breslow” intermediates formed during certain
NHC-organocatalyzed reactions.[11–15] First studies show their
strong σ-donor ability with the absence of π-backbonding
properties.[16] As a result NHOs tend to show weaker
coordination to metal centers compared to the correspond-
ing NHCs.[17,18] Single crystal X-ray crystallography of NHO
transition metal complexes generally prove end-on coordi-
nation via the ylide form.[8,16]

Interestingly, surface modification by NHOs has — to
the best of our knowledge — not been reported yet. This is
in stark contrast to their close relatives, the NHCs, which
have proven to be excellent ligands for surface modification
with applications in the fields of materials science and
catalysis.[21–52] Recently, also the use of N-heterocyclic
carbenes as molecular modifiers for silicon surfaces has been
reported (see Figure 1A). NHCs bind covalently to Si(111)
via single Si�C bonds which lead to thermally stable
monolayers and a significant reduction of the work function
compared to the unfunctionalized surface.[19,20,53] A strong
dependence of the order of the monolayer on the nature of
the N-substituents was found with bulky aromatic substitu-
ents leading to highly ordered monolayers.

For NHOs, multiple binding modes either via end-on
coordination best represented by the ylidic form or side-on
coordination via the neutral olefinic resonance structure
could be envisioned and could potentially lead to novel
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properties and assembly behavior as a result of the different
geometrical and electronic characteristics of NHOs com-
pared to NHCs.

Herein, we deposited two NHO molecules with structur-
ally different N-substituents. We choose CO2 adducts of
NHOs as precursors due to higher stability and easier
handling in comparison to the free NHOs. Thermally
induced decarboxylation then leads to free NHOs for vapor
deposition on the anticipated surface (see Figure1B and
section 1.3 of the Supporting Information).[26,27]

The Si(111)
ÅÅÅ
3
p
⇥

ÅÅÅ
3
p

R30°-B surface (Si(111)-B) was
chosen as a substrate as it has been demonstrated to be
particularly suitable for the self-assembly of organic
films.[19,20,54–60] On this surface, the otherwise highly reactive
dangling bond sites are deactivated due to the subsurface
incorporation of B atoms.[61,62] The structure model and
scanning tunneling microscopy (STM) results of the clean
Si(111)-B surface are presented in Figure S1.

For the model NHOs studied in this work (Figure 1C),
different binding modes are observed depending on the
presence or absence of bulky N-substituents (wingtips),
leading to different local geometries, surface assembly, and
electronic properties. For IPr-NHO, a well ordered mono-
layer is obtained as shown in Figure 1D being an important
prerequisite for applications, e.g. in organic field effect
transistors.[63] In the future, a tailor-made surface functional-
ization is conceivable by targeted modification of the
employed NHOs, e.g. their N-substituents or in the back-
bone. Both NHO monolayers are characterized by large
work function reductions demonstrating dramatic changes in
the electronic structure. As at least one low work function
material is necessary in a variety of devices, e.g. organic light
emitting diodes or organic photovoltaic devices, this opens
up interesting possibilities for applications of NHO function-
alized surfaces.[2,64–66]

Results and Discussion

In order to identify the most stable adsorption geometries
for the two NHOs we performed density functional theory
(DFT) simulations. In the following, we denote the C atom
in the exocyclic group as Cexo and the terminal C atom
within the heterocyclic ring as Cendo (the latter corresponds
to the divalent C in NHCs). As shown in Figure 2, we find
both NHOs decisively bind to the Si adatom via the Cexo

atom. The adsorption energies of single molecules (com-
puted using a 4

ÅÅÅ
3
p
⇥ 4

ÅÅÅ
3
p

cell) are �1.82 eV for IMe-NHO
and �1.98 eV for IPr-NHO, indicating chemisorption, and

Figure 1. (A) NHCs as molecular modifiers for silicon surfaces. The
formation of ordered monolayers on silicon has previously been
demonstrated.[19,20] (B) Surface modification using NHOs remains
unexplored. This study examines the formation of monolayers and the
binding modes of different NHOs on silicon. The blue arrows indicate
the interaction between the surface and the rings. (C) Structure of the
NHOs studied herein, and their NHC equivalents. (D) STM image of
the ordered IPr-NHO monolayer.

Figure 2. Optimized geometries of (A) IMe-NHO and (B) IPr-NHO on
the Si(111)-B surface, as predicted by DFT. Top views and side views
along the [1̄1̄2] (and [11̄0]) direction are shown.
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are thus comparable with the values found for the
corresponding NHCs (�1.93 eV and �2.48 eV). Alternative
geometries (e.g. pure physisorption) were not found to be
stable.

In contrast to our findings for NHCs on Si(111)-B,[19]

which tend to adsorb upright, the smaller IMe-NHO
molecule assumes a flat-lying geometry. This allows Cexo to
approach an sp3-like geometry (104.2°~109.5°) and maximize
the energetic contribution from vdW coupling with the
substrate (�0.61 eV). The Si�C bond is also slightly longer
for the NHO form (2.00 Å vs. 1.92 Å for IMe-NHC). The
large side groups in IPr-NHO instead prevent its inner ring
from adopting a flat-on alignment, while providing a large
vdW contribution (�1.31 eV) to the adsorption energy. To
mitigate the strain on the exocyclic group, the Si�Cexo bond
is tilted by 24.9° away from the surface normal, and the
bond angle ÄSi�Cexo�Cendo lowers to 130.2°. The IPr-NHO
central ring is therefore not perfectly upright like in the
NHC case, but is ultimately tilted by 26.2° from the surface
normal. Despite the clear difference in binding modes,
however, all bond lengths (including Si�Cexo) differ by (at
most) 0.01 Å between the two molecules, suggesting the
final electronic and chemical character of the bond is
independent of the NHO.

The azimuthal orientation of the molecules on the
substrate is governed by steric interactions with neighboring
Si adatoms. Our DFT calculations of the energy dependence
on rotation angle (Figure S2) reveal that IMe-NHO tends to
align such that the backbone falls between two Si adatoms
(marked 1 and 2 in Figure 2), yielding six equivalent
orientations. The rotational barrier is very low (66 meV)
suggesting free movement at room temperature. A similar
situation occurs for IPr-NHO, as the side-groups tend to
align between Si adatom pairs. In this case, however, a true
sixfold degeneracy is not present due to a small energetic
dependence on the direction of the Si�Cexo bond (threefold
substrate symmetry). The barrier for rotation is markedly
higher at 220–250 meV.

We now turn to the discussion of the experimental
measurements. Figures 3A and C show overview STM
images for low coverages of IPr-NHO and IMe-NHO,
respectively. As all experimental results presented in this
work, the images were acquired at room temperature. The
molecules appear as bright spots distributed randomly across
the surface. In between the molecules the substrate surface
with the

ÅÅÅ
3
p
⇥

ÅÅÅ
3
p

periodic arrangement of the Si adatoms is
still visible. A stable adsorption of the molecules on the
surface is observed. When the same area is scanned
repeatedly, no changes in the positions of the molecules
occur. Sudden (dis)appearances of bright spots from one
scanline to the following one as indicated by white circles in
Figures 3A and C are only rarely observed. As they happen
directly while the respective molecule is scanned, they are
assigned to movements induced by an interaction with the
STM tip.

In Figure 3B, a more detailed STM image of the IPr-
NHO sample is shown. Such STM images of isolated
molecules with atomic resolution on the surrounding sub-
strate allow the determination of the adsorption site. The

positions of the Si adatom rows relevant for one IPr-NHO
molecule are indicated by white dashed lines. The crossing
point is located in the center of the molecule showing that
the molecules indeed adsorb on top of the Si adatoms of the
substrate as predicted by the theory results presented above.
Figure 3D shows corresponding detailed STM data for the
IMe-NHO sample. The insets in B and D show simulated
STM images of the two molecules on Si(111)-B.

To investigate if the STM images are able to support
DFT findings of different adsorption geometries (upright vs.
flat lying) for IPr-NHO and IMe-NHO, height profiles are

Figure 3. (A,B) STM results for a low coverage of IPr-NHO on Si(111)-
B. (A) Overview STM image (sample voltage VT=�2.8 V; tunneling
current IT=20 pA) and (B) detailed STM image (VT=�2.8 V;
IT=20 pA). (C,D) STM results for a low coverage of IMe-NHO on
Si(111)-B. (C) Overview STM image (VT=�2.5 V; IT=10 pA) and (D)
detailed STM image (VT=�2.0 V; IT=10 pA). (E) Comparison between
experimental and calculated height profiles extracted along the lines
indicated in (B) and (D). For IMe-NHO, only one experimental profile
is shown as the molecules appear round due to their free rotation.
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extracted for both molecules. The results are shown in
Figure 3E. For IPr-NHO, a height of 3.6⌃0.5 Å above the
adatoms is measured. This apparent height is compared with
the simulated apparent height profile (taken along the lines
indicated in the insets in Figure 3B,D) on the basis of the
DFT geometry as shown on the right hand side in Figure 3E.
The good agreement strongly points towards the theoret-
ically found upright adsorption geometry. Also the smaller
height of ~3 Å found for the corresponding NHC on the
same substrate nicely agrees:[19] Due to the exocyclic CH2

group, a smaller height is expected for NHCs as compared
to NHOs.

On the other hand, the observed width of the IPr-NHO
molecule of 13 Å (FWHM) is comparable with the geo-
metric one (11.9 Å) and with that found for the correspond-
ing (upright) NHC.[19] The slightly narrower profile in the
simulation as compared to the experiment is assigned to
rotational vibrations of the molecules coupled with vibra-
tions of the N-substituents.

For IMe-NHO, an apparent height of 2.2⌃0.3 Å is
found, which is considerably lower than the value deter-
mined for IPr-NHO. For an equivalent upright adsorption
geometry similar values would be expected for IMe-NHO
and IPr-NHO, thus the lower value found here points
towards a different geometry, in agreement with theory
(Figure 2). Indeed, a comparison of the simulated height
profiles for IPr-NHO and IMe-NHO gives very similar
results (see Figure 3E, right hand side).

Our STM data can furthermore validate the above
theoretical findings regarding the azimuthal rotation of the
molecules. Regarding IMe-NHO, the round appearance of
the STM image without any resolution of the inner structure
of the molecule (see Figure 3D) can first of all be related to
the free rotation of the molecules, which is too fast to be
resolved in STM leading to the round shape. Second, as
demonstrated by the dashed white lines drawn along the
adatom row directions in Figure 3D, the center is again
found on top of the adatoms. This directly shows that the
STM appearance represents the time averaged image of the
rotating molecules, as in the case of static molecules one
would expect the center of the STM feature to be located to
the side of an adatom. And third, the larger experimental
width of IMe-NHO (~9 Å) in comparison to the simulated
one (~7 Å) can also be related to this phenomenon (see
Figure 3E). For IPr-NHO on the other hand, a more
structured appearance is observed. In this case different
orientations of molecules can also be distinguished in
Figure 3B. These findings point towards a more static
adsorption in agreement with the larger energy barrier for
rotation found in the calculations (see Figure S2).

A key question to be answered is: are the adsorbed
molecules better represented by the neutral olefinic or the
zwitterionic ylide resonance structure? In the following we
demonstrate that both upright and flat binding modes are
best characterized by the ylide form. First, as reported in
Figure 4, the Cendo�Cexo bond length of IMe-NHO increases
upon adsorption (from 1.36 Å to 1.45 Å) and Cexo adopts a
geometry consistent with sp3-hybridization (ÄSi�Cexo�Cendo=
104.2°). Both of these changes are characteristic of a double-

to-single C�C bond transformation. Although the corre-
sponding angle in IPr-NHO is larger (130.2°), this is imposed
by the steric interaction of the large side groups with the
silicon surface; the change in bond character is nonetheless
reflected by the extension of Cendo�Cexo to 1.44 Å also in this
case. Moreover, analysis of the atomic charges computed
with the Voronoi deformation density (VDD)[67] approach
(Figure 4 and Figure S5) indicates that the N atoms exhibit a
relatively larger positive partial charge ΔQ after adsorption
on the surface, which is consistent with the resonance
structure of the ylide (Figure 1).

Second, analysis of the electron localization function
(ELF) yields direct evidence of a double-to-single bond
transformation. It has been reported that the ELF of C�C
and C=C bonds have a very different spatial character: while
the C�C bond has a round isosurface, the C=C bond is
distinguished by a dumbbell shape with a larger extension
perpendicular to the bond.[68,69] These characteristics are
clearly observed for both C=C bonds present in the gas-
phase IMe-NHO molecule (Figure 5A–C). On adsorption,
while the backbone C=C bond remains, the Cexo�Cendo bond
appears more localized and rounded, as befits the C�C

Figure 4. Voronoi deformation density (VDD) atomic charges and
charge differences ΔQ (millielectrons), bond lengths (Å), and internal
angles (degrees) for (A) IMe-NHO and (B) IPr-NHO, in gas phase and
after adsorption on the Si(111)-B surface. The IPr-NHO side groups
have been hidden for clarity (see inset).
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character. This is observed for both vertical and flat-on
binding modes: see also Figure S3 for the IPr-NHO case.

At higher molecular coverages, monolayers of NHOs
form on the surface. We start with the discussion of the
STM results for IMe-NHO. Figure 6A shows an overview
STM image of a silicon sample covered with a monolayer of
IMe-NHO. The molecules appear with similar height
indicating a homogeneous growth. This is in agreement with
our DFT results showing that even for higher coverages the
molecules still adopt the same flat-lying geometry as in the
low coverage case (see Figure S4). The monolayer does not
show a long range ordering, only occasionally small clusters
with either hexagonal or rectangular arrangement are found
as indicated in the more detailed STM image shown in
Figure 6B. Here, different periodicities are observed: The
regions marked green and blue correspond to hexagonally
ordered patches with 2

ÅÅÅ
3
p
⇥ 2

ÅÅÅ
3
p

or 3×3 periodicity, respec-
tively. The yellow boxes mark patches with a rectangular
arrangement of the molecules leading to 3 different
orientations due to the substrate symmetry. Here, a 3⇥ 2

ÅÅÅ
3
p

periodicity is found. For each ordering, an example unit cell
is indicated. Nevertheless, molecules with a closer distance
corresponding to

ÅÅÅ
3
p

are also observed, as indicated by the
white boxes. Possible geometries and a comparison of
simulated and experimental STM images for the ordered
patches are shown in Figures S4 and S7.

To gain further insights into the properties of the IMe-
NHO monolayer, X-ray photoelectron spectroscopy (XPS)
measurements were additionally performed. The results for
the C 1s and N 1s core levels are shown in Figure 6E,
Figure S8, and Figure S9. The C 1s spectrum is relatively
broad and consists of a double peak structure. According to
the molecular structure, it is decomposed into four compo-
nents, two with single intensity corresponding to Cexo and
Cendo and two with double intensity corresponding to the C
atoms in the methyl groups and the backbone. The resulting

fit is shown as a black line in Figure 6C. The detailed
assignment of the components and the exact core-level shifts
(CLSs) are given in Figure S8. The spectrum differs consid-

Figure 5. (A) Electron localization function (ELF) for gas phase IMe-NHO. The plane intersects the Cexo and Cendo atoms and lies perpendicular to
the central ring. (B,C) Isosurfaces for ELF at 0.85, a value which corresponds to high electron density. (D�F) As (A�C) for IMe-NHO adsorbed on
Si(111)-B. A horizontal plane intersecting the Si adatoms has been added for clarity in panels (E,F).

Figure 6. (A) Overview (VT=�2.0 V; IT=10 pA) and (B) more detailed
STM image (VT=�2.0 V; IT=10 pA) of the IMe-NHO monolayer on
Si(111)-B. In (B) small ordered patches with an ordered hexagonal
2
ÅÅÅ
3
p
⇥ 2

ÅÅÅ
3
p

or 3×3 or rectangular 3⇥ 2
ÅÅÅ
3
p

arrangement are indicated
together with the corresponding unit cells in green, blue, and yellow,
respectively. The white boxes mark pairs of molecules with

ÅÅÅ
3
p

distance. For the rectangular arrangement three orientations exist, as
indicated in (A). (C,D) XPS results for (C) the C 1s core level and (D)
the B 1s core level.
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erably from the one measured in Ref. [19] for upright IMe-
NHCs again supporting the conclusion of a different
adsorption geometry: the larger CLSs together with the
additional component C4 from Cexo lead to a considerably
larger overall width of the spectrum being assigned to the
larger molecule substrate interaction in the flat-lying geom-
etry. The energetic position of the C1 and C4 components
stemming from Cendo and Cexo thereby is in accordance with
the ylidic character: The large negative (positive) charge at
Cexo(Cendo) (see Figures 4 and S5) lead to a larger (weaker)
screening of the nuclear coulomb potential and finally the
observed lower (higher) binding energy. The N 1s spectrum
in Figure S9 shows a single component at 402.1 eV binding
energy.

From STM overview images like the one shown in
Figure 6A, the experimental coverage of the IMe-NHO
monolayer is determined. Hereon, we define the coverage as
the percentage of molecules adsorbed per Si adatom, i.e. perÅÅÅ
3
p
⇥

ÅÅÅ
3
p

cell. From the STM data, a value of 31⌃5% is
determined. The B 1s core-level spectra offer a further
possibility to determine the actual molecular coverage as
demonstrated in our previous work on NHCs.[19] As shown
in Figures 6D and S10, the B 1s core level consisting of only
one component for the clean Si(111)-B surface splits into
two chemically shifted ones for the NHO covered surface:
One component B1 again corresponding to B atoms under-
neath Si adatoms not binding to molecules and the other

component B2 corresponding to those B atoms underneath
Si adatoms binding to the molecules. The latter is shifted
due to the interaction with the NHO molecules. From the
intensity ratio between the two components, the coverage is
determined revealing that 32⌃5% of the adatoms are
covered with molecules, in good agreement with the STM
data.

It is interesting to note that higher coverages of 50%
and even 75% are well energetically possible if one assumes
local adsorption geometries like those shown in Figure S4.
However, the calculated rotational barrier is very low, about
70 meV, as shown in Figure S2. Thus we expect large
thermal fluctuations in the local orientations, which can
influence (impede) the formation of larger or denser
ordered domains.

Figure 7A shows an overview STM image of a silicon
sample covered with a complete monolayer of IPr-NHO.
Here, ordered domains are observed, in which the IPr-NHO
molecules form a hexagonal arrangement. In Figure 7B, a
more detailed image is shown. From the height profile taken
along the blue line (see Figure 7C), a distance of 13.2 Å is
determined, corresponding to twice the adatom distance.
Thus, the IPr-NHO molecules arrange with a 2

ÅÅÅ
3
p
⇥ 2

ÅÅÅ
3
p

R30°-periodicity as shown in (D). DFT calculations at this
coverage reveal that the IPr-NHO molecules again align
with their wingtips lying between pairs of Si adatoms,
allowing three equivalent alignments, in a geometry very

Figure 7. STM, DFT, and XPS results for the IPr-NHO monolayer. (A) Overview (VT= +3.0 V; IT=15 pA) and (B) detailed STM images (VT=
+3.0 V; IT=15 pA) of the ordered IPr-NHO monolayer. In (B), a 2

ÅÅÅ
3
p
⇥ 2

ÅÅÅ
3
p

unit cell is indicated, the inset shows a small area in which the three
possible orientations of the molecules are visible. (C) Height profile along the blue line in (B) showing the 2

ÅÅÅ
3
p

-periodicity. (D) Geometry of the
IPr-NHO monolayer as obtained from the DFT calculations. (E,F) XPS results for (E) the C 1s core level and (F) the B 1s core level.

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2023, 62, e202314663 (6 of 10) © 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 2023, 50, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202314663 by C

ochraneItalia, W
iley O

nline Library on [20/12/2023]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



similar to the isolated case. The presence of nearby
molecules, however, makes hopping to an adjacent Si
adatom site impossible, and further restricts rotation around
the bond axis. As a result of the lower translational and
rotational freedom, the STM images appear better resolved
showing elongated spots. Due to the substrate symmetry,
three orientations are observed, as indicated in the inset in
Figure 7B.

To gain further insights into the properties of the IPr-
NHO layer on Si(111)-B, XPS measurements were per-
formed again. The results for the C 1s and N 1s core levels
are shown in Figure 7E and Figure S9, respectively. In
contrast to the results for IMe-NHO discussed above, the
lineshape of the C 1s core-level spectrum in the IPr-NHO
case is very similar to the one measured for the correspond-
ing NHC.[19] This is particularly obvious when looking at the
fit shown in Figure 7E, which is obtained using the same
components as in Ref. [19] and an additional one for Cexo.
The detailed assignment of the components and the exact
values for the CLSs are given in Figure S12. This observa-
tion further supports the above conclusion of a similar
upright adsorption geometry as for the corresponding NHC.
A different geometry should lead to a different interaction
with the surface and thus to different CLSs similar as
observed for IMe-NHO. Only the obvious difference
between the NHO and the NHC regarding the binding to
the surface and the ylidic character is visible in the energetic
positions of the C1 component and the C8 component
assigned to Cexo and Cendo, respectively. Component C8 (Cexo)
is located on the low binding energy side, again assigned to
the larger screening of the nuclear coulomb potential due to
the negative charge, while the positive charge at Cendo leads
to a larger binding energy (see also Figures 4 and S5). The N
1s core-level (Figure S9) again shows a single component at
402.7 eV binding energy.

The observed 2
ÅÅÅ
3
p
⇥ 2

ÅÅÅ
3
p

-periodicity means that one
IPr-NHO molecule binds per four substrate Si adatoms.
However, on the real surface also domain boundaries and
other defects are present where the local density of
molecules is lower as compared to the 25% for the ideal
2
ÅÅÅ
3
p
⇥ 2

ÅÅÅ
3
p

monolayer. This leads to a slightly lower overall
coverage. When analyzing STM images of the monolayer
like the one shown in Figure 7A, a coverage of 22⌃5% is
obtained. As done before for IMe-NHO, the experimental
coverage of the IMe-NHO monolayer is additionally
determined on the basis of B 1s spectra shown in Figures 7F
and S10 giving a coverage of 21⌃5% in good agreement
with the STM results.

The Si 2p core-level was also measured. Spectra for the
IMe-NHO and IPr-NHO monolayers are shown in Fig-
ure S11 revealing changes in band banding upon molecule
adsorption.

It should be noted that our measurements strongly
suggest that the stable NHO coverage saturates at full
monolayers and no NHO multilayer growth occurs: first, in
STM we observe a very homogeneous height distribution for
the monolayers without any additional NHO islands on top.
All steps show heights corresponding to multitudes of single
Si(111) step heights. And second, the intensity in the C 1s

spectra measured for a series of NHO coverages shows a
clear saturation behavior (Figure S13).

NHC monolayers on silicon are characterized by a high
thermal stability and large work function reductions both
being important prerequisites for a successful application
e.g. in (opto)electronic devices.[19,20] To investigate if NHO
films on Si(111)-B exhibit similar or even superior proper-
ties, corresponding measurements and calculations were
performed.

The work function change is determined experimentally
by measuring the secondary electron onsets for the clean
Si(111)-B surface, for the IPr-NHO monolayer, and for the
IMe-NHO monolayer on Si(111)-B using XPS (see Fig-
ure S14). For the IPr-NHO monolayer, a reduction of 1.61⌃
0.19 eV with respect to clean Si(111)-B is found; a slightly
higher value of 1.71⌃0.19 eV is found for the IMe-NHO
monolayer. To understand how these values depend on the
different molecular coverages and adsorption geometries,
we compare them in Figure 8A with calculated work
function changes across a range of coverages (see Figure S4
for the corresponding geometries). The computed results

Figure 8. (A) Calculated work function reduction for NHO layers on
Si(111)-B as a function of molecular coverage per Si adatom, along
with experimental data. (B) Dipole moments of (left) gas-phase NHOs
and (right) adsorbed NHO fragments (i.e., molecules in the adsorbed
geometry, without substrate). In-plane (blue) and out-of-plane (red)
components are reported in debye. The total charge transfer ΔQ to the
surface (in millielectrons) is indicated.
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are found to be in good agreement with the measured data
at the corresponding coverages, indicating that the higher
measured work function reduction for the IMe-NHO
monolayer is simply due to its higher surface density.
Instead, for an equivalent coverage, the reduction is 40–
60% larger for IPr-NHO.

The different work function reductions can be explained
by considering the nature of the charge transfer and the
dipole formation at the NHO/silicon interface, as summar-
ized in Figure 8B. Firstly, adsorption of IPr-NHO leads to a
larger overall transfer of electrons to the surface (1.01
compared with 0.77 for IMe-NHO). As shown in Figure S6,
this induces a strong dipole centred at the Si�Cexo bond,
causing a potential drop. Secondly, the upright and flat-lying
binding geometries introduce different intrinsic dipoles at
the surface. While IPr-NHO has a smaller dipole moment
(1.42 D) than IMe-NHO in the gas phase, when adsorbed it
introduces a much larger dipole moment of 2.64 D along the
surface normal, with only a small lateral component induced
by the moderate tilt angle. In contrast, the IMe-NHO dipole
lies almost completely parallel to the surface plane so that
the out-of-plane dipole component is strongly reduced. As a
result, the impact on the surface work function is lower for
the smaller NHO. This behaviour is in stark contrast to the
corresponding NHCs, where a similar trend in the work
function reduction was found for both IMe and IPr.[19]

Indeed, both NHCs adsorb on Si(111)-B with similar upright
geometries.

Incidentally, the large in-plane dipole associated with the
adsorbed IMe-NHO geometry may help explain why
formation of large and dense ordered domains is not
observed. As shown in Figure S4, 33% corresponds to the
highest possible coverage for which the molecular dipoles
can align in a head-to-tail geometry. Instead, coverages of
50% or 75% necessarily feature head-to-head or side-on
alignments. Such dipole-dipole interactions are less fav-
oured, as suggested by the drop in average adsorption
energy (reported in Figure S4), and may further impact the
kinetic processes required for the formation of such dense,
ordered domains.

The high thermal stability of NHCs on metals[24,26,28,41]

and semiconductors[19] is another important property, also in
regard to possible applications of the films. Like in our
previous work on NHCs, we measured the thermal stability
of the IPr-NHO and IMe-NHO monolayers using the C 1s
core-level for several annealing steps between 100 °C and
250 °C (see Figure S15).

The IMe-NHO monolayer remains stable on the surface
up to temperatures of at least 150 °C, while only a slight
decrease in intensity assigned to desorption of some
molecules is observed. At higher temperatures, the spectral
shape changes considerably indicating a decomposition of
the molecules. For IPr-NHO, a similar behavior is observed
with the intensity staying almost constant and without
distinct changes in the spectral shape occurring up to 150 °C.
These observations are consistent with the computed
(average) adsorption energies at the monolayer coverages:
�1.68 eV for IMe-NHO at 33% and �1.90 eV for IPr-NHO
at 25% coverage per adatom. The thermal stabilities found

here are comparable to the values reported for NHCs on
metals and semiconductors, for which similar onsets of the
desorption in the range from 190–230 °C were
reported.[19,26,28]

These results demonstrate that the adsorption geometry
has a strong influence on the properties of the NHO
monolayers with upright molecules leading to larger changes
in the work function.

Conclusion

The adsorption behavior of two model N-heterocyclic
olefins on Si(111)-B was investigated in detail using STM,
XPS, and DFT. Both NHOs adsorb through an ylide binding
mode and form covalent bonds with substrate Si adatoms.
The adsorption geometries differ, however, depending on
the steric encumbrance of the N-substituents. The larger
IPr-NHO adsorbs in a vertical geometry leading to the
formation of ordered monolayers with 2

ÅÅÅ
3
p
⇥ 2

ÅÅÅ
3
p

perio-
dicity. Instead, IMe-NHO binds in a flat-lying geometry and
forms a slightly more tightly packed, but disordered,
monolayer. Both monolayers are characterized by large
workfunction reductions and good thermal stabilities, com-
parable to those of NHCs on surfaces. Our demonstration of
the first reported adsorption geometry of different NHOs on
a surface, together with the preferable interaction through
the ylide form to Si, will be of great prospect in designing
tailor-made ligand structures for future applications in
organic electronics and optoelectronics, catalysis, and mate-
rial science.
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