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Understanding charge transfer (CT) at metal-molecule interfaces is central to the design
of new materials for catalysis, sensing, and energy applications. Surface-enhanced Raman
spectroscopy (SERS) provides a powerful technique to probe metal-molecule interfaces
since the SERS spectra reflect changes in geometry, orientation, and electronic
structure which are influenced by CT. While CT can either be intrinsic or excitation-
driven, we will focus on how the former contributes to SERS. However, it remains
difficult to model these effects since it requires electronic structure methods capable of
treating large systems. In this study, we present an efficient model to study these
effects by combining a simplified time-dependent density functional theory (TDDFT)
approach with a Raman bond model. The first-principles Raman bond model partitions
Raman intensities into bond contributions such that the chemical mechanism in SERS
can be interpreted as interatomic charge-flow modulations. Using this new model, we
will examine how molecular orientation and intermolecular interactions affect the
interfacial CT, employing N-heterocyclic carbenes (NHCs) as a model system. Using the
Raman bond model, we will characterize the degree to which the interfacial charge
flow is influenced by these effects. We then apply this model to characterize how
charge flow affects molecular imaging using tip-enhanced Raman scattering (TERS).
Using TERS, it is possible to image single molecules with sub-nanometer resolution.
However, the role of CT in this process remains to be elucidated. We will show how the
Raman bond model can characterize the importance of interfacial CT in TERS imaging.
Overall, our results demonstrate that the Raman bond model, when combined with
efficient first-principles calculations, offers a powerful approach for interpreting SERS
spectra and providing new insights into interfacial CT.
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1 Introduction

Understanding the binding and organization of molecules at interfaces is essential in
many areas ranging from biology to materials science. Vibrational spectroscopy
provides detailed information about the structure of molecules, how they organize at
interfaces, and their interactions with the local environment. One approach to per-
forming vibrational spectroscopy at metallic interfaces is based on surface-enhanced
Raman spectroscopy (SERS).'™ In SERS, the Raman signal of molecules adsorbed on
plasmonic metal substrates is enhanced by orders of magnitude compared to normal
Raman scattering. The enhancement has been demonstrated to be large enough to
enable single-molecule detection,>® which illustrates the great potential of SERS for
providing molecule-specific information even at very low adsorbate concentrations.

The SERS enhancement is typically attributed to two mechanisms, which in
combination lead to the observed SERS spectra.’*'*** The first mechanism is
referred to as the electromagnetic mechanism (EM) and constitutes the majority
of the signal enhancement."*>*® This enhancement arises from the significantly
increased and localized electric field at the metallic interface caused by the
plasmon excitations in the substrate. In the simplest formulation of the EM, it can
be shown that the enhancement scales as |E|*, where |E| is the enhancement in the
electric field at the position of the molecule.'**** Since |E| can reach factors of 10-
1000 (ref. 20) in junctions or crevasses of nanoparticle aggregates due to the
plasmon excitation, it provides the simplest explanation for the large enhance-
ment observed in SERS. The localization of the enhanced local field to small
regions around the substrate is what gives SERS its surface selectivity and high
sensitivity. Classical electrodynamics simulations are often sufficient for under-
standing EM,*'-** although for very small separations of nanoparticles, QM effects
become important because of short-range electronic tunneling, which leads to
a reduced local field in a junction.**° Another aspect of the large EM enhance-
ment is that molecules or vibrational normal modes that are aligned with the
local field are preferentially enhanced, which is referred to as the surface-
selection rules.'®**** This gives SERS selectivity towards molecules with a more
upright adsorption geometry compared to molecules that lie flat, and this enables
them to be detected even when they are the minority species on the surface.*

The second mechanism arises from the specific interactions between the
molecule and the substrate, and it is referred to as the chemical mechanism (CM).
CM is often further divided based on whether it involves a resonance process with
the incident light. The non-resonant mechanism is referred to as CHEM and
describes the enhancement that can be attributed to the geometric and electronic
changes in the molecule upon binding to the surface. These changes lead to shifts
in the vibrational frequencies as well as the intensity of modes that are sensitive to
the binding of the molecule. In contrast, the resonance mechanisms describe the
enhancement arising from the incident light directly driving a charge-transfer
transition between the molecule and the metal or a transition within the mole-
cule. Since this is a resonance phenomenon, the enhancement is typically larger
than that of CHEM. However, in contrast to CHEM, the resonance mechanisms
also depend strongly on the incident light matching the electronic transition.
Therefore, in this work, we will focus on CHEM, since it can provide insights that
are general to molecules binding on metal surfaces.
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Since CHEM depends strongly on the binding of the molecule to the substrate,
it requires a quantum-mechanical treatment of the molecule-metal complex to
correctly model it. For this reason, there has been a large focus on using
electronic-structure methods to understand CHEM by modeling the Raman
enhancement from molecules binding to small metal clusters.***” Several models
to interpret CHEM based on electronic-structure methods have been proposed
that either consider a few important electronic transitions®**** or the charge flows
near the molecule-metal interface by partitioning the induced electron density of
the SERS system in real space.””** An example of the real-space partitioning is the
first-principles Raman bond model (RBM) that we have recently introduced to
model the SERS enhancement.*>** In this model, the Raman intensity is parti-
tioned into contributions from the induced dipole on each atom and the induced
charge flow between atoms, so-called Raman bonds. This is done using a real-
space partitioning of the induced charge density into atomic contributions
based on a Hirshfeld analysis,*” from which intrinsic and charge-fluctuation
atomic polarizabilities can be defined.*** The intrinsic atomic polarizability
corresponds to the response of the atom to the external field, whereas the charge-
fluctuation atomic polarizabilities reflect the charge redistributions due to the
external field. To eliminate the origin dependence of the charge-fluctuation
atomic polarizabilities, they are further re-expressed as charge flow between
atoms using the LoProp method.*® In this method, long-range charge flows are
penalized, effectively assigning the charge flow to follow the bonds in the system.
The RBM then partitions the Raman intensities based on the changes in the
intrinsic polarizabilities and the induced charge flow between atoms due to
a given molecular vibration. Thus, the RBM depends on both the Hirshfeld
analysis and the reformulation in terms of charge flows, which are not uniquely
determined. However, we have shown that stable charge-flow patterns can be
achieved once long-range charge flows are eliminated.” The RBM shows that
CHEM correlates with the charge flow of electrons across the molecule-metal
system modulated by the vibrations.**** A major advantage of the first-principles
Raman bond is that it is applicable whether the incident light is on- or off-
resonance with transitions and thus provides insights into the interplay
between EM and CM effects.*>** A common problem with using electronic-
structure methods to model CHEM is the high computational cost of these
methods. Therefore, it would be advantageous to combine methods to interpret
SERS, such as the Raman bond model, with faster electronic-structure methods.

In this work, we combine the first-principles Raman bond model with
a simplified time-dependent density functional theory (TDDFT) approach based
on damped response theory to calculate and interpret SERS spectra. The
simplified TDDFT approach was recently demonstrated to provide calculated
SERS spectra in good agreement with results from full TDDFT but at a signifi-
cantly reduced computational cost.* The combination of this computationally
efficient method with the Raman bond model enables the understanding of CM
in SERS by modeling large systems where both the EM and the CM are important.
To illustrate this, we first demonstrate that the simplified Raman bond model
(sRBM) produces an interpretation of SERS spectra consistent with RBM using
full TDDFT. To this end, we will use the prototypical model system of pyridine
interacting with an Ag,, cluster. We will then use the SRBM to gain insights into
the bonding of N-heterocyclic carbenes (NHCs) on gold nanoparticles.

This journal is © The Royal Society of Chemistry 2026 Faraday Discuss.
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Specifically, we will demonstrate how CT effects play an important role in the
SERS surface-selection rules. Finally, we will use the SRBM to gain insights into
tip-enhanced Raman scattering (TERS) images of single molecules.

2 Methods and computational details

In this work, all calculations were performed using a local modified version of
Amsterdam Modeling Suite (AMS).*® In the TERS simulations, a triple-{ polarized
(TZP) basis set with a large frozen core from the ADF standard basis set library was
used. For all ground-state properties, the Becke-Perdew (BP86) XC functional was
used,”>** and relativistic effects are treated using the zeroth-order approximation
(ZORA).”® The geometry optimization was carried out for a free benzene molecule
and a benzene molecule on a Ag,, substrate. For the free benzene molecule, the
analytical Hessian was used to obtain the vibrational normal modes.***® For the
benzene-Ag,, complex, a mobile block Hessian was used,*”*® which treats the
entire Ag,, substrate as a rigid body. In the SERS simulations of NHC, GFN1-xTB
was used for both geometry optimization and frequency calculations.***® For all
NHC systems, the frequency calculations were also carried out using the mobile
block Hessian, which treats the Au substrate, except for the adatoms, as a rigid
body.

Based on the optimized geometry, the absolute Raman intensity is calculated
as the differential cross-section under the short-time approximation, corre-
sponding to an experimental setup with perpendicularly plane-polarized light and
a 90° scattering angle for the detector:*>**
do w? - h ’a’_,:|2

Ik = TS = —5 ~iu - ¢ 1
30~ U T S T expl —hein kT’ (1)

where 7;, and 7, are the incident frequency and the k-th vibrational frequency, and
a,, is the zz component of the polarizability derivative with respect to the k-th

I do . . . .
vibrational normal mode. Further a0 is the differential cross-section, and #, c,
and kg are the Planck constant, speed of light, and Boltzmann constant, respec-

tively. The polarizability derivatives were calculated based on numerical differ-
entiation with respect to normal mode displacements,”” and only the zz
component was used based on the surface selection rules.'®*** For the TERS
image simulations of the benzene molecule, the z-direction was chosen to be
perpendicular to the molecule plane, while for the NHC simulations, the z-
direction was chosen to be perpendicular to the Au substrate surface.

The static and complex dynamic polarizabilities used in eqn (1) were obtained
using a simplified damped-response TDDFT implemented in the AOResponse
module of a local modified version of the ADF engine.*”* In regular TDDFT, the
central equation to solve for damped response is as follows:*

-1

OPulw) = T o

Vi (w) +2> KupdPp() |, (2)

jb

where w is the incident frequency and w;, = ¢; — ¢, is the difference in Kohn-Sham
orbital energies, with V** being the external perturbation, and the 6P, and 6Py, terms
being elements of the perturbed density matrix. We use the convention that i, j, ... are
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the indices for occupied orbitals and a, b, ... are the indices for virtual orbitals. A
phenomenological damping factor y is used to represent the finite lifetime of the
excited states. The most time-consuming part of solving eqn (2) is associated with the
coupling matrix element Kj, j, which involves electron integrals in the form

[ . 1 . , / ,
Ky = J erdr $:(r),(r) (W + fe(rr ))qﬁj (F)en(r). (3)
where fxc is the exchange-correlation kernel, and the r and v’ terms are dummy
variables for coordinates in real space. In this work, we took the DFTB approxi-
mation that was adopted in the so-called TDDFT+TB method for the coupling
matrix such that®*%

Kiojp = th‘a‘A/YAB (ra,T8)qB, (4)

AB

where the transition charges g, » and g;; g are evaluated using Lowdin population
analysis and the y,p term describes the interactions between atomic transition
charges g;,,4 and gj, 5 based on the interatomic distance |ry — g/, as well as the
chemical hardness of corresponding elements.®® Although drastic simplifications
have been made to the coupling matrix, previous work has shown that a calcu-
lated Raman cross-section in good agreement with regular TDDFT can be ach-
ieved.” Although TDDFT Raman intensities are typically semi-quantitative, the
calculated SERS spectra are often of sufficient quality to allow reliable assignment
when compared with experimental results.**®” However, we expect that, in addi-
tion to the shortcomings associated with using TDDFT, the neglect of anhar-
monic effects will influence the comparison with experimental results. We also
expect that the neglect of the local environment and approximations in the
adapted cluster model will also affect the comparison.

In this work, we apply a simplified Raman bond model to analyze SERS
enhancement mechanisms. In the Raman bond model, the Hirshfeld charge
analysis® is adopted to partition the total polarizability derivatives in eqn (1) into
atomic and interatomic contributions:*>*>%*

{ *J (rg — R[ﬁ)api.adr}
dotag _ a{l]f/:a (Ri‘ﬁ - R/ﬁ)}
a0k Z 00k + Z a0y ) (5)

j>i

where o,8 € {x,y,z} are indices of the Cartesian components, i and j are indices of
the atoms, and Qy is the X normal mode. The first term in eqn (5) is the atomic
contribution where —r; is the electric dipole moment operator in the ¢ direction,
R; s is the 8 component of the position of atom i and 6p; , is the perturbed electron
density induced by an external field in the « direction, which is obtained using
Hirshfeld partitioning.*® The second term corresponds to the inter-atomic contri-
bution where g;;, is the charge flow between atoms i and j induced by an external
field in the « direction, which is calculated using the LoProp method*® to ensure
origin-independent results. The atomic contributions are termed as Raman atoms
(R™™) and the interatomic contributions are termed as Raman bonds (R”*"%).#3
The overall Raman polarizability derivatives can be grouped into intra- and inter-
fragment contributions utilizing the sRBM. These fragments can be either the
molecule or the cluster. For fragments A and B, the intra-fragment contribution is

This journal is © The Royal Society of Chemistry 2026 Faraday Discuss.
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R;: ra __ ZR? om 4 ZR,']'(m (6)
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and the inter-fragment contribution is

int bond

Rip' = Z R;™. ()
i€eAjeB

To quantify the relative contributions of each term, a projection scheme was
adopted such that

Pimru — Rimra . Rtotal/ }Rlotal|
3

pimer — Rinter ~l(totall/‘lvotal (8)

)

where R

is the summation of all intra- and inter-fragment contributions, and
p™® and p™" are intra- and inter-fragment Raman bonds, respectively. The
original implementation of the Raman bond model was based on polarizability
derivatives obtained using TDDFT.*»**** In this work, we will instead use the
polarizability derivatives obtained using the simplified damped-response
approach in the analysis, and we will refer to this model as the simplified

Raman bond model (sSRBM).

3 Results and discussion
3.1 Raman bond model with simplified damped response

As shown in eqn (5), the Raman bond model is constructed based on partitioning
of the response of the electron density and was originally based on results from
regular TDDFT. However, it is unclear if the Hirshfeld partitioning scheme can
generate qualitatively similar results when based on the simplified damped-
response results. Specifically, one of the simplifications adopted in the simpli-
fied damped response involves approximations to the transition electron density.
As shown in eqn (4), the transition charge g;, 4 can be regarded as a monopole
approximation to the orbital product that corresponds to the transition density
present in eqn (3). It has been shown that such an approximation leads to more
localized electron density distribution; as a consequence, the weaker screening
leads to an overestimation of the polarizability.** Although such overestimations
can be largely reduced when the polarizability derivatives are explicitly calculated,
it is unclear whether a similar error cancellation will occur in this SRBM.

Therefore, to verify that the Raman bond model is still applicable using the
simplified damped response, we performed a direct comparison with the
decomposition obtained using regular TDDFT. As a proof-of-principle, we con-
structed the Raman bond model based on the model system of py-Ag,, used in
the previous work on resonance with the plasmon-like excitation of the Ag,,
cluster.”® Previous work showed that the simplified damped response can quali-
tatively reproduce the SERS spectra of this system using regular TDDFT.*® The
Raman bonds were decomposed into three components, namely cluster, mole-
cule and inter-fragment contributions, and the comparison between the simpli-
fied damped-response theory and regular TDDFT is shown in Fig. 1.

Comparing the top row of Fig. 1(a) and (b), we see that the summation of
Raman bonds and Raman atoms calculated using simplified damped response

Faraday Discuss. This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Comparison of Raman bond contributions for Ag,o—Pyr using different methods:
(a) simplified damped response, and (b) regular TDDFT. The incident frequency is chosen
as the plasmon-like resonance of Agyg (3.45 eV).

agrees with regular TDDFT with only small differences in the relative magnitudes
of the peaks. For example, the peaks around 1200 cm ' and 1450 cm™ " are
overestimated in the simplified damped-response results compared to those in
the regular TDDFT.

More importantly, we see that the Raman bond model based on the simplified
damped response theory and regular TDDFT produce qualitatively similar
decompositions. Both methods show a dominant contribution from ps®r,
which indicates the importance of the EM at this frequency. This agrees with the
assumption that when the incident frequency is on resonance with the plasmon,
the EM should give the majority of the overall enhancement. Similar agreement is
also achieved for p™*", where the majority of the difference comes from the
1200 cm™* and 1450 cm™ ' regions. While for the p™°' contributions, both
methods show only minimal magnitudes compared to the p™***" contributions.

In summary, the projected Raman bond contributions obtained using the
simplified damped response show good qualitative agreement with those ob-
tained from regular TDDFT, although some discrepancies in the relative peak
intensities remain. Specifically, the mechanisms of SERS enhancement can be
captured using the sRBM. Thus, the Raman bond model can be extended to
understand the interfacial CT of large systems when combined with the simpli-
fied damped response.

3.2 NHC on Au surfaces

As a first test of the SRBM to understand interfacial CT, we considered the binding
of N-heterocyclic carbenes (NHCs) on gold nanoparticles. NHCs have emerged as
alternatives to thiols, utilizing strong sigma bonds to form well-defined, highly
ordered self-assembled monolayers on transition-metal surfaces and
nanoparticles.®*”* Depending on the specific NHC, they have been found to adapt
orientations that are either flat or vertical on the surface.””® Previous work using
SERS has found that these orientations can co-exist on the surface of nano-
particles and that both configurations are necessary for explaining the observed

This journal is © The Royal Society of Chemistry 2026 Faraday Discuss.
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Fig. 2 sRBM decomposition for an NHC on an Ausg surface in the (a) flat and (b) vertical
configurations.

spectra.**®” This was found to be true even when the flat orientation was the
majority species, since the surface selection rules enables the detection of minor
concentrations of the vertical orientation.**” However, the role of the interactions
between the molecules in determining the SERS spectra has not been examined.
Therefore, we will use the SRBM to analyze the SERS spectra of the flat and vertical
configurations of methyl-benzimidazolium N-heterocyclic carbene on a Ausg
nanocluster, as well as their interactions.

In Fig. 2, we plot the comparison between the sRBM decomposition for the
SERS spectra of methyl-benzimidazolium N-heterocyclic carbene on a Ausg
nanocluster in the flat and vertical orientations. The SERS spectra have been
calculated in the non-resonant limit and thus only includes contributions from
the CHEM. We first begin with the Raman bond decomposition for the flat
configuration, which can be seen in Fig. 2(a). The largest signals in the Raman
spectrum are in the 1350-1450 cm™ ' and the 1000-1200 cm ™' ranges, and at
1600 cm™ " with additional strong bands around 650 and 740 cm™'. From the
decomposition, we see that most of the contributions come from p*" and p'™*",
with only minimal contributions from p™°.. The fact that p™*" is large shows that
the interfacial CT is providing a significant contributions to the Raman scattering.
Interestingly, only two modes have significant contributions from p™°!. The mode
around 740 cm™ ' corresponds to an out-of-plane vibration, which shows a large
contribution from p®"s**", Therefore, for the flat orientation, the Raman signal
originates from constructive interference between Raman bonds from the cluster
and the inter-fragment contributions but with limited contributions from the
Raman bonds in the molecule. This again is likely due to the flat orientation of the
molecule where the vibrational modes that are predominantly aligned with the
plane of the benzene ring cannot directly lead to large Raman bonds.

For comparison, in Fig. 2(b) we plot the sSRBM decomposition for the NHC
oriented vertically on the nanocluster. This spectrum is noticeably different from
the flat configuration with the peaks in the region of 1350-1450 cm™ ' being the
strongest. Also, we note that the magnitude of p*! is significantly greater than
that of the flat configuration. This is in line with the expectations from the SERS
surface selection rules which preferentially enhance molecules and vibrations

Faraday Discuss. This journal is © The Royal Society of Chemistry 2026
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that are aligned with the local field, which in this case is perpendicular to the
metal surface. From the sRBM decomposition, we see that the Raman signal
arises from constructive interference between p™°', p“'"***’ and p™*". In contrast
to the NHC in the flat orientation, we see that the strongest contribution for the
vertical orientation is from the charge flow within the molecule. The other two
contributions, p“"**" and p™*", largely mirror the p™' contributions leading to an
overall constructive interference. Thus, the sSRBM decomposition reveals the
different character of the surface selection rules for molecules oriented parallel or
perpendicular to the local fields. In the parallel case, the vibrations in the
molecule lead to a coherent charge flow in the molecule and the cluster leading to
a large Raman scattering. For the perpendicular case, the vibrations cannot
effectively modulate the charge flow in the molecule and thus the largest
contributions to the Raman scattering come from the interfacial charge flow.

As mentioned above, the flat and vertical configurations of NHCs can co-exist
on nanoparticles. To understand how their interactions influence the SERS
spectrum, we used the SRBM decomposition to study systems of two NHCs on an
Ausg cluster: two flat NHCs and a mixed configuration of one flat and one vertical
NHC. The structure of these configurations can be found in the SI. A benefit of the
sRBM decomposition is that it can distinguish the respective contributions of
different molecules on the metal nanocluster. In Fig. 3, we show the comparison
of the SRBM decomposition for the two different configurations of the two NHCs
on the Ausg cluster.

Beginning with the two NHCs lying flat, we see that the p spectrum in
Fig. 3(a) is similar to the p*@' spectrum for the flat configuration in Fig. 2(a). As
expected, we see that the intensities are increased by a factor of two. The SRBM
decomposition still shows that the majority of the signal comes from the charge
flow in the cluster and between the molecules and the cluster. Interestingly, the
decompositions illustrate that the two flat NHCs, here referred to as F1 and F2, do
not contribute equally to the signal. This is particularly noticeable for the peaks
above 1400 cm ™!, where it can be seen that p‘F‘i"1 has the largest contributions.
This is because F1 has a larger tilt angle relative to the surface than F2 does, which
aligns the localized charge flow in F1 more closely with the local field, thus giving

total

(a) F1, F2 on Ausg (b) F1, V2 on Ausg
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Fig. 3 sRBM decomposition for two NHCs on an Ausg surface. (a) shows the decompo-
sition for two NHCs in the flat configuration (F1 and F2), while (b) shows the decomposition
for two NHCs in the flat and vertical configurations (F1 and V2), respectively.
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pic! a stronger signal. It is also worth mentioning, that while p™"***" for one flat
NHC compared to two NHCs is relatively similar, there is are noticeable differ-
ences for the peaks above 1400 cm ™', which show the largest contributions from
PIeT In contrast, the peaks around 600 cm™* are dominated by pis™". Overall, the
sRBM shows that the two flat molecules behave fairly similarly due to the minimal
interactions between the two molecules, although their individual contributions
do depend sensitively on even small differences in tilt angles relative to the
surface.

The sRBM decomposition for the mixed NHC configuration is shown in
Fig. 3(b). In the following, we will refer to the flat configuration as F1 and the
vertical configuration as V2. From the figure, we see that it is similar to the p*'!
spectrum for the vertical configuration in Fig. 2(b). This is expected as the surface
selection rules dictate that the V2 configuration should have the largest Raman
scattering and is further confirmed by the sRBM decomposition. The largest
contributions come from p™°', which is dominated by the contributions from the
V2 configuration. The exception is the peak around 740 cm™*, which is dominated
by contributions from F1. This mode was also found to be strong in the single flat
NHC on the surface, as well as for the configuration with two flat NHCs. There-
fore, this mode serves as a good indicator of the flat configuration and is also seen
in the experimental SERS spectrum for NHCs on gold surfaces.*® Surprisingly, we
see that p™*’ is also dominated by contributions from V2. For the isolated flat
configuration (or the two flat NHCs) the largest contribution is from p™e.
Therefore, the presence of the vertical configuration seems to reduce the inter-
facial charge flow for the flat configuration.

The sRBM decomposition of the NHCs on the metal surface illustrates how
charge flow across the metal-molecule interface reflects the surface-selection
rules. For molecules oriented perpendicular to the local field, the molecular
vibrations are less effective in driving the charge flow, resulting in low enhance-
ment. The larger enhancement for molecules oriented parallel with the local field
occurs because the molecular vibrations effectively drive a coherent charge flow in
the molecule and the surface. Finally, the SRBM decomposition shows that the
interfacial charge-flow as reflected in p'™*" is strongly influenced by interactions
among molecules on the surface.

3.3 TERS images of benzene

To further demonstrate the usefulness of sSRBM for understanding CT effects, we
examine the modeling of single-molecule TERS images. TERS imaging relies on
the high spatial resolution of the scanning tip combined with the strong local
field enhancement to visualize individual vibrational modes of isolated molecules
on a metal surface.””® Since the current understanding of spatial resolution of
the TERS images is mainly based on the confinement of the local field, most
existing simulations focus on describing the EM only.”**"#"#* However, several
quantum mechanical models have been proposed to incorporate enhancement
mechanisms beyond the EM, although often with simplified models for the tip
due to the high computational cost.**"* Here, we will use the simplified damped-
response method to conduct full quantum mechanical simulations of the TERS
images such that both the EM and the CM are treated on an equal footing.
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Fig. 4 sRBM decomposition of the TERS images of the 834 cm ™! mode of free-standing

mol

benzene. (a) A Agyo tip benzene model system. (b) TERS images generated from p™<,
decomposed into contributions from (c) the tip, (d) the molecule, and (e) the inter-frag-
ment charge flow. The absolute values of SRBM decomposition are normalized with
a scaling factor shown in the top right.

We will use a model system consisting of a Ag,, tip interacting with a free-
standing benzene molecule, in part due to its high symmetry and planar
configuration, but also because it is a typical molecule used in the modeling of
TERS images.””**** The sRBM decomposition of the TERS images for the
834 cm ™" mode of benzene is shown in Fig. 4. Additional TERS images and their
corresponding sRBM decomposition for the modes at 662 cm ™" and 981 cm ™" are
shown in the SI. The incident frequency used in calculating the TERS images was
chosen to be on resonance with the plasmon-like resonance of the tip at around
3.45 eV. Utilizing the symmetry of the vibrational modes, only half of the
molecular plane ({(x,y)|0 < x < 4.8 A,—4.8 =< y < 4.8 A}) was scanned. In this setup,
a scanning height of 2.0 A was used to be consistent with previous work.” A
schematic of the tip-molecule structure is shown in Fig. 4(a).

The sRBM decomposition of the TERS images is shown in Fig. 4(b)-(d). The
TERS image based on p*®!(Fig. 4(b)) is characterized by a dipolar-like pattern of
the hotspot corresponding to the strong motion of the two H-atom vibrations that
are out-of-plane but in opposite directions. From the decomposition we see that
the large contributions to the signal are from p"P, shown in Fig. 4(c), which is
consistent with the EM mechanism due to the excitation of the plasmon-like
resonance in the Ag,, tip. Since the 834 cm ™' mode itself is Raman inactive,
the overall contribution from the molecule shown in Fig. 4(d) is very weak. The
™" contribution from charge flow between the tip and the molecule, shown in
Fig. 4(e), is also small but stronger than the contribution from the molecule. This
is similar to what we found for the flat NHCs discussed above. Interestingly, the
contributions from both the molecule and inter-fragment CT are destructive with
respect to the charge flow in the tip. We also found this to be the case for the mode
at 981 cm ™" shown in the SI. The mode at 981 cm™" is also Raman inactive.
However, for the Raman active mode at 662 cm * we find constructive contri-
butions from the tip, molecule and the inter-fragment charge flow leading to
a high intensity. The modes at 834 cm™ " and 981 cm ™" are known to be enhanced
by field-gradient effects.”® The small contributions from the interfacial CT
revealed by the sSRBM decomposition support the idea that these modes likely
obtain their enhancement from field-gradients effects. This is further supported
by the observation that the hotspots in the TERS images are located away from the
vibration atoms, whereas the contributions from p™ and p™®" are localized
closer to the molecule. Since the tip contributions are mainly attributed to the
EM, while the molecule-tip contributions correspond to the CHEM, this differ-
ence indicates that the effects of CHEM are more localized than EM.

This journal is © The Royal Society of Chemistry 2026 Faraday Discuss.
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In the above simulations, the substrate was ignored since benzene only weakly
interacts with the surface. However, recent TERS experiments have demonstrated
a quenching effect of the TERS signal for molecules directly adsorbed on a metal
surface.” First-principles simulations have also identified an active role of the
substrate in TERS images, although only for molecules that bond strongly to the
underlying substrate.* Finally, tunneling between the tip and the substrate is also
expected to be important for the determining the Raman scattering. Therefore, it
is important to understand the role of the substrate in TERS imaging.

To do this we performed the sRBM decomposition for the Ag,, tip interacting
with benzene adsorbed on a small cluster and the results are shown in Fig. 5. To
make the calculations feasible, a simple two-layer substrate consisting of 40 Ag
atoms was used to support the scanning of the TERS image. See Fig. 5(a) for
a schematic of the model system used. Utilizing the 2-fold symmetry, the overall
TERS images were generated by mirroring the scanned results obtained from half
the scanning area. The SRMB decomposition of the TERS images is shown in
Fig. 5(b)-(h).

As can be seen from Fig. 5(b), the TERS image based on p* is different from
that obtained from the free benzene molecule. Most noticeable, we see a distinct
asymmetry between the two hotspots above and below the vibrating hydrogens.
This can be attributed to the binding of the benzene molecule at a three-fold
hollow site on coinage metals,” which has also been reported in SERS studies
of benzene on a silver substrate.”® An illustration of the binding orientation can be
seen in the TERS image in Fig. 5(b). This shows that the hydrogen atom near the
strongest hotspot sits at a top-site, whereas the other hydrogen is closer to a three-
fold hollow site. We also see from Fig. 5(b) that the intensity is significantly
reduced compared to the TERS image of the free-standing benzene. This is
consistent with the experimental observation of quenching of the TERS signal for
molecules bound directly to a metal substrate.’* The absorption spectrum shown
in the SI shows a significantly larger absorption peak for the tip-substrate
configuration, likely due to the formation of the gap plasmon. Since the scanning
height was chosen to be consistent with the free-molecule model, the distance
between the tip and the substrate plane is close enough for quantum tunneling to
occur, which is known to reduce the EM enhancement.??° Therefore, the most
likely explanation for the quenching is the chemical interactions between the
molecule, substrate and tip.

Fig. 5 SRBM decomposition of the TERS images of the 834 cm™ mode of benzene on
a Ag substrate. (a) A Ag,g tip benzene on a Agyo substrate model system. (b) TERS images
generated from p™', decomposed into contributions from (c) the tip, (d) the molecule,
and (e) the substrate. Inter-fragment Raman bond contributions of (f) molecule-tip, (g)
molecule—substrate, and (h) tip—substrate. The absolute values of SRBM decomposition
are normalized with a scaling factor shown in the top right.
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To gain further insights into the TERS quenching and the asymmetric image,
we will use the sRBM decomposition of the TERS image, which is shown in
Fig. 5(c)-(e) for the tip, molecule, and substrate contributions, respectively. The
inter-fragment contributions are shown in Fig. 5(f)-(h). We see from the TERS
image based on p""P that the asymmetry is less in the image based on p''P but more
pronounced in the images from the p™°' and the p">™ contributions. Likewise,
the inter-fragment contributions between the molecule and tip resemble that of
the free-standing benzene, whereas the inter-fragment contributions between the
molecule and substrate are asymmetric. The inter-fragment contributions
between the tip and the substrate are also asymmetric. The contributions from
p™°! are much stronger for benzene on the substrate than for free-standing
benzene. This indicates that the interactions of benzene with the substrate
break the symmetry of benzene and make the vibrational mode more Raman-
allowed. Due to these combined results, the sRBM decomposition illustrates
that the likely origin of the asymmetry in the TERS image is due to the CT
interactions of the benzene with the substrate. Therefore, our results show that
the TERS images are not only sensitive to the position of the tip but also reflect the
electronic coupling to the substrate, even for molecules that are physisorbed.

From the decomposition, we see that the largest contributions still originate
from p"P; however, there are significantly larger contributions from both p™°' and

substrate e also see that inter-fragment contributions are much larger than for
the free-standing benzene, indicating a more important role of interfacial CT.
Interestingly, we find that there is also a significant contribution to the TERS
images from the charge flow between the tip and the substate, indicating that
quantum tunneling is important. The large quenching of the TERS image based
on p'"P likely reflects the reduced EM field in the junctions due to the small
separation between the tip and substate. This quenching is, to some degree,
compensated for by the increase in the contributions from the charge flow
between the tip, molecule, and substrate. We also note that most contributions
are in-phase, especially around the strongest hotspot, which indicates that the
molecular vibrations are more effective at driving the charge flow across the
molecule-metal interface. However, it is not sufficient to overcome the large
reduction in intensity from p'P.

4 Conclusions

In this work, we demonstrated a combination of a simplified TDDFT method with
a first-principles Raman bond model for the analysis and interpretation of SERS
calculations. The simplified TDDFT method enables calculations of SERS spectra
at a significantly reduced computational cost and has previously been shown to
give calculated SERS spectra of similar quality to full TDDFT results. We denoted
this new combination as the simplified Raman bond model (sSRMB), which offers
a computationally efficient approach for understanding SERS spectra when both
the EM and the CM are important. Using the prototypical model system of pyri-
dine interacting with an Ag,, cluster, we first demonstrated that SRMB gives an
interpretation of SERS spectra consistent with full TDDFT results. Specifically, the
sRBM decomposition into contributions from the cluster, the molecule, and the
inter-fragment charge-flow was shown to be in good agreement with the TDDFT
results. The comparison demonstrated that sSRBM provides reliable insights into

This journal is © The Royal Society of Chemistry 2026 Faraday Discuss.
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the enhancement mechanisms and can be used to understand the importance of
interfacial CT in SERS. The sRBM was then used to understand how interfacial CT
influences the SERS spectra of NHCs with different orientations, as well as the
modeling of single-molecule TERS images. For the NHCs, we showed that the
surface-selection rules in SERS maps to the charge flow across the interface.
Molecules that are aligned parallel with the local field leads to more coherent
charge flow in the molecule and the surface, and thus a larger enhancement,
whereas molecules that are oriented perpendicular cannot effectively drive this
charge flow through their vibrational motion. Finally, the SRBM decomposition
shows that the interfacial charge flow is strongly influenced by interactions
among molecules on the surface. For the TERS images, the SRBM decomposition
shows that the majority of the contributions come from the charge flow in the tip
due to the EM mechanism. For benzene on a Ag substrate, we find that the TERS
image is sensitive to the underlying lattice structure, which leads to an asym-
metric image. Importantly, we see that the interaction with the substrate leads to
a quenching of the TERS intensity, most likely due to quantum tunneling between
the tip and the substrate. Overall, our results demonstrate that the sRBM offers
a powerful approach for interpreting SERS spectra and providing new insights
into interfacial CT.
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