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ABSTRACT: N-heterocyclic carbenes (NHCs) have been established as
powerful modifiers to functionalize metal surfaces for a wide variety of energy

and nanoelectronic applications. To fundamentally understand and harness

NHC modification, it is essential to identify suitable methods to interrogate e
NHC surface chemistry at the spatial limit. Here, we demonstrate tip-enhanced Vo | U
Raman spectroscopy (TERS) as a promising tool for chemically probing the LA
surface properties of NHCs at the single-molecule scale. We show that with L k), o
subnanometer resolution, TERS measurements are capable of not only <y
unambiguously identifying the chemical structure of individual NHCs by 300K > . 300K
their vibrational fingerprints but also definitively determining the binding [g Ag(111) &
mode of NHCs on metal surfaces. In particular, by investigating low-
temperature NHC adsorption on Ag(111), our TERS studies provide insights
into the temperature dependence of the adsorption properties of NHCs. This
work suggests the potential of single-molecule vibrational spectroscopy for investigations of NHC surface modification at the
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most fundamental level.
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INTRODUCTION

Surface modification is a well-established strategy to function-
alize metal surfaces for applications in chemistry and
nanotechnology. Particularly, significant progress has been
made since the ground-breaking discovery of isolated N-
heterocyclic carbenes (NHCs).!-* As one of the most
versatile ligands for metal species, NHCs exhibit exceptional
structural diversity and significant chemical and thermal
stability, promising to replace thiolate ligands for surface
modifications in fields such as heterogeneous catalysis,
biosensing, (micro)nanoelectronics, and materials science.!~*
The realization of many NHC-based technological advances
and their full potential requires insight into underlying intrinsic
properties and microscopic mechanisms at the single-molecule
level. However, such information is critically obscured by
ensemble averaging inherent to macroscopic measurements or
limited chemical sensitivity in topographic imaging, leading to

discrepancies among literatures in the definition of the nature
of NHC binding to metals.”'>-"* Consequently, developing a
molecular-scale chemical picture of NHCs, which experimen-
tally necessitates both chemical specificity and spatial
resolution, is of eminent importance but remains to be
explored. One method to address this uses the plasmon-
enhanced Raman effect in the tip-sample junction of scanning
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tunneling microscopy (STM), that is, tip-enhanced Raman
spectroscopy (TERS). TERS couples the chemical specificity
of Raman spectroscopy with the spatial resolution of
STM,%-% allowing the surface chemistry of molecular species
to be interrogated on an individual level.?*-* In particular,
TERS proves an ability to address nonplanar (tilted or upright)
molecular configurations,*-3> which are generally ill-defined
by common surface imaging approaches.

Here, we used combined TERS, STM, and density
functional theory (DFT) to investigate the structure and
binding mode of NHCs on Ag(111) at the single-molecule
scale. Two model NHC molecules, 1,3-bis(2,6-
diisopropylphenyl)imidazol-2-ylidene (IPr) and 1,3-dimethyli-
midazol-2-ylidene (IMe) were studied (Figure 1a). Although
their intramolecular features were obscured in STM topo-
graphic images, TERS could identify the chemical nature and
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Figure 1. Single-molecule studies of NHCs on Ag(111) using TERS. (a) NHCs used in this study. (b) Schematic of experimental design and

setup. UHV: ultrahigh vacuum.
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Figure 2. Spectroscopically identifying the structure of single IPr molecules. (a) STM image of LT-deposited IPr on Ag(111). Scale bar
(inset): 2 nm. (b) TERS spectra measured at the sites indicated in the inset of (a). For comparison, the simulated TERS spectrum of IPr
(magenta) is also shown. (¢) Optimized geometry of IPr on Ag(111). (d) STM image of an IPr on Ag(111). Image size: 4.5 nm % 4.5 nm.

(e) Height (black) and TERS intensity (red) profiles along the red line in (d). Red dots and curve represent experimental data and Gaussian
fit, respectively. (f) Atomic displacements of the 873 cm-! vibrational mode in sectional (top) and plan (bottom) views. Bonded Ag atom is
not shown for clarity. STM conditions: (a) 0.7 V, 20 pA; inset: 2.0 V, 30 pA; (d) 2.0 V, 30 pA. TERS parameters: (b) 50 mV, 2 nA, 20 s; (e)

50 mV, 2 nA, 3 s per point with a step length of 0.17 nm.

adsorption geometries of single IPr and IMe by their
vibrational signatures with subnanoscale resolution. On this
basis, we revealed two distinctly different binding modes of
IMe on Ag(111), vertical IMe monomers deposited at low
temperature (LT) and flat-lying (IMe),Ag complexes formed
at room temperature (RT). These results demonstrate the
critical role that temperature plays in determining the
adsorption properties of NHCs, such as geometry, surface
mobility, and self-assembly. In addition to establishing TERS
as a promising analytic technique for surface modification, this
work offers molecular-level insights into NHC-metal inter-

actions, which contributes to the fundamental understanding
of NHC surface properties and the controlled design of new
NHC-related functional materials.

RESULTS AND DISCUSSION

Subnanoscale Chemical Identification of Single NHC
Molecules. We first show the chemical identification of
individual NHCs using TERS. LT deposition of NHCs on
Ag(111) was performed following the established procedure
(Figure 1b, see details in Methods) to avoid potential
molecular self-assembly and intermolecular interactions, thus
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Figure 3. STM topography of IPr on Ag(111) deposited at room temperature. (a, b) Consecutive STM images of RT-deposited IPr acquired
8 min apart on the same area, showing the topographic evolution of self-assembled NHC islands. (¢) STM image of full-monolayer IPr
molecules on Ag(111). STM conditions: (a) — 2.0 V, 52 pA; (b) - 1.0 V, 52 pA; (¢) 1.0 V, 15 pA.

allowing the intrinsic properties of single molecules to be
probed. The deposited NHCs on the surface were imaged as
stable isolated protrusions (Figure 2a), which conveys very
limited information about intramolecular features. More
critically, since STM imaging is based on the convolution of
topographic and electronic structures, the apparent height and
lateral size of NHCs are bias-dependent (Figure S1),
preventing the clear identification of NHCs solely by STM
topography.

Alternatively, STM-based TERS can circumvent these
challenges and identify adsorbed NHCs by detecting their
vibrational information at the single-molecule scale. As
displayed in Figure 2b, in comparison to the featureless
spectrum collected on the bare Ag(111) surface (cyan) or
when the tip is retracted from the surface (gray), multiple
enhanced Raman peaks (red) are observed when the
plasmonically active tip is engaged over a single protrusion
(Figure 2a, red plus). This spectral contrast allows us to
conclude that the observed Raman peaks result from the
species adsorbed on the surface. To elucidate our observations,
we performed a TERS simulation using DFT based on an
upright free-space IPr that is coupled with a silver atom
(Figure S2). Notably, the experimental Raman profile is
reproduced well by DFT simulations (Figure 2b, magenta; see
mode assignments in Figure S3), thereby identifying the
chemical nature of the measured protrusion as a single IPr
molecule. Furthermore, due to the surface selection rules of
TERS measurements (Figure S4),% the relative intensities of
vibrational modes in a TERS spectral profile are highly
sensitive to variations in the adsorption orientation of a
molecule on the surface.?? Consequently, the agreement
between experimental and calculated TERS verifies the
adsorption geometry of IPr on the surface as illustrated in
the inset of Figure 2b, that is, an upstanding adsorption on
Ag(111). These observations are further supported by the
optimized geometry of IPr on Ag(111) shown in Figure 2c,
which consistently reveals an upright binding configuration.
Significantly, the IPr covalently binds to a surface Ag atom and
pulls it partially out of the Ag(111) lattice (1.13 A), which is in
agreement with the reported adsorption geometry of IPr on
Cu(111).1

To gain more insight into the chemical structure of single
NHCs, we examined the exact evolution of TERS spectra
across a single IPr by performing sequential TERS measure-
ments along the line trace marked in Figure 2d. As an example,
the intensity profile for the Raman peak at 873 cm™ is
presented (Figure 2e, red). The intensity profile exhibits
spectral undulation inside the molecule, which is strongest at
the molecular edges (magenta arrows) and weakest at the

molecular center, providing much finer details compared to the
STM height profile (Figure 2e, black) acquired along the same
line trace. In fact, on closer inspection the 873 cm! mode is
dominated by vibrations of the isopropyl groups of IPr,
whereas those of the center imidazole ring contribute
minimally (Figure 2f), which accounts for the depression in
the TERS intensity profile. By contrast, the measured 1300
cm~! mode (theoretical 1286 cm™! mode), which is centered
on the cyclic ring (Figure S3), peaks in intensity in the middle
of the molecule (Figure S5). Moreover, the TERS profile in
Figure 2e indicates a chemical spatial resolution of ~0.48 nm
(within a 10-90% contrast). Given the measured lateral size of
IPr (~1.55 nm), such a high spatial resolution enables the
chemistry within an IPr molecule to be resolved.

In addition to low-temperature adsorption, the adsorption of
IPr on Ag(111) at room temperature was examined. Instead of
isolated single molecules, RT-deposited IPr at submonolayer
coverage results in self-assembled close-packed islands on
Ag(111) (Figure 3a). These IPr molecules show high mobility
on the surface, as demonstrated by varying surface top-
ographies in STM images (Figure 3a,b). These observations
are in excellent agreement with the investigation of RT-
deposited IPr islands on Au(111).” In particular, the formation
of IPr-Au adatom complexes on IPr islands was demonstrated
by their elevated height (0.24 nm) with respect to single IPr
molecules directly bound to the surface. Consistently, the
height of RT-deposited IPr islands on Ag(111) (0.45 nm) is
measured to be significantly larger than that of LT-deposited
single IPr molecules (0.25 nm) (Figure S6), thus demonstrat-
ing the presence of Ag adatoms underneath bound to upright
IPr molecules on islands. As opposed to stable single IPr
molecules directly bonded to Ag(111), the formation of IPr-
Ag adatom complexes at room temperature enables IPr to be
bound via a mobile adatom to the surface, which accounts for
the observed high on-surface mobility. Consequently, highly
ordered and hexagonal-dense-packed NHC monolayers are
readily achieved upon deposition of IPr at a full coverage, as
illustrated in Figure 3c.

Single-Molecule Spectroscopic Determination of the
Geometry of NHCs on Ag(111). In addition to identifying
the chemical nature of single NHCs, TERS can be used to
determine the varied adsorption geometries of an NHC
molecule. In contrast to IPr, the large side groups of which
force it exclusively into an upright adsorption configuration on
coinage metals,”!" IMe NHC possesses tiny wingtip groups
(methyl, Figure 1a), which is expected to have minimal effect
of steric hindrance and thus potentially adopts multiple
adsorption geometries on Ag(111). Herein, we first examined
LT-deposited IMe on Ag(111), which was found to share
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Figure 4. Chemically determining the geometry of IMe on Ag(111) deposited at low temperature. (a) STM topography of LT-deposited IMe
on Ag(111). Insets: STM images of low-coverage (top) and high-coverage (bottom) IMe molecules. Scale bars (insets): 1 nm (top) and 4 nm
(bottom). (b) Height profiles along the white arrow in the STM image, which was acquired with different biases as indicated. Scale bar: 1
nm. (¢) TERS of IMe (red) collected on the molecule indicated in the inset of (a). The simulated TERS spectrum of IMe (magenta) is also
shown for comparison. (d) Optimized geometry of IMe on Ag(111). STM conditions: (a) 1.5 V, 30 pA; inset: 2.0 V, 63 pA; (b) 2.0 V, 60 pA.

TERS parameters: (¢c) 30 mV, 2 nA, 15 s.

similar topographic features with IPr, i.e., appearing as stable
round protrusions (Figure 4a). Even at high coverage (Figure
4a, bottom inset), LT-deposited IMe on Ag(111) features
randomly dispersed single protrusions without complex
structures (e.g., dimers and trimers) or self-assembly observed.
Although STM imaging offers the primary topographic
information, the limited STM resolution and the bias
dependence of topographic parameters (Figures 4b and S7)
hinder unambiguous identification of the adsorption config-
uration of IMe on Ag(111).

A TERS measurement was then performed on a single
protrusion (Figure 4a, red plus), resulting in a distinct Raman
profile (Figure 4c, red). Three important observations can be
made. First, this TERS profile is mirrored nicely by the Raman
simulation of a free-space IMe coupled with a silver atom as
shown in Figure 4c (see mode assignments in Figure S8),
thereby corroborating the chemical nature of the measured
adsorbate. Second, despite their topographic similarity, the
TERS profile observed on IMe significantly differs from the
one acquired on IPr (Figure 2b, red), demonstrating the high
chemical specificity of TERS. Last and most importantly, the
excellent agreement between experimental and calculated
TERS demonstrates the molecular orientation on the surface
as illustrated in the inset of Figure 4c, that is, a vertical
adsorption of IMe on Ag(111).

The above experimental analysis is supported by the
calculated geometry of IMe on Ag(111) (Figure 4d). The
IMe is found to directly bind to a surface Ag atom at the top
site, lifting the bonded atom from its equilibrium position by

32121

0.35 A. Notably, an IMe-Au adatom complex configuration,
where the IMe-bonded surface Au atom is fully pulled out of
the surface forming a mobile adatom, has been reported for
RT-deposited IMe on Au(111).7 It is noteworthy that the
NHC-induced formation of surface metal adatoms is a
thermally activated process in which the free-energy barrier
is rather low at RT.” However, at temperatures well below RT,
e.g., the ones we used here for IMe deposition, there is not
enough thermal energy to generate an adatom, leading to a
directly bound configuration for LT-deposited IMe on
Ag(111) (Figure 4d). This scenario is consistent with the
immobility of LT-deposited IMe and the absence of molecular
self-assembly on Ag(111) (Figure 4a). The finding that LT-
deposited IPr and IMe exhibit the same adsorption properties
(e.g., upright geometry and low surface diffusion) regardless of
side group structure strikingly highlights the important impact
of LT deposition, which freezes out the possible conversion to
flat-lying geometries adopted particularly for NHCs with small
side groups,”!>-18 such as IMe.

Given that adsorption is a temperature-dependent process,
thermodynamic considerations are essential to comprehen-
sively identifying the adsorption properties of NHCs. To probe
potential variations in the adsorption properties of IMe with
temperature, we then deposited IMe onto Ag(111) held at RT.
At very low coverage, no molecules are visible on Ag(111)
terraces (Figure 5a), indicating a high mobility of IMe species
under the scanning condition (78 K). More molecular
deposition allows small self-assembled islands to be resolved
(Figure 5b). However, the blurred perimeter suggests
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instability and a dynamic nature of the molecular islands.
Given the stability of LT-deposited IMe molecules under the
same imaging condition (Figure 4a), this observation indicates
a different adsorption geometry of RT-deposited IMe. By
contrast, full-coverage IMe molecules were well resolved due to
spatial constraint and were found to self-assemble into
hexagonal close-packed lattices (Figure 5c).!> Close-up
inspection reveals a zigzag arrangement of flying shuttle-
shaped protrusions (Figure 5¢, inset), in sharp contrast to the
round protrusions observed on LT-deposited IMe (Figure 4a).
Notably, a bright dot is visible at the center of each protrusion,
which is further confirmed by two symmetric shoulders in the
height profile (Figure 5d, blue arrows) across a protrusion
(Figure 5¢, black arrow). Moreover, the height profile indicates
a length of ~1.02 nm along the long axis of a protrusion. This
measured size is much larger than that of a single IMe (0.62
nm, Figure 4d), hinting toward a dimer complex. Nevertheless,
we cannot completely rule out the possibility of elongated
protrusions being single IMe molecules due to the bias effect of
STM topography.

TERS was then carried out to contribute to determining the
adsorption geometry of RT-deposited IMe. Instead of a
monomeric IMe, the resulting spectrum acquired on RT-
deposited IMe (Figure 5e, red) is reproduced by the simulated
spectrum of an (IMe)Ag complex (see mode assignments in
Figure S9). Specifically, the complex consists of two flat-lying
IMe molecules that are covalently bound to a Ag adatom
extracted from the Ag(111) substrate (i.e., IMe-Ag-IMe).
Considering a free-space molecular complex used for the
Raman calculation, the excellent agreement between the

experimental and calculated TERS suggests a freestanding-
like behavior of (IMe),Ag complexes on Ag(111), consistent
with the high mobility of RT-deposited IMe (Figure 5a,b).
This observation can be rationalized by the calculated model
shown in Figure 5f. The center Ag atom of the (IMe)Ag
complex is lifted off the surface (away from its equilibrium
position by 0.29 nm) and thus behaves as a free adatom, in
stark contrast to the surface Ag atoms that LT-deposited
NHCs were found to bind to (Figures 2c and 4d).

The striking conversion from stable vertical IMe monomers
deposited at LT to mobile flat-lying (IMe)2Ag complexes
formed at RT indicates that the formation of the latter results
from a thermal activation effect. It has been well documented
that the structure of side groups plays a critical role in
determining the binding mode of NHCs on metal
surfaces.”1617 Notably, the present study underlines temper-
ature as another critical factor controlling NHC geometry and
interfacial characteristics. From an application viewpoint, such
insight into the temperature-dependent adsorption properties
of NHCs contributes to understanding and tuning NHC
modifications for device applications implemented in varied
conditions.

CONCLUSIONS

This study demonstrated how STM-based TERS can chemi-
cally probe surface modifications at the single-molecule level
by determining the structure and geometry of individual NHCs
on a metal surface. We showed that, despite their topographic
similarity in STM images, individual IPr and IMe molecules on
Ag(111) can be identified by their spectroscopic signatures
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obtained by single-molecule TERS. Furthermore, the temper-
ature-dependent adsorption behaviors of NHCs can be
determined via STM observations and TERS measurements
combined with theoretical modeling. We found that LT-
deposited IPr and IMe are stable on Ag(111) in the form of
upright single molecules directly bound to surface sites. By
contrast, RT-deposited IPr and IMe move readily on the
surface due to the formation of highly mobile vertical IPr-Ag
adatom complexes and quasi-freestanding flat-lying (IMe),Ag
complexes, respectively. These results deepen the under-
standing of NHC surface properties and phenomena at the
most fundamental level. Lastly, we expect that the established
methodology based on single-molecule vibrational spectrosco-
py will arouse extensive interest in NHC chemistry and be
hopefully generalizable to the other fields in surface
modification.

METHODS

Sample Growth. All experiments were carried out inside an
ultrahigh vacuum (UHV, ~10-1 Torr) variable-temperature scanning
tunneling microscopy (VI-STM) system (USM1400, UNISOKU
Co., Ltd.) combined with a home-built optical setup. All sample
growth was done in a preparation chamber (~10-10 Torr) which is
separated from the STM chamber by a gate valve. Ag(111) foils
grown on mica (Princeton Scientific) were prepared by repeated
cycles of Ar* ion sputtering followed by annealing up to ~810 K. IPr
and IMe molecules (>98% purity, Millipore-Sigma) were deposited
via a standard Knudsen cell (ACME Technology Co., Ltd.) onto
Ag(111) foils held at RT or LT. For LT deposition, we placed the
Ag(111) substrate into the STM head and kept it for 1 h to reach 78
K. Then, we transferred the substrate to the UHV loadlock chamber,
deposited NHCs from the K-cell onto the cold Ag(111) substrate and
reinserted the substrate into the STM head. These procedures were
finished within less than 2 min. Although we cannot exactly determine
the temperature of the substrate during deposition, we estimate that it
is below 150 K according to the observation of the maximum
temperature (81 K) at the STM head after reinserting the cold
sample.

STM and TERS Characterization. All STM and TERS
characterizations were performed at liquid nitrogen temperature (78
K) using Ag tips prepared via an electrochemical etching process and
cleaned in UHV by Ar* ion sputtering. All STM images were acquired
in constant-current mode. A 561 nm solid-state CW laser (Lasos
Laser GmbH) polarized parallel to the Ag tip was utilized as the
incoming photon source for TERS experiments and the outgoing
Raman signals were detected by an iso-plane SCT320 spectrograph
(Princeton Instrument) coupled with a Princeton Instrument PIXIS
100 CCD. The detailed home-built optical setup has been pictured in
our previous publication.34% Significantly, in-vacuo lenses are
positioned in close proximity to samples (and the tip) for maximum
collection efficiency, which is crucial to chemically sensing single
molecules. Specific STM imaging and TERS measurement parameters
have been indicated in the main text (figure captions).

Computational Details. The VASP package was employed to
perform DFT calculations with the projector augmented wave
pseudopotentials®” and the Perdew-Burke-Ernzerhof generalized
gradient approximation.® The van der Waals (vdW) interaction was
included by using a nonlocal correlation functional. %40 An energy
cutoff of 400 eV was used for the plane-wave basis set. Only the T-
point in the Brillouin zone was used considering the large size of the
supercell. We employed a four-layer slab with a (8 x 4) unit cell for
the Ag(111) surface. The atoms in the top two layers were fully
relaxed while the rest of the atoms were fixed in their equilibrium
positions, The force convergence criterion for atomic relaxation is
0.01 eV/A. The phonon modes of the free-space IPr and IMe were
obtained by solving the eigenvalue problems of a dynamical or
Hessian matrix based on density functional perturbation theory
calculations.*! Time-dependent DFT (TDDFT) calculations*? were

employed to determine the Raman intensity of the free-space IPr and
IMe molecules.
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