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THE BIGGER PICTURE Single-molecule insight into the nature of ligand binding to metals forms the founda-
tion for harnessing organic modification for a variety of energy and nanoelectronic applications. Here, we use
advanced nanospectroscopic methods to study the modification of a two-dimensional metal via
N-heterocyclic carbenes (NHCs). We are able to generate sub-nanometer-resolved optical and electronic
spectra to determine the chemical fingerprint, adsorption configuration, interfacial interaction, and local
work function information of individual NHCs. This work paves the way for investigating single-molecule
NHC chemistry, which is critical to understanding and controlling the fundamental properties and functions
of NHC-modified materials. Significantly, we establish combined single-molecule optical/electronic spec-
troscopies as a promising methodology to study surface modification at the spatial limit.

SUMMARY

N-heterocyclic carbenes (NHCs) have recently proven to be powerful ligands for planar surface modification
in terms of chemical and electronic properties due to their structural diversity, property tunability, and high
affinity for a diverse array of elements. However, the utilization of NHCs for planar surface modification has
almost exclusively been limited to bulk substrates. Here, we investigate the adsorption of NHCs on a two-
dimensional (2D) metal (i.e., borophene) using combined single-molecule optical/electronic spectroscopy.
Tip-enhanced Raman spectroscopy reveals two distinct interfacial states between individual NHCs and bor-
ophene, which correspond to covalent (boron-carbon bonding) and van-der-Waals-type interactions.
Furthermore, the impact of NHC modification on borophene’s electronic properties is demonstrated by local
work function reductions, as measured by scanning tunneling spectroscopy. In addition to providing novel
insight into NHC-substrate interactions in the 2D regime, this study opens up an avenue for investigations

of single-molecule NHC chemistry.

INTRODUCTION

The discovery of the first isolated and stable N-heterocyclic car-
bene (NHC) initiated intensive research on this class of ligands
along with an explosive increase in their utilization across multi-
ple fields of academia and industry."? The extensive interest
arises from the well-established high affinity of NHCs toward
various metal species (from nanoscale to bulk) and their superior
stability compared with other reagents (e.g., thiols).>* Recently,
NHCs have found new applications in surface chemistry, serving
as molecular modifiers for planar surfaces.®~'® Due to their high
structural modularity and functional versatility, NHCs promise to
impart tailored chemical reactivity and electronic properties to
planar surfaces for applications in heterogeneous catalysis and
nanoelectronics.'*

Thus far, NHC-modified planar surfaces have primarily been
studied in the context of bulk materials (e.g., transition metals,
semiconductors, and metal oxides).'®'® As one of the most
investigated classes of materials, two-dimensional (2D) mate-
rials show unique structures and exotic properties distinct from
those of their bulk counterparts. Nonetheless, little attention
has been devoted to the NHC modification of 2D materials
despite its promise for realizing the full potential of 2D mate-
rials.’®?° As a 2D metal, monolayer boron (i.e., borophene) has
been realized recently with intriguing physical and chemical
properties.?"?? In particular, borophene boasts extraordinary
flexibility and thus high responsiveness due to its atomic thin-
ness and the unique nature of boron-boron bonds,”® which
makes it an ideal platform to investigate delicate interfacial inter-
actions with molecules.?* Significantly, the study of the
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Figure 1. NHC adsorption on metals
(A) NHCs used in this work.
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(B) Established recipe of vacuum deposition of NHCs on metal surfaces. NHC adsorption on bulk metals has been extensively investigated; by contrast, the
interaction between NHCs and 2D metals, as studied in this work, is yet to be explored.

adsorption of NHCs on borophene could provide new insight into
the interaction of NHCs with metals.

On the other hand, we believe that investigating NHCs on the
single-molecule level will promote in-depth understandings of
their intrinsic properties by revealing microscopic behaviors
and mechanisms that are otherwise obscured in ensemble-aver-
aging measurements. Despite their importance, single-molecule
studies of NHCs remain largely unexplored due to the demand
for ultrahigh chemical/energy spatial resolution. One promising
approach to address this challenge is to use single-molecule op-
tical/electronic spectroscopy, such as tip-enhanced Raman
spectroscopy (TERS) and scanning tunneling spectroscopy
(STS). In particular, TERS couples the chemical specificity of
Raman spectroscopy with the spatial resolution of scanning
tunneling microscopy (STM),?>-?” enabling the chemical interro-
gation of single molecules and their interactions with local nano-
environments.?#?4-3* Combined with single-molecule STS
measurements, TERS promises to provide a paradigm for sin-
gle-molecule studies of NHCs.

RESULTS AND DISCUSSION

Herein, we present a single-molecule spectroscopic study of
NHCs on borophene using combined TERS, STM, STS, and
density functional theory (DFT). For comparative analysis,
two archetypal NHC molecules, 1,3-dimethylimidazol-2-ylidene
(IMe) and 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene (IPr),
were used to tune the NHC-borophene interaction (Figure 1A).
Borophene is composed of a monolayer triangular boron lattice
modified by periodic networks of hollow hexagons.®**% Elec-
tronically, borophene is demonstrated to be metallic,?'-?*> estab-
lishing it as the lightest 2D metal. In this study, we employed one
of the polymorphs of borophene (i.e., vis phase, Figure S1) as
the substrate for NHC growth,???*3 which was prepared by
electron-beam evaporation of boron atoms from a boron rod
onto Ag(111) surfaces (see methods).?"?? Notably, the STM
topography of borophene is bias-dependent (Figure S1), mean-
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ing single layers of borophene can be imaged as islands or de-
pressions with respect to Ag surfaces depending on the applied
sample biases.®?

Growth and characterization of IMe on borophene
Following the established recipe of ultrahigh vacuum (UHV)
deposition of NHCs (Figure 1B),%'>"” we removed the —CO,
mask groups of IMe—CO, adducts by UHV heating and then
deposited the resultant free IMe onto borophene. In particular,
the substrate was kept at a low temperature during molecular
deposition to allow for the formation of isolated single molecules
on the surface (see methods). Figure 2A shows a borophene is-
land on Ag(111) following low-coverage IMe deposition. In addi-
tion to the Ag(111) surface (Figure S2A), isolated IMe molecules
are observed to adsorb onto the terrace and edge of the boro-
phene island. Individual IMe molecules on borophene appear
as round protrusions, implying free molecular rotation around
an axis perpendicular to the borophene plane.? At high cover-
ages, local stripe-like molecular arrangements are present (Fig-
ure S3), although no large-scale self-assembled monolayers
are observed, suggesting the relatively low mobility of IMe on
borophene.

As shown in Figure 2B, the energetically favorable structure
established in DFT modeling reveals an upright adsorption of
IMe on borophene. Remarkably, the adsorption of IMe lifts a bor-
ophene boron atom from its crystallographic position by a height
of 1.0A". Consequently, a single B—C bond is proposed between
the lifted boron atom and the carbene carbon atom, which ac-
counts for the free molecular rotation. The covalent binding na-
ture of IMe on borophene is additionally supported by the
extraordinarily high thermal stability of IMe—B complexes up to
at least 3000C (Figure S4). Notably, NHC adsorption on gold sub-
strates generally leads to the formation of Au adatoms and re-
sulting NHC—Au adatom complexes on the surface,®%'° which
is responsible for the high surface mobility of NHCs. In contrast
to this scenario, the strong covalent bonds between boron
atoms in borophene prevent the IMe-bonded boron atom from
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Figure 2. IMe adsorption on borophene
(A) STM image of single IMe molecules on bor-
ophene supported on Ag(111).
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being pulled laterally out of borophene, i.e., forming an adatom
on the surface. As a result, “free” IMe—B adatom complexes
are absent therein, which is consistent with the observed poor
mobility of IMe on borophene.

To substantiate the above theoretical analyses, TERS was em-
ployed to probe the interaction between IMe and borophene. The
schematic TERS setup used in this study is illustrated in Figure S5.
Specifically, the Raman scattering of a molecule underneath the
STM tip can be significantly enhanced by a highly localized and
intense enhanced electromagnetic field (“hot spot”), which is
generated by local surface plasmon resonances at the Ag tip’s
apex under laser illumination. In contrast to STM, which is ideally
suited for investigations of planar molecules, the ability of TERS to
obtain spatially resolved vibrational information particularly excels
in addressing supported nonplanar structures and tilted (or up-
right) geometries,®”*' e.g., classical NHC-metal complexes.
Significantly, the sub-nanometer spatial resolution of TERS makes
it possible to quantitatively probe many fundamental chemical
properties at the single-molecule level.?43241-44

As shown in Figure 2C, a featureless spectrum is acquired
when the tip is retracted from the substrate (blue) or parked
on the bare borophene surface (green), indicating the cleanli-
ness of the tip for TERS measurements. By contrast, a distinct
spectral profile (red) is observed upon placing the tip on top of
the isolated molecule (see additional spectra in Figure S6),
which arises from multiple molecular Raman modes. Raman
simulations were then carried out based on the optimized

250 200 150
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(B) Optimized adsorption geometry of IMe on bor-
ophene in side and top views.

(C) TERS spectra measured above a single IMe (red)
and bare borophene (green). The simulated Raman
spectrum of an IMe on borophene (black) is pre-
sented for comparison. Scale bar: 1 nm.

(D) TERS spectra consecutively collected along the
line trace indicated in the STM image. Scale bar:

1 nm.
STM conditions: (A) 3.5V, 30 pA; (C) 1.0V, 15 pA; (D)
1.0 Vv, 30 pA.

TERS parameters: (C) 0.1V, 1.0nA,5s.(D)0.6 V,0.7
nA, 5, with a step length of 3.0 A .

adsorption geometry of IMe on boro-
phene. Overall, the calculated Raman
spectrum (Figure 2C, black) reproduces
the measured Raman profile well (see
detailed analysis in Figure S7). The small
mismatch could stem from the fact that
our simulation was based on a free-stand-
ing borophene without considering the
strong charge-transfer interaction be-
tween borophene and Ag(111),*> which
would have an influence on the Raman
modes of IMe covalently grafted on boro-
phene. Significantly, the agreement be-
tween the theoretical simulation and
experimental observation validates the adsorption configura-
tion shown in Figure 2B.

Furthermore, to gain insight into the impact of IMe adsorption
on the structural properties of borophene, we present Raman
spectra consecutively acquired along a line trace across the
interface between an IMe and borophene (Figure 2D). Two
important observations can be made. First, the 189 cm-’
peak, which has been assigned to the characteristic Raman
mode (B3,) of pristine vy borophene (Figure S8A),%%24¢ is
consistent across the molecular interface, suggesting that the
adsorption of IMe does not lead to a detectable phonon shift
of borophene. Second, a new peak located at 221 cm-' is
observed on the IMe-adsorbed borophene area (positions 6
and 7), along with a low-energy peak at 189 cm-' that appears
consistent with those of the pristine borophene shown in posi-
tions 1-5.

To elucidate these observations, Raman simulations of IMe-
modified borophene were carried out. It was found that IMe-
induced local buckling of the borophene lattice gives rise to
two new phonon modes located at 185 and 217 cm-', which
agree excellently with the observed Raman peaks (189 and
221 cm-') on IMe-adsorbed borophene. As illustrated in
Figures S8B and S8C, these two phonon modes correspond to
predominantly vertical atomic displacements, in line with the sur-
face selection rules of TERS.*"*® In particular, the 185 cm-"
mode is very close in energy to the B%g mode of pristine boro-
phene (186 cm-', Figure S8A), which makes them hardly
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(A) STM image of a borophene island on Ag(111) following IPr deposition. The borophene island indicated by a dashed-line polygon is imaged as a depression.
(B) TERS spectra acquired on an isolated IPr molecule (red) and bare borophene surface (green). For comparison, the simulated Raman spectrum of an IPr on

borophene (black) is also displayed. Scale bar: 2 nm.

(C and D) Side (C) and top (D) views of the energetically favorable adsorption geometry of IPr on borophene.
(E) Plots of TERS line scans along the tip traces indicated in the STM image. The red tip trace crosses an IPr molecule on borophene. Blue dashed lines are placed

over TERS spectra to lead eyes.
STM conditions: (A) -1.0 V, 120 pA; (B) 1.2V, 34 pA; (E) 3.0 V, 100 pA.

TERS parameters: (B) 0.1V, 1.0nA, 10s; (E) 0.1V, 1.5nA, 5 s, with a step length of 4.5 A

distinguishable from each other, in agreement with the apparent
consistency of the 189 cm-' peaks in TERS profiles (Figure 2D,
positions 1-8). Significantly, the most intense atomic displace-
ments of the 217 cm-' mode are highly localized underneath
the IMe (Figure S8C), consistent with the observed spatially local
enhancement of the 221 cm-' mode at positions 6 and 7. These
results demonstrate IMe-induced atomic-scale lattice variation
and phonon modes of borophene, underlining the effect of
NHC modification on the local structural and chemical properties
of 2D materials.

Growth and characterization of IPr on borophene

To tune the NHC—borophene interaction and gain insight into
the influence of NHC structures on adsorption behaviors, we
next investigated the adsorption of IPr on borophene. With
much larger side groups compared with IMe, IPr is expected
to exhibit a different adsorption geometry and strength on bor-
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ophene. As shown in Figure 3A, the Ag(111) surface is dotted
with single molecules following low-coverage IPr deposition
(Figure S2B). In addition, IPr molecules are observed to selec-
tively adsorb to the edge of borophene islands (Figure S9),
which is most likely attributed to the distinct electronic proper-
ties therein arising from low-coordinated boron sites. By
contrast, the borophene plane is found to be inert to molecular
adsorption, implying a relatively weak interaction of borophene
with IPr compared with IMe. Notably, similar preferential
adsorption onto metal surfaces rather than 2D materials grown
on them has been predominately observed for organic mole-
cules that feature non-bonding coupling with substrates.?*4%:50
Furthermore, the zoomed-in image illustrates that IPr on boro-
phene appears as an elongated protrusion (Figure S10), in
sharp contrast to borophene-adsorbed IMe that is imaged as
a round protrusion (Figures 2C and 2D). This observation hints
toward the lack of free molecular rotation and a distinct
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adsorption configuration of IPr on borophene. More IPr deposi-
tion allows for a high coverage of molecules adsorbing to bor-
ophene surfaces. Randomly distributed single molecules rather
than well-ordered molecular patterns are predominant on bor-
ophene (Figure S11), indicating the ill-defined registry of IPr
with borophene due to their weak interfacial interactions. The
weak coupling of IPr with borophene is also supported by its
poor thermal stability (Figure S12).

To chemically determine the detailed adsorption geometry of
IPr that is obscured in STM images, TERS measurements were
conducted. Figure 3B presents the Raman spectrum (red) ac-
quired on a single IPr on borophene with a distinctly different
spectral profile from that of IMe. Again, when the tip is moved
to the molecule-free area on borophene or withdrawn from the
surface, the spectral features disappear (green and blue
spectra), unambiguously verifying that the TERS signal observed
in the red spectrum results only from the molecule on boro-
phene. We then performed Raman simulations based on the
optimized adsorption geometry of IPr on borophene shown in
Figures 3C and 3D. Notably, the simulated spectrum (Figure 3B,
black) matches with the measured one nicely (see detailed anal-
ysis in Figure S13), validating the theoretically established
adsorption geometry. In particular, the bulky wingtip (alkyl)
groups force IPr into an upright adsorption geometry due to
strong steric hindrance, where the carbene carbon is located
too far from the borophene surface to directly bond to a boron
atom. Instead, the borophene lattice interacts with the H atoms
from the —CHs groups at a short distance, around 2.8 A* . Given
that the van der Waals (vdW) radii of B and H are 1.92 and
110 A", respectively,®' such a short B§$$H distance contributes
significantly to the dispersion energy and interfacial interaction
strength. As a result, a notable atomic corrugation (0.8 A™) of
the borophene lattice is visible (Figures 3C and 3D), which is
consistent with the 2D nature and high bending flexibility of bor-
ophene.?>?* This structural feature is in stark contrast to the one
observed on IMe-modified borophene (Figure 2B), where the
borophene surface in the vicinity of adsorbed IMe remains flat
owing to the minimal steric repulsion from the small side groups.
In addition, the interfacial vdW interaction and the absence of a
single bond between IPr and borophene prevent free molecular
rotation, which is consistent with the elongated shape of IPr
observed in STM images (Figure S10).

To further shed light on the interfacial characteristics of IPr
with borophene, we carried out TERS line scan measurements.
Figure 3E displays how TERS spectra of borophene evolve
across bare and IPr-adsorbed borophene surfaces with a
step length of 4.5 A Excellently consistent spectral profiles
(green) are observed along the tip trace (green) over the clean
borophene area, suggesting the stability and reliability of the
tip. By contrast, the 189 cm-' peak of pristine borophene shifts
to 195 cm-! with reduced TERS intensities as the tip ap-
proaches the immediate vicinity of an IPr (red spectra). The
blue shift of the monitored borophene phonon is indicative of
compressive strain of the borophene lattice, which results
from the dispersion interaction between IPr side groups and
borophene, as demonstrated in a previous study for an
organic/borophene junction.?* Interestingly, the line profile
analysis reveals that this lattice deformation occurs within

¢? Cell’ress

~27 A in length around the molecule, meaning the NHC-
induced strain of borophene is not localized just underneath
the IPr but propagates outward beyond the molecular site,
which is perfectly mirrored by the optimized geometry shown
in Figure 3D. These results demonstrate that single-molecule
chemical studies using TERS can not only identify individual
NHCs chemically via their vibrational fingerprints but also,
more significantly, probe their interaction with substrates quan-
titatively in virtue of the interface sensitivity and sub-nanoscale
spatial resolution of TERS measurements.

In addition to borophene, we note that NHCs have been
recently used to modify metal-supported graphene.?’ Particu-
larly, the employed NHC molecule has side groups (isopropyl)
larger than those of IMe but smaller than those of IPr. Interest-
ingly, the NHC adsorbs to graphene with a strong vdW interac-
tion and an additional weak C—C bonding interaction, apparently
mixing the manners in which IMe and IPr interact with boro-
phene. This comparative analysis indicates the complex and
delicate role that the structure of side groups plays in deter-
mining the binding modes of NHCs.

LWF characterization of NHC-modified borophene

In addition to structural and chemical properties, the modifica-
tion of electronic properties is central to using NHC chemistry
to functionalize metal surfaces.>* Here, we employed work
function measurements as a sensitive diagnostic of surface
modifications to provide insight into the electronic influence of
NHC adsorption on borophene. Instead of ultraviolet or X-ray
photoelectron spectroscopy that provides ensemble-averaged
work function information,'”*> we used STS-based field-emis-
sion resonance (FER) spectroscopy to measure local work func-
tions (LWFs) at the single-molecule level. As illustrated in Fig-
ure 4A, when a high electric field exceeding the sample LWF is
applied to the STM junction, electrons tunnel from the tip through
a rounded triangular barrier (namely, Fowler-Nordheim
tunneling), leading to a sequence of FERs numbered by n = 1,
2, . This resonant tunneling only occurs when the applied po-
tential energy (eVs) matches with the n'" FER. Therefore, the en-
ergies (eVs) contain the contribution of the sample LWF (f). To a
first approximation, the sample LWF can be estimated by the en-
ergy of the first FER (n = 1).

To measure and compare the LWFs of molecule-free and IMe-
adsorbed borophene surfaces, we recorded d//dV tunneling
spectra at the same constant current. The spectra were collected
below 6 V, as IMe tends to decompose or deform at higher biases
(Figure S14). As shown in Figure 4B, two groups of peaks corre-
sponding to FERs are observed above 4 V. Note that the peaks
below 3 V are not correlated with FERs due to their insufficient en-
ergies for field emission. The spectra clearly demonstrate that the
peak energies at each quantum number n on IMe-adsorbed bor-
ophene are smaller than those of pristine borophene, suggesting
a reduced LWF due to NHC modification. The band shift
observed on the first FER (n = 1) represents the relative variation
of the work function between borophene surfaces with and
without NHC modification (Dfﬁ’,;jl’é = 0.146 eV, see statistics in
Figure S15), which is in excellent agreement with DFT calcula-
tions (DfSFL = 0.144 eV, Figure S16). It is noteworthy that work
functions are highly dependent on the coverage of surface
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Figure 4. Local work function measurements

of NHC-modified borophene

(A) Schematic energy alignment in a tip-sample
junction in the field-emission resonance (FER)
regime. Evac, vacuum level; Er, Fermi level; Vs,
> sample bias; f, sample work function; n, quantum
number of FERs.

(B) FER spectra acquired on an IMe molecule and
bare borophene surface, suggesting a local work
function reduction of borophene due to IMe modi-
fication. Scale bar: 1 nm.
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adsorbates.’>*® The fact that only a single NHC molecule
was involved in our measurements and calculations
accounts for the small variations in LWFs, in contrast to those
reported for surfaces modified by macroscopic populations of
NHCS.17'52

To further corroborate NHC-induced LWF changes, we per-
formed apparent barrier height (ABH) measurements that sense
surface potential. Although it is hard to quantitatively relate
ABHs to sample LWFs due to the dependence of ABHs on
both sample and tip work functions, as well as complex barrier
shapes, ABHs have been demonstrated to correlate positively
with LWFs.>*% By modulating the tip-sample separation z
and measuring the resultant variation of the tunneling current
I (i.e., din//dz), ABHs can be determined based on the following
relationship: din//dzf-2k, k = (2mf,)"?/-, where m is the elec-
tron mass and f, is the ABH.%® The ABHs calculated from the
slopes in Figure 4C using the equation above demonstrate that
the adsorption of IMe lowers the work function of borophene,
consistent with the LWF variations determined by FER mea-
surements and DFT calculations. In particular, by recording
din//dz during constant-current imaging, the ABHs (reflecting
the relative LWFs) of pristine and IMe-modified borophene
can be directly visualized. It is clearly shown in Figure 4D that
the work function of borophene surface decreases in regions
where IMe molecules are deposited.

Moreover, due to its distinct adsorption geometry as opposed
to IMe, IPr is likely to impart different electronic properties to bor-
ophene. As illustrated in Figure S17, although a single IPr also
leads to a decrease in the LWF of borophene, the reduction is
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Sample Bias (V)

3 4 5 & (C) Apparent barrier height (ABH, fa) measurements

of pristine and IMe-adsorbed borophene. Dots and
lines represent experimental data and linear fits,
respectively.

(D) Topography (top) and simultaneously acquired
ABH (bottom) images of IMe-adsorbed borophene
by recording the z derivative of the logarithm of the
tunneling current /. Scale bars: 2 nm.

STM conditions: (B) 1.5V, 30 pA; (D) 30 mV, 1 nA.

24A

considerably smaller than that caused by

a single IMe, which is well supported by

DFT calculations (DfRfT = 0.080 eV,

Figure S16). This result is rationalized by

Lo the minimal charge transfer and interfacial

dipole between IPr and borophene due to

the lack of coordination of the IPr non-

bonding electron pair to the borophene

surface.®” Consistently, the dependence of work function modi-

fication on the structures of NHCs has been established for

NHC-adsorbed gold and silicon surfaces.'”*> Given the struc-

tural diversity and modularity of NHCs, the rational choice and

controlled variation of NHCs is expected to provide the opportu-
nity to tailor-make work functions.

Conclusions

With combined TERS and STM/S measurements and DFT calcu-
lations, we have revealed the interactions of model NHCs with a
2D metal at the single-molecule level. In particular, we described
the critical role of side groups in determining the binding mode of
NHCs, as demonstrated by the distinct interfacial characteristics
of single IMe and IPr on borophene and the resultant different
LWF reductions. This study expands the scope of NHC-based
surface modification to the realm of 2D materials and deepens
the understanding of the nature of NHC binding to metals. This
novel insight into the interaction of NHCs with borophene is ex-
pected to inform future efforts aimed at modifying and function-
alizing a variety of other 2D materials for energy and electronic
applications. In addition, with outstanding subsurface sensitivity
and sub-nanometer resolution, single-molecule optical/elec-
tronic spectroscopic characterizations depict how NHC chemis-
try can be investigated at the most fundamental level by probing
the intrinsic properties of individual NHC molecules and their ef-
fects on local environments. This, combined with probe-based
molecular manipulation, allows a prospect of understanding,
tuning, and controlling NHC chemistry and, more broadly, sur-
face chemistry at the spatial limit.
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EXPERIMENTAL PROCEDURES

Methods

Sample growth

All sample growth was performed in a commercial UHV preparation chamber
(~13 10-"°torr) equipped with a standard molecular beam epitaxy setup. The
Ag(111) surface was cleaned by repeated cycles of Ar* ion sputtering followed
by annealing up to ~820 K. Borophene was prepared by electron-beam evap-
oration (ACME Technology) of a boron rod (99.9999% purity, ESPI Metals)
onto the clean Ag(111) surface, which was held at 673 K. Borophene coverage
was controlled by the duration of boron deposition using a fixed evaporation
flux. Typically, a duration of 15-30 min can achieve sub-monolayer coverage.
NHC molecules (>98.0% purity, Millipore-Sigma) were deposited via a stan-
dard Knudsen cell (ACME Technology) onto borophene/Ag(111) samples
that were kept at low temperature. The evaporation temperature of NHC—
CO2 adducts was in the range of 315-333 K, which allows the desorption of
CO2 mask groups and thus the deposition of free NHCs on surfaces. For
low-temperature deposition, the borophene sample was first cooled down
to ~78 K on the STM stage (1 h) and then transferred quickly to the load-
lock chamber for NHC deposition. The as-grown NHC/borophene/Ag(111)
sample was immediately returned to the STM stage for characterizations.
The whole transfer process typically takes 1-2 min, allowing the substrate to
be kept at temperatures far lower than room temperature.

STM/S and TERS characterizations

All STM/S and TERS characterizations were carried out under 78 K using
chemically etched Ag tips in a UHV variable-temperature STM system
(USM1400, UNISOKU) coupled with a home-built optical setup. All STM im-
ages were obtained in constant-current mode. A 561 nm solid-state contin-
uous-wave laser (Lasos Laser GmbH), polarized parallel to the Ag tip, was
used as the excitation photon source with a laser power of 6 mW for TERS ex-
periments. In-vacuo lenses are built inside the STM chamber and positioned in
close proximity to the tip, allowing for optimal laser spot focusing and
maximum collection efficiency, which is significantly beneficial to achieving
single-molecule sensitivity. A detailed description of our home-built optical
setup is available in our previous publications.®”*® Specific STM and TERS
measurement parameters have been included in the figure captions. To
conduct FER spectroscopy, a lock-in amplifier was used to generate a
30 mV bias modulation at ~980 Hz and to obtain differential conductance while
the sample bias was swept from 0.4 to 6 V with a closed (active) feedback loop.
For ABH (f.) measurements, a tiny oscillation ~0.5 A of z-piezo was produced
by the lock-in amplifier, which resulted in a modulation (dIn//dz) of the tunneling
current /. Using the equation fa(eV) = 0.952[dInI(A)/dz(A# )2, where units are en-
closed in parentheses, the ABHs of pristine and NHC-modified borophene can
be determined by obtaining the slope of the linear fit of In/ with z.

Theoretical models

DFT simulations were performed to calculate the adsorption of IMe and IPron
the v156 borophene, which was modeled with a supercell consisting of (10 3 6)
unit cells. The DFT calculations were carried out using the VASP package®
with the projector augmented wave pseudopotentials®™ and the Perdew-
Burke-Ernzerhof generalized gradient approximation.®' An energy cutoff of
400 eV was used for the plane-wave basis set. Only the G-point in the Brillouin
zone was used considering the large size of the supercell. The van der Waals
interaction was included by using a non-local correlation functional.52%* All
atoms were fully relaxed with the force convergence criterion being 0.01 eV/
A" . The phonon modes of the adsorbed IMe and IPr on borophene were ob-
tained by solving the eigenvalue problems of a dynamical or Hessian matrix
based on density functional perturbation theory calculations.® Time-depen-
dent DFT calculations®® were employed to determine the Raman intensity of
adsorbed IMe and IPr molecules. The work functions were determined by
the difference between the vacuum potential and the Fermi level of pristine
borophene, IMe-adsorbed borophene, and IPr-adsorbed borophene.
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Figure S1. Atomic structure and STM topography of borophene used for NHC deposition.
(A) Schematic of NHC deposition on borophene supported on Ag(111).

(B and C) Top (B) and side (C) views of the atomic structure of vi1/s borophene.

(D) Bias-dependent STM topography of vi/s borophene on Ag(111) imaged with the same
tunneling current (30 pA) but different sample biases as indicated.



Figure S2. STM images of IMe (A) and IPr (B) deposited on Ag(111) at low temperature.
The adsorption of NHCs on pristine Ag(111) surfaces without borophene was initially
examined. The deposited NHCs, either IMe or IPr, were found to adsorb onto Ag(111)
terraces as isolated single molecules. These observations are in sharp contrast to the
previous studies of NHCs on coinage metals deposited at room temperature, where NHCs
tend to self-assemble into ordered molecular patterns.!3



Figure S3. High-coverage IMe molecules on borophene.
Local linear molecular arrangements on borophene are indicated with boxes.
STM conditions: (A) 1.5V, 20 pA; (B) 1.5V, 35 pA.
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Figure S4. Thermal stability of IMe on borophene.

(A) STM image of as-grown IMe/borophene sample.

(B-D) The same sample after annealing to 100, 200, and 300 °C, respectively.

All images are 60 nm x 60 nm in size. STM conditions: (A) 1.0 V, 22 pA; (B) 1.5V, 20 pA;
(C) 1.0V, 34 pA; (D) 1.5V, 20 pA.

IMe molecules adsorbed on Ag(111) step edges (blue arrows) are absent (desorbed) after
annealing to 300 °C (green arrows), while IMe monolayers remain stable on borophene
surfaces. These observations suggest a significantly strong interaction of IMe with
borophene.
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Figure S5. Schematic TERS setup.

“Hot spot” denotes a highly localized region of intense enhanced electromagnetic field,
which is generated by surface plasmon resonances of the Ag tip’s apex and results in
enhanced Raman scattering of nearby molecules.
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Figure S6. Additional TERS measurements on different single IMe molecules showing
similar spectral profiles.

The spectrum in red is the one presented in Figure 2C.

Inset: 7.6 nm x 7.6 nm. STM conditions: 1.0V, 15 pA. TERS parameters: 0.1V, 1.0 nA, 5s.
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Figure S7. Diagrams of the simulated vibrational modes of IMe on borophene.
Consistent with the surface-enhanced Raman spectroscopy (SERS) studies of NHCs on
gold surfaces,*® the notable enhanced Raman modes of IMe on borophene are present
in the region above 600 cm™. In particular, the intense bands at 1474 and 1435 cm™ are
due to the motion of the hydrogen atoms in the methyl groups. A similar enhancement
of Raman modes correlated with the movement of the hydrogen atoms of side groups
has been demonstrated in SERS spectra.® In addition to these modes centered on the side
groups, two intense modes centered on the imidazole ring are observed at 1365 and 1326
cm?, both of which are dominated by the vibration of nitrogen atoms. It is noteworthy
that in SERS spectra the most intense Raman modes exclusively arise from the motion of
the hydrogen atoms of side groups, which has been attributed to the proximity of these
hydrogen atoms to the surface plasmon.” By contrast, additional active Raman modes are
visible in TERS spectra, such as those related to the imidazole ring. The difference in the
preference of enhanced modes between SERS and TERS can be rationalized by the gap-
mode plasmon effect of TERS, which not only allows surface enhancement but also allows
additional enhancement from the plasmonically-active tip. This tip—surface doubly
enhanced Raman scattering features an extended plasmonic “antenna” normal to the
surface, which enables more Raman modes to be enhanced and visible. Remarkably,



although it is elusive to identify a diagnostic peak that corresponds to a primary C-B
stretch, an insight provided by Lasse Jensen, Jon P. Camden, David M. Jenkins et al.,” we
note that the 1365 cm™ mode contains considerable carbene carbon contribution, that is,
a prominent carbon motion along the B—C bond axis.

Slight mismatches between the calculated and experimental spectra are observed, which
could be attributed to the simplified calculation model where the effect from the Ag
substrate and Ag tip was not taken into consideration. It has been well demonstrated that
significant electron transfer doping occurs for borophene from the Ag(111) substrate,
which would have an impact on the vibrational modes of NHC molecules covalently
grafted on borophene. In addition to offering a plasmonic “antenna”, the Ag atoms of the
tip at the apex may interact with certain electronic orbitals of the molecule in a close
affinity, which could promote charge-transfer excitations, influence the electronic
structure of the molecule, and thus enhance or shift specific Raman modes. For example,
the 1088 and 1029 cm™ modes show discrepancies with the measurement, which are
dominated by the movement of the imidazole ring hydrogen and carbon atoms
respectively located closest to the tip.
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Figure S8. Schematic of the calculated phonon modes of pristine (A) and IMe-modified

(B and C) borophene corresponding to the TERS profiles shown in Figure 2D.



O 00 N & 1 B W N K
Intensity (a.u.)

el e
N -2 O

250 200 150
Raman shift (cm™)

Figure S9. The adsorption of IPr on the edge of borophene.

(A) STM image of a single IPr adsorbed on the edge of a borophene island on Ag(111).

(B) TERS line scan along the tip trace shown in (A).

STM conditions: 3.0 V, 100 pA. TERS parameters: 0.1V, 1.5 nA, 5 s, with a step length of
3.2A

The chemical nanoenvironments of surface-adsorbed NHC molecules can be determined
by sub-nanoscale-resolved TERS measurements. As shown in Figure S9, the vibrational
signature of borophene (189 cm™ mode) decreases in intensity and finally vanishes while
the tip moves from site 1 to site 12, thereby distinguishing the borophene region from
the Ag(111) surface. Particularly over the molecule, the observation of the 189 cm™ peak
at sites 4—-6 as opposed to the absence of the 189 cm™ peak at sites 7-9 chemically
demonstrates that one half (top-left) of the IPr is on top of the borophene island and the
other half (bottom-right) is over the Ag(111) surface. That is, the IPr molecule is adsorbed
at the borophene—Ag interface.



Figure $S10. STM image of a single IPr on borophene overlaid with the molecular model
(top view).
STM conditions: 1.2V, 34 pA.



Figure S11. STM topography of IPr on borophene with high coverage.
A borophene region is indicated by dashed lines.
STM conditions: 2.0 V, 210 pA.



Figure S12. Thermal stability of IPr on borophene.

(A) STM image of as-deposited IPr/borophene sample.

(B) The same sample after annealing at 200 °C for 10 min.

(C) The same sample after annealing at 300 °C for 10 min.

Borophene regions are indicated by dashed lines. All images are 60 nm x 60 nm in size.
STM conditions: (A) -1.5V, 160 pA; (B) -2V, 130 pA; (C) -2 V, 85 pA.

After annealing to 200 and 300 °C, the size of molecular adsorbates on borophene
appeared to increase and the molecular coverage apparently reduced, which indicates
clustering and desorption of IPr molecules at elevated temperatures.
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Figure S13. Diagrams of the simulated vibrational modes of IPr on borophene.

Due to the lack of chemisorption of IPr on borophene, the Ag(111) substrate under
borophene has limited impact on the chemical properties of IPr despite the strong
coupling between borophene and the Ag substrate. Consequently, the measured Raman
spectrum can be nicely reproduced by the Raman simulation that did not consider the
interplay between borophene and Ag substrate. Nevertheless, very slight distinctions
between calculated and measured bands can be visible at 1386, 1293, and 1056 cm™. We
noticed that these modes are due to the motion of the hydrogen atoms of the isopropyl
groups bound to the phenyl rings on the N-substituents. As demonstrated in SERS studies
of NHCs, SERS (also TERS) spectra are very sensitive to the orientation of the side groups.®
The four isopropyl groups of IPr most likely have multiple energetically favorable
orientations and conformations on borophene while our Raman simulation was based on
one of them, which could account for the observed tiny discrepancies. Overall, an
excellent agreement between calculated and experimental TERS of IPr on borophene can
be identified.



Figure S14. Typical STM images of single IMe molecules on borophene before (A) and
after (B) conducting FER spectroscopy with bias voltages above 6 V.

Red plus indicates the tip position for FER measurements. Decomposition, deformation
or movement of IMe is observed following FER measurements, suggesting the instability
of IMe under local high electric fields.

STM conditions: (A and B) 2.0V, 30 pA.
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Figure S15. Statistical analysis of work function measurements performed on thirty
(fifteen groups) different borophene regions with and without single IMe. Each group
of measurements contains FER spectroscopic characterization on pristine borophene
(black square) and on single IMe modified borophene (red dot). Statistical analysis

results in an average work function reduction of A}pEXP-=0.146 eV due to NHC
modification.
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Figure S16. Calculated work functions of pristine borophene (A), locally modified
borophene with a single IMe (B), and with a single IPr (C).
Side views for all models.
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Figure S17. Apparent barrier height (¢.) measurements suggesting a larger work
function reduction on IMe-modified borophene compared to IPr-modified borophene.
Inset: STM image of single IMe and IPr molecules co-deposited on borophene, where
pluses mark the tip positions for STS measurements. Scale bar: 2 nm.

STM conditions: 2.7 V, 30 pA.
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