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Abstract

Surface-enhanced Raman scattering (SERS) provides detailed information about

binding of molecules at interfaces and their interactions with the local environment

due to the large enhancement of Raman scattering. This enhancement arises from

a combination of the electromagnetic mechanism (EM) and the chemical mechanism

(CM). While it is commonly accepted that EM gives rise to most of the enhancement,

large spectral changes originate from CM. To elucidate the rich information contained

in SERS spectra about molecules at interfaces, a comprehensive understanding of the

enhancement mechanisms is necessary. In this perspective, we will discuss the current

understanding of the enhancement mechanisms and highlight their interplay in complex

local environments. We will also discuss emerging areas where the development of

computational and theoretical models are needed with specific attention given to how

the CM contributes to the spectral changes. Future efforts in modeling should focus

on overcoming the challenges presented in this perspective in order to capture the

complexity of CM in SERS.
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Introduction

One of the characteristic properties of plasmonic materials is their ability to enhance and con-

centrate the electromagnetic field at the surface of nanoparticles (NPs). This leads to a large

enhancement of the optical properties of molecules in the vicinity of the metal surface, which

can be exploited in surface-enhanced spectroscopic techniques such as surface-enhanced Ra-

man scattering (SERS).1–4 Since its discovery,5–7 SERS has become a multi-disciplinary

tool with applications in chemical and biological sensing1,2,8–11 down to the single molecule

limit.12–16 SERS has also been extended to other analytic techniques such as tip-enhanced

Raman scattering (TERS)17–20 which has offered single molecule images with subnanometer

resolutions.21,22 For this reason, SERS can be used to obtain detailed information about

surface chemistry of molecules at interfaces.12,23–28

The enhancement mechanism of SERS results from a combination of the electromagnetic

mechanism (EM) from the strong near field, and the chemical mechanism (CM) from the

specific interactions between the molecule and the surface.1–4,29–33 The exact role and impor-

tance of these two mechanisms has been debated since the discovery of SERS, but it is now

well accepted that the majority of the enhancement comes from the EM.23,31,34–36 Although

EM contributes the majority of the enhancement, it is the combination of the EM and the

CM that leads to the observed SERS spectrum. Thus, the CM plays a crucial role in deter-

mining the relative intensities of different Raman bands and provides important information

about the interactions with the local molecular environment. The CM is often expressed dif-

ferently for each molecule and therefore our understanding of the CM is much less developed

than the EM. For these reasons, simulations are often necessary for understanding the CM

and interpreting the SERS spectra. This is particularly true as the experimental control of

the local environment continues to improve, providing a more detailed view of the combined

EM and CM enhancement. Therefore, an explicit treatment of the local environment be-

comes necessary when modeling the spectroscopy in order to fully capture the enhancement

mechanisms. Ultimately, SERS provides opportunities and challenges for simulations due to
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the complex interplay between the EM and the CM.

In this perspective we will highlight our current understanding of the enhancement mech-

anism in SERS and recent advances in modeling the spectroscopy. We will focus on current

challenges, future directions and emerging areas where establishing a better understanding of

the CM and developing computational and theoretical models will be necessary for advancing

the field.

SERS Enhancement Mechanisms

Figure 1: A diagram of normal Raman scattering (NRS) is shown in (a). Different enhance-
ment mechanisms of SERS are illustrated: electromagnetic mechanism (EM) in (b), static
chemical mechanism (CHEM) in (c), charge-transfer mechanism (CT) in (d), and resonance
Raman mechanism (RRS) in (e).

The SERS enhancement mechanisms increase the Raman scattering by 6 to 12 orders

of magnitude.37–40 A majority of the enhancement is due to the EM from the strong near

field generated by the plasmon excitation.23,41–44 Compared to normal Raman scattering

(NRS), the near field enhances both the incident and scattered light33,36,43,45–47 as illustrated
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in Figure 1(a) and (b). As a consequence, the EM enhancement in terms of the near-field

enhancement factor F is usually approximated as F(ω0)
2 · F(ωs)

2, which can be simplified

as F(ω0)
4 if the difference in incident and scattered light is small.33,36,48 The description

of the EM enhancement in terms of the near field assumes that the field is homogeneous

over the dimension of the molecule. For NPs with atomistic protrusion, studies have shown

that field gradient effects become important and thus additional enhancement mechanisms

due to inhomogeneous near field need to be considered.44,49–54 For metallic SERS substrates,

the EM has been shown to give an enhancement factor on the order of 4 to 10 orders of

magnitude.48,55–58 Because the EM arises from the plasmon resonance, it is typically assumed

to be independent of the electronic structure of the molecule adsorbed on the surface.32–34,36

Unlike the EM, the CM is directly related to the electronic structure of the molecule

on the surface. Understanding the CM requires accounting for the wave function overlap of

the molecule and the surface leading to the renormalization of the molecular energy levels

alongside the introduction of metal-molecule charge-transfer states. In this way, the CM can

be categorized in terms of three distinct contributions: static chemical interactions (CHEM),

charge-transfer resonance (CT), and molecular resonance Raman scattering (RRS).31,33,59–61

CHEM is a consequence of renormalizing the molecular energy levels leading to the

decrease of the energy gap of the molecule, as shown in Figure 1(c). This decrease in energy

gap results in an overall increase in the polarizability of the molecule,62 thereby increasing

the Raman scattering and leading to the CHEM enhancement. In addition, the changes in

the geometry and electronic structure of the molecule on the surface lead to shifts in the

vibrational frequencies. These changes are significant enough to affect the Raman scattering

and are included in the CHEM contribution.32,63–66 Since the CHEM contribution does not

involve processes that are resonant with the incident light, it is relatively weak with an

enhancement factor of around 1 to 2 orders of magnitude.61,62,65,67–70

Much larger SERS enhancements can be observed when the energy of the incident light

is resonant with an electronic transition. Such electronic transitions can either involve ex-
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citations between the metal and the molecule, or remain localized to the molecule.71,72 The

former excitations lead to the CT contribution, which is illustrated in Figure 1(d). Charge-

transfer processes involve metal-molecule states and are usually weak and hard to detect,

thereby making it difficult to quantify its enhancement. The other excitations lead to RRS,

which is illustrated in Figure 1(e). Although RRS is not limited to SERS, it is different due

to the molecular electronic and geometric changes from binding to the surface. Also, RRS

detection without the substrate is hindered by the presence of strong fluorescence.73,74 In

contrast, metal surfaces quench the fluorescence, thereby making surface-enhanced resonance

Raman spectroscopy (SERRS) possible.75 These on-resonance contributions can lead to large

enhancement factors with about 2 to 4 orders of magnitude from CT76,77 and about 4 to 6

orders of magnitude from RRS.74 For this reason, single molecule SERS is often performed

under resonance condition due to the large enhancement.13,14,24,37

Even though the EM is the dominant mechanism, describing the CM is critical for fully

interpreting SERS spectra and can lead to key insights about the electronic structure and

geometry of the molecule on the surface. The main obstacle in correctly identifying either of

the mechanisms is the fact that they contribute collectively to the overall enhancement, lead-

ing to difficulties in quantifying them in both experiment and theory. Traditionally SERS

is done on metallic substrates, but recently more diverse substrates have been introduced

involving non-plasmonic substrates where the CM gives the dominant contribution. Further-

more, SERS is increasingly being used to track dynamic behaviors of molecules, chemical

reactions, and electrochemical events at the interfaces even at the single molecule level. Ad-

ditionally, the control of the local environment in TERS has enabled Raman imaging of

individual vibrations thus pushing Raman scattering into sub-molecular level. Taken to-

gether, this reflects the multitude of complex local environments that needs to be considered

when modeling SERS. Therefore, it is increasingly important to accurately describe the CM

and its interplay with the EM.
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Approaches to Separating the EM and the CM

It is important to understand the relative intensities of the molecular vibrational changes

when bound to the surface to extract the rich chemical information from SERS experi-

ments.23,51,60,78–80 If the EM and the CM can be separated, interpretation of SERS spectrum

can be made easier. For example, a detailed understanding of the CM can inform us about

the specific interactions between the molecule of interest and the surface,23,31,32 while a de-

tailed understanding of the EM can provide us with information about the orientation of the

molecule on the surface.36,51,81,82 However, a clear-cut distinction between these two mecha-

nisms is not possible.59,68–70,83 Therefore, the interpretation of the spectrum will reflect how

the coupling between the two mechanisms are treated.

If the CM is ignored, relative intensity changes can be attributed to molecular orientations

changes relative to the near field which is known as the SERS surface selection rules.36,84–86

These rules dictate that the molecular normal modes aligned with the local field will have

the largest enhancement, and enable molecular orientation to be determined by comparing

experimental and theoretical Raman spectra.82,84,87–93 In most cases, the theoretical Raman

spectrum is obtained for either a free molecule that is oriented in different ways along the near

field axis or a molecule adapting different configurations on small nanoclusters.93–97 In this

way, the CM is assumed to be either minimal or captured in the simulation of the molecule

on the nanocluster and the coupling between the EM and the CM is neglected. Further-

more, it is likely that many configurations contribute to the overall SERS spectrum.93,98,99

For example, it has been shown that both flat and vertical molecular configurations can

simultaneously be detected with SERS even if the flat configuration is energetically more

favored.93 For this reason, the determined orientation is best considered as a representative

of the average geometry of the molecule. In addition, the surface selection rules assume

that the near field does not vary over the length-scale of the molecule. While it is generally

true, studies have shown that for atomic-scale roughness, variation of the near field over the

dimension of the molecule becomes important.100–102 Significant near field gradients lead to
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the enhancement of normally non-Raman active modes as well as changes to the relative

peak intensities.98,103–107 These changes can be described by a set of field gradient surface

selection rules that incorporate additional scattering mechanisms such as dipole-quadrupole

and quadrupole-quadrupole scattering not observed in NRS.51–53,107,108 As a consequence,

more information about molecular orientation can be extracted when near field gradient ef-

fects are large. Finally, it has been demonstrated that SERRS cannot determine molecular

orientation when on-resonance with a single molecular state.109 For these cases, non-linear

spectroscopy such as surface-enhanced hyper-Raman scattering (SEHRS) offers additional

information about molecular orientation through the non-Condon effect.109,110

A few different experimental approaches have been proposed to extract the CM. One

approach to estimate the CM is to correct relative experimental SERS intensities by es-

timated EM enhancement.69 This assumes that the CM is frequency-independent and the

near-field enhancement mirrors the frequency-dependent extinction spectrum. Another way

to determine the relative CM enhancement is to normalize the spectra with respect to a

mode that is predominantly enhanced by the EM.68 The assumption is that the EM is the

same for all vibrations, which is expected if the plasmon is broad and the vibrations are close

in frequency to the mode used in the normalization. Alternatively, an approach to compare

relative enhancement between molecules has also been proposed.70 This approach relies on

substrates with highly uniform EM enhancement over a large area such that the variation

of enhancement factors can be attributed to the CM. This assumes that the EM is inde-

pendent of the molecule and that molecules have similar orientations and binding affinities

with the surface. The estimations of the CM in these ways have been shown to be in good

agreement with electronic structure calculations. In general, these approaches neglect the

coupling between the EM and CM and cannot be easily generalized to on-resonance cases.

Another way to study the CM is to use non-plasmonic substrates, which will be discussed

in the following section.

Efforts have been made to characterize charge-transfer contributions to SERS. One ap-
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proach to characterize CT mechanism is to vary an applied potential such that any charge-

transfer excitations can go on- and off-resonance.111,112 Modes that have large CT contri-

bution will have large intensity changes which can be used to quantify CT enhancement

for each vibration. This approach considers all contributions to be from CT, while other

aspects such as molecular reorientation, changes to the molecular structure, or changes to

the substrate can also contribute to relative intensity changes.94,113,114

Since the EM dominates the enhancement mechanisms, many theoretical studies focus

on quantifying the near field enhancement. The near field from large NPs is typically

well approximated using classical electrodynamics.115–118 To treat electronic structure of

the molecule, hybrid methods that combine a classical electrodynamic description of the NP

with a quantum mechanical description of the molecule have been developed.100,119–125 These

hybrid methods can incorporate the site-specific atomistic near field and have been shown

to give good description of the EM and naturally incorporate field gradient effects.100,123–125

However, these hybrid models do not fully describe interaction between the molecule and

the substrate such as charge-flow and thus CM is not included. In contrast, full quantum

mechanical methods treat all enhancement mechanisms at the same level,126–131 and thus it

remains a challenge to interpret individual enhancement mechanisms.

One possible interpretation scheme is based on the analysis of selected electronic transi-

tions within and between the substrate and the molecule. An example of a transition-based

scheme is the unified view of SERS model in which the interplay between enhancement mech-

anisms can be identified based on the involved transitions and their resonance nature.71,72

The unified view of SERS shows how different mechanisms contribute to the overall enhance-

ment and is commonly used to interpret the charge-transfer enhancement of SERS.132–134

Another example utilizing transition-based scheme is a simplified two-state model where

a quantitative relationship between the CHEM enhancement factor and the alignment of

molecular orbitals and the Fermi level of the substrate can be established.61,62 The two-state

model has been shown to give good agreement with full quantum mechanical and experimen-
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tal estimations of the CHEM enhancement factors. Another possible scheme is to interpret

enhancement mechanisms based on charge-flow in the molecule-substrate complex, such as

Raman Bond Model (RBM).63,83,135 In this model, the total Raman intensities are parti-

tioned into atomic and interatomic contributions, with the latter referred to as the Raman

bonds. Based on this partitioning, the RRS, EM and CT enhancements can be identified

as Raman bonds within the molecule, the substrate and between the substrate and the

molecule, respectively. The interplay between the CT and EM enhancement mechanisms

and consequently the difficulty in separating the mechanisms are highlighted in RBM.135 In

general, the RBM enables quantitative analysis of different enhancement mechanisms and

avoids the consideration of only a few selected electronic transitions.

As discussed above, the full description of SERS requires the full incorporation of the CM

and the EM which naturally necessitates the use of full quantum mechanical methods. The

major challenge for full quantum mechanical methods is the ability to carry out calculations

for NPs that are large enough to support plasmonic excitations. Therefore efficient methods

are needed such as simplified quantum mechanical methods or hybrid models that allows for

the CM and the EM to be treated simultaneously. Further development in interpreting the

full quantum mechanical results are needed, especially regarding the interplay between the

EM and CT.

SERS from Non-Plasmonic Substrates

Plasmonic substrates are primarily used in SERS due to the large EM enhancement which

makes it difficult to study the CM enhancement. Alternatively, using non-plasmonic sub-

strates can effectively eliminate the EM, thereby leaving only the CM.77,136–138 Organic semi-

conductors,139,140 metal-organic frameworks (MOFs),141,142 perovskite nanocrystals,143,144

copper telluride nanoparticles145 and also 2D materials, such as transition metal dichalco-

genides146–149 along with graphene146,150–152 and its derivatives,153 have emerged as SERS
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substrates. The variety of these non-plasmonic SERS substrates provides an experimental

platform for studying CM. Although there are no plasmon resonances in these types of sub-

strates, Mie resonances in large nanostructures can give significantly enhanced Raman signal

through EM.154,155 For simplicity, here we will focus on understanding the CM. The full un-

derstanding of the CM could lead to rational design of non-plasmonic SERS substrates that

are tailored to sense specific molecules.

For non-plasmonic substrates, the CT mechanism is often invoked to explain the enhance-

ment. This is due to the emergence of charge-transfer excitations in the interface between

molecules and non-plasmonic substrates.76,147,156 For example, in semiconductor substrates,

charge-transfer excitations from substrate valence band (VB) to molecular LUMO or from

molecular HOMO to substrate conduction band (CB) arise.138,157 The CT enhancement

is determined by the molecular orbital (MO) alignment relative to the substrate energy

band157–159 and can be tuned by controlling their relative alignment. Consequently, the

optimal energy level alignment to achieve large enhancement is that the energy difference

is in resonance with the incident light. The study of CT mechanism can be done by tun-

ing incident light frequency to be resonant with the charge-transfer excitations.76,160 The

charge-transfer excitations responsible for the enhancement has in some cases been identi-

fied by differential absorption, thereby providing direct evidence of CT mechanism.76,147,156

The CT enhancement of these substrates is usually reported to be less than 104,146,149 but

larger enhancement has also been achieved.161,162 The advantage of non-plasmonic substrates

is their greater tunability of the enhancement at the expense of less enhancement compared

to metallic substrates. For example, tuning of the CT mechanism can be achieved by chang-

ing molecule functional groups,163,164 modifying substrate energy bands through chemical

doping,151,153,165,166 electrochemical gating,151,167 or simply changing the substrate.146,168 Be-

yond the CT mechanism, RRS-like enhancement is also possible when the incident light is

on resonance with an electronic transition in the substrate.157,169 Larger enhancement due

to synergistic effects can be achieved by aligning the transitions within the substrates either
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with the transitions in the molecule170,171 or with the CT transitions.172–175 Similarly, it has

been shown that the excitations can be combined with Mie resonances to generate larger

enhancement.176–178 Furthermore, it has been shown that the CM is also dependent on the

molecular orientation.179,180 For example, on graphene surface, the lying-down configuration

of the planar molecule can lead to larger enhancement due to larger chemical interactions

with the surface.180

Compared to simulations for plasmonic substrates, much less work has been done on

modeling SERS for non-plasmonic substrates. Modeling CT mechanism for non-plasmonic

substrates requires careful consideration of both the geometry of the substrate and the bind-

ing geometry of the molecule since charge-transfer excitations depend strongly on these

factors.181 The two-state model has also been generalized to explain CHEM enhancement

on non-plasmonic substrates.67,182 Using this model, it has been shown that tuning an exter-

nal potential can modulate the CHEM enhancement mechanism by aligning the molecular

LUMO with respect to the VB.182 Another result of the model for a graphene substrate

is that electron-phonon coupling can lead to damping of the Raman intensity of adsorbed

molecules.67 This indicates that although narrowed energy gap can in general lead to larger

enhancement, an optimal energy level gap is needed to balance between the CHEM enhance-

ment and the damping mechanisms.

To further understand the CM from non-plasmonic substrates, advances in theoretical

methods dedicated to charge-transfer excitations are needed. This is because charge-transfer

excitations are generally difficult to model with electronic structure theory.183–185 As dis-

cussed above, other electronic transitions and coupling between these transitions can lead

to larger enhancement than expected from the individual mechanisms. While this has been

achieved experimentally, theoretical calculations addressing synergistic effects in the coupled

enhancement mechanisms are required to gain further insights and understanding.
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Single-Molecule and Ensemble-Averaged SERS

Figure 2: (a) Comparison between average and single-molecule spectra of rhodamine 800.
Adapted with permission from ref. 186. Copyright 2010 American Chemical Society. (b)
Time trajectory of single CN stretching mode. Adapted with permission under a Creative
Commons CC BY License from ref. 187. Copyright 2021 Springer Nature. (c) Single-
molecule experimental and theoretical TERS spectra due to excited state fluctuations.
Reprinted with permission from ref. 188. Copyright 2013 American Chemical Society. (d)
Illustration of enhancement factor distribution in a large dimer system. Adapted with per-
mission from ref. 98. Copyright 2016 American Chemical Society. (e) Comparison of electric
field distribution in a silver junction with (right) and without (left) solvent. Adapted with
permission from ref. 100. Copyright 2021 AIP Publishing.

Strong enhancement from localized hotspots allows detection of Raman signal from in-
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dividual molecules.13,14,24,26,37,189,190 Single-molecule SERS (SM-SERS) depends strongly on

the local environment of the molecule and can be used as a reporter of the dynamics of

the molecule on the surface.186–188 In contrast to SM-SERS, most experiment are done un-

der conditions where many molecules contribute to the signal. The resulting spectra reflect

the different orientations and local environments of the molecules.26,37,189,191,192 An example

of this is illustrated in Figure 2 (a) where a series of single-molecule spectra is shown to

be distinct from the average spectrum. Often a small fraction of molecules with specific

orientations dominates the signal, therefore modeling focuses on capturing their local en-

vironments.93,94 Generally, models should account for different molecular orientations and

their interactions with the substrate as well as the solvent and ligand effects. However, this

is rarely done due to the high computational costs from averaging over these degrees of free-

dom to model ensemble-averaged SERS (EA-SERS).98 Describing SM-SERS and EA-SERS

poses challenges for theory, but offers the potential to gain more detailed insights into the

molecule-surface interactions through modeling the CM.

SM-SERS requires large EM enhancement from spatially localized hotspots26,37,189,190 of-

ten combined with strong CM enhancement from RRS,14,192–194 although it has been shown

that under non-resonant conditions it is still possible to detect SM-SERS signal.192,195 An-

other possible approach to achieving single molecule detection with Raman is through TERS

(SM-TERS) that makes use of gaps between plasmonic tips and substrates to gain spatial

resolution and localized hotspots.22,103,196,197 In SM-SERS and SM-TERS, there are dynamic

changes to both spectral positions and intensities due to, for example, the diffusion of the

molecule in and out of the localized hotspots and reorientation inside the hotspots.24,187,198–201

The dynamics of the molecule samples different enhanced near field which affects the Raman

scattering. One example is shown in Figure 2 (b), where the dynamical changes of a CN

stretching mode in SM-SERS are monitored to track the thermal diffusion of a metal adatom.

In this setup, the hotspot was created by an adatom and computational modeling was used

to map the dynamical changes in the SERS spectra to the dynamics of the adatom, hinting
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at the possibility of extracting chemical dynamics from SM-SERS. Furthermore, the fluctu-

ations due to rotational dynamics of the molecule in the hotspot can in principle be used

to track the molecular orientations,88,202 especially if field gradient effects are important.

Another possible origin of fluctuations in SM-SERS can be related to the RRS mechanism

where subtle changes in excited state properties can lead to drastic changes in the Raman

spectra. This is shown in Figure 2 (c) where drastic changes in the TERS spectra are ob-

served.188 Computational modeling shows that these fluctuations can be explained by minute

changes to the excited state geometry, although the origin of the geometric changes were not

identified. This suggests that the excited state properties can be extracted from the dynamic

changes in SM-SERS and SM-TERS. Finally, it has been shown that non-equilibrium excited

state manifold influence CHEM and therefore the SM-SERS spectra.203

Even when not in the single-molecule limit, only a small fraction of molecules contribute

the majority of the signal due to the small surface area of the hotspots. For example, it has

been demonstrated that about 5% of the molecules on the surface contribute about 85% of

the signal.55,98,204 This is due to the EM being strongest in the junctions and crevices between

NPs, which constitutes a small region of the surface. This is illustrated in Figure 2 (d), where

the Raman enhancement of molecules coating a silver dimer is shown. Each molecule is color

coded according to its enhancement factor and shows that the enhancement distribution is

dominated by the few molecules sitting in the junction. Explicit modeling of EA-SERS has

been performed by averaging over millions of SERS spectra from sampled configurations

of NP fully coated with molecules. By calculating the Raman scattering of every molecule

on the NP, the simulation detailed how the specific locations and orientations of adsorbed

molecules, as well as the near field gradient, contribute to the overall spectra.98 However,

only the EM was considered and the interactions between the molecules were neglected.

Beyond molecules in a hotspot, the influence of solvent/ligand interactions should also be

considered when modeling SERS.100,205 For solvent effects, this is typically done using hybrid

methods that either treat the surrounding using a continuum model122,206–208 or an explicit
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classical model.100,209 The presence of solvent/ligand interactions strongly affects the near

field distribution around NPs.100,118,210 An example of this is illustrated in Figure 2 (e), where

the electric field distribution is symmetric without solvent molecules but becomes asymmetric

with solvent molecules present. Furthermore, the change of the spatial distribution of the

near field increases the field gradient in the gap. The enhancement factor due to solvent

effects has been shown to be of the same magnitude as the CM100 and thus should be

considered when modeling SERS.

Similarly, it has also been shown that ligands perturb the near field.210–212 For example,

halide ligands are known to induce aggregation of NPs213,214 and consequently control the

formation of hotspots determining the EM enhancement.215–217 In addition, the SERS en-

hancement can be affected by the modified binding affinity of the molecule,216,218–220 as well

as desorption of the molecules from the surface221,222 due to the presence of halide ligands.

Halide ligands can also tune the Fermi level of the substrate which changes the interactions

between the molecule and the substrate.223,224 It has been shown that the binding of halide

ions can change the interfacial structure and active binding sites, leading to molecular re-

orientation.225 This also leads to changes in the frontier orbitals, which results in a stronger

CHEM as well as modulation of charge-transfer excitations contributing to the CT.

Challenges remain in resolving chemical information in SERS originating from molecule-

substrate interactions due to diffusion, orientation, field gradient effects and solvent/ligand

effects. The need to model these effects will necessitate the use of quantum mechanical

models combined with sampling over many degrees of freedom leading to high computational

costs. To overcome these challenges, it will be necessary to develop multiscale models that

describe both the EM and CM, while also being efficient enough to allow sampling. This will

be key to understand the interplay between the enhancement mechanisms in these complex

local environments.
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SERS in Electrochemical Environments

Electrochemical SERS (EC-SERS) enables in situ investigation of absorption and chemi-

cal changes at electrodes.226–230 It has been shown that under resonant conditions, single-

molecule EC-SERS is possible,24,231 thus enabling the monitoring of electrochemical events

at the single-molecule level.231 Under electrochemical conditions, the applied potential gives

rise to changes in relative intensities as well as band shifts. One reason for these changes is

the modulation of the Fermi level by the applied potential which consequently affects the

charge-transfer process.114,128,232 Furthermore, the applied potential affects the local electric

field at the surface and vibrational frequencies will shift due to the Stark effects.233–235 Here

the local electric field refers to both the interfacial field in the double layer and the plas-

monic near field that gives rise to the enhancement. Additionally, spectral changes due to

the applied potential may also be related to reorientation of the molecule.51,236–239 In general,

information about interactions between the molecule and electrode can be extracted from

EC-SERS.

Relative SERS intensities have been shown to depend strongly on the applied potential

which is typically explained by the CT mechanism.114,226,240–245 There are several approaches

for modeling the applied external potential using first principle methods, through incorpo-

rating an external electric field,128,232,246,247 a charged cluster model,112,114,242 or a modified

semi-empirical approach.245,248 Most efforts focus on modeling the bare molecule-substrate

interfaces,112,114,128,232,242,246,247 while the inclusion of electrolyte interactions in simulation is

rare.249 It has been demonstrated that an applied potential can enhance the intensity due

to stronger binding, leading to an increased CT enhancement.128,232 Experiment combined

with first principle calculations has further shown that the applied potential needed to tune

the CT resonances is determined by the electron affinity of the molecule.243 This can also be

used to explain the observation that SERS spectra under CT resonance conditions resem-

bles NRS spectra of the molecular anions.243,250,251 In addition, calculations of CT enhanced

spectra have shown that vibrational modes are preferentially enhanced when the MOs as-
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sociated with the charge-transfer excitations are localized at the vibrating atoms.243,252,253

While CT is often invoked to explain the dependency of SERS on the applied potential,

electric field changes, reorientation, and redox processes should also be considered when

explaining relative intensity changes in EC-SERS. EC-SERS can be used to determine the

electric field in the interfacial double layer due to the shifts of vibrational bands through

the Stark effect.234,235,254–256 The resulting changes in the interfacial electric field can lead to

reorientation of the molecule such that certain modes can be selectively enhanced due to the

surface selection rules.89,257 In addition, the applied potential can induce redox reactions at

the interface that lead to significant changes to the spectra.94,230,231,236 Since changes to the

interfacial electric field, orientation, and CT mechanism are induced simultaneously by the

applied potential, the potential dependence in EC-SERS is complicated and all effects must

be considered to correctly interpret the relative intensity changes.

In general, the applied potential is mainly thought to influence CM in SERS. However,

it has been shown that the applied potential can directly influence the EM.135 To fully ac-

count for the EM, the influence of the applied potential on the electronic structure of the

substrate should be considered due to the coupling with the CM mechanism. Furthermore,

to understand and exploit the full potential of EC-SERS, a better connection between the-

oretical calculations and experimental observations are needed. Especially possible ways of

separating the contributions of CT mechanism and reorientation of the molecules are needed

to extract the rich information about molecular behaviors at surfaces.

TERS for molecular imaging

The main advantage of TERS is the combination of SERS and scanning probe microscopy

(SPM) where the confined electromagnetic field in the junction leads to enhanced Ra-

man scattering.26,258–261 As a consequence, Raman signal in TERS is sensitive to tip posi-

tions104,262–265 and it is possible to visualize individual vibrational modes of a single molecule
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by its TERS image.22,197,199,266,267 The confined near field also introduces significant field gra-

dient effects that lead to modified selection rules compared to regular SERS.24,103,107,268–271

Because of the high sensitivity and spatial resolution of TERS, the environment of a single

molecule can be precisely determined which makes it a controllable platform for exploring

Raman enhancement mechanisms.

Figure 3: (a) Top: TERS image of H2TBPP molecule on Ag(111). Adapted with permission
from ref. 22. Copyright 2013 Springer Nature. Bottom: Simulated TERS image of H2TBPP
molecule on Ag. Adapted with permission under a Creative Commons CC BY License from
ref. 104. Copyright 2019 Springer Nature. (b) Top: TERS image of a vibrational normal
mode of CoTPP molecule on Cu(100). Adapted with permission from ref. 21. Copyright
2019 Springer Nature. Bottom: Simulated TERS image of a vibrational normal mode of
CoTPP molecule on Cu. Adapted with permission from ref. 103. Copyright 2019 American
Chemical Society. (c) Top: TERS image of a vibrational normal mode of Mg-porphine on
Ag(100). Bottom: Simulated TERS image of a vibrational normal mode of Mg-porphine
on Ag. Adapted with permission under a Creative Commons CC BY License from ref. 272.
Copyright 2019 Oxford University Press. (d) Simulated TERS image of SnPc with (right)
and without (left) CM. Adapted with permission under a Creative Commons CC BY License
from ref. 273 Copyright 2023 American Chemical Society. (e) Comparison of TERS intensity
of ZnPc on Ag(100) substrate with and without NaCl monolayer. Adapted with permission
from ref. 274. Copyright 2023 Wiley-VCH GmbH.

Visualization of individual vibrational mode of a single molecule has been achieved by

integrating the Raman signal of the frequency band, as shown in Figure 3. TERS images of a

single molecule was first achieved for H2TBPP molecule illustrated at the top of Figure 3(a)

where resolution of ∼ 1 nm was demonstrated.22 The spatial resolution has since been pushed

to the Ångström-scale such that individual vibrational modes can be visualized as shown
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at the top of Figures 3 (b) and (c) .21,272 Because the high resolution of TERS is normally

attributed to the confined near field, theoretical modeling of TERS imaging has focused

on simulating the confined electromagnetic field effects.103,104,271,272 Several different hybrid

classical electrodynamic/quantum mechanical approaches have been applied to simulation

of TERS images.103,104,271,272,275 Simulations that incorporate EM103,271,272 are shown at the

bottom of Figures 3(a)-(c) for each experimental result, respectively. The generally good

agreement between theory and experiment indicates that the highly localized field due to

the atomic protrusions is responsible for the sub-molecular resolution. As shown at the

bottom of Figure 3 (b), the field gradient effects are important in achieving the resolution,

leading to bright spots that are located away from the vibrating atoms.103 Modeling has also

shown that TERS images can be explained by the sub-molecular density changes induced

by the confined near field during the Raman process.104 This also explains the breakdown of

the traditional selection rules observed in high-resolution TERS.103,104 Furthermore, it has

been shown that for localized vibrations it is possible to visualize in-phase and out-of-phase

motion of single chemical bond.272 While good agreement was achieved, these simulations

neglected the CM contributions to TERS. To describe CM in TERS simulations, several

quantum mechanical models have been proposed.273,276–278 An example is shown in Figure 3

(d), where a model approximating the tip by a single Ag atom was utilized.273 Comparing

to the TERS image generated by including only EM (Figure 3 (d), left), incorporation

of CM (Figure 3 (d), right) leads to both increased Raman scattering as well as higher

resolution. This shows that besides the EM, the CM is likely important in determining the

high resolution in TERS imaging and can lead to more concentrated signals around vibrating

atoms. Another contribution from the CM to single molecule TERS has been identified by

comparing TERS signal with and without NaCl spacer monolayers as shown in Figure 3

(e).274 The TERS signal without the spacer layer was found to be significantly quenched due

to the direct contact of the molecule with the metal substrate. This quenching of the TERS

signal was proposed to arise from the CHEM leading to screening of the Raman polarizability
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caused by orbital hybridization between the molecule and metal substrate. This is contrary

to the common understanding of CM that it will enhance Raman scattering.

The quenching of near field has been observed for narrowly gapped plasmonic dimer

systems279–281 due to quantum tunneling of electrons across the junction.281–285 The reduction

of the near field is expected from the EM to lead to a smaller enhancement of the Raman

scattering. For example, in SERS, this reduction of the Raman enhancement for molecules

in NP junctions with small separations has been observed.281,286,287 However, TERS imaging

is enabled by the strong enhancement for small tip substrate separations where quantum

tunneling is expected to be important.21 Moreover, there have also been observations of

drastic enhancement of TERS signal when direct atomic contact between the tip and sample

is made.288–290 To consider quantum tunneling effects, it is required to go beyond classical

electrodynamics to elucidate the complexity of narrowly gapped plasmonic systems.285,291–293

To fully describe TERS imaging, it is important to incorporate enhancement mechanisms

beyond the EM through quantummechanical modeling.276,277,294 To address realistic systems,

more efficient quantum mechanical methods are needed to make the calculations affordable

and treat the combined effects of the CM and EM. This is important as TERS offers the

potential to unravel the CM due to its sub-molecular resolution.

Outlook

The sensitivity and selectivity of SERS is the result of the large enhancement of the Raman

scattering of molecule at interfaces. Although the debate over the origin of the enhance-

ment has mostly been settled, it remains difficult both experimentally and theoretically to

determine absolute enhancement factors. Thus, it continues to be an important goal both

experimentally and theoretically to establish accurate determination of the enhancement

magnitudes. However, we argue that it is equally important to move towards a better un-

derstanding of how the physical consequences of the enhancement mechanisms are reflected
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in the SERS spectra. During the process of revealing the SERS enhancement mechanisms,

computational modeling has been instrumental in advancing our understanding of SERS.

To bridge computational modeling and experiments and exploit the full potential of SERS,

more accurate description of the complex local environments needs to be addressed. This

includes accounting for specific molecule-substrate interactions due to diffusion, orientation,

field gradient effects and the presence of solvent/ligand as well as atomic details of the sub-

strates. In addition, there is growing evidence that the EM and CM are strongly coupled and

that it will be necessary to go beyond the traditional understanding of EM. The requirement

for accurate description of the coupled mechanisms and the detailed local environments pose

significant challenges to computational models. To overcome these challenges, the develop-

ment of faster quantum mechanical methods,295,296 quantum embedding methods297–299 and

machine learning models300–302 are likely to be important future directions. We expect that

the next generation computational toolbox will enable a more complete description of the

enhancement mechanisms necessary to elucidate the full physical contents of SERS.
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Li, Z.; Yin, W.-J.; Yang, L.; Lee, K.-B.; Yang, J.; Bozkurt, I.; Liu, S.; Zhang, W.;

Chhowalla, M. Plasmon-Free Surface-Enhanced Raman Spectroscopy Using Metallic

2D Materials. ACS Nano 2019, 13, 8312–8319.

38



150. Xu, H.; Chen, Y.; Xu, W.; Zhang, H.; Kong, J.; Dresselhaus, M. S.; Zhang, J. Mod-

ulating the Charge-Transfer Enhancement in GERS Using an Electrical Field under

Vacuum and an n/p-Doping Atmosphere. Small 2011, 7, 2945–2952.

151. Hao, Q.; Morton, S. M.; Wang, B.; Zhao, Y.; Jensen, L.; Jun Huang, T. Tuning Surface-

Enhanced Raman Scattering from Graphene Substrates Using the Electric Field Effect

and Chemical Doping. Appl. Phys. Lett. 2013, 102, 011102.

152. Jung, N.; Crowther, A. C.; Kim, N.; Kim, P.; Brus, L. Raman Enhancement on

Graphene: Adsorbed and Intercalated Molecular Species. ACS Nano 2010, 4, 7005–

7013.

153. Yu, X.; Cai, H.; Zhang, W.; Li, X.; Pan, N.; Luo, Y.; Wang, X.; Hou, J. G. Tuning

Chemical Enhancement of SERS by Controlling the Chemical Reduction of Graphene

Oxide Nanosheets. ACS Nano 2011, 5, 952–958.

154. Bontempi, N.; Carletti, L.; De Angelis, C.; Alessandri, I. Plasmon-Free SERS Detection

of Environmental CO 2 on TiO 2 Surfaces. Nanoscale 2016, 8, 3226–3231.

155. Hayashi, S.; Koh, R.; Ichiyama, Y.; Yamamoto, K. Evidence for Surface-Enhanced

Raman Scattering on Nonmetallic Surfaces: Copper Phthalocyanine Molecules on GaP

Small Particles. Phys. Rev. Lett. 1988, 60, 1085–1088.

156. Wang, Y.; Liu, J.; Ozaki, Y.; Xu, Z.; Zhao, B. Effect of TiO2 on Altering Direction of

Interfacial Charge Transfer in a TiO2-Ag-MPY-FePc System by SERS. Angew. Chem.

Int. Ed. 2019, 58, 8172–8176.

157. Lombardi, J. R.; Birke, R. L. Theory of Surface-Enhanced Raman Scattering in Semi-

conductors. J. Phys. Chem. C 2014, 118, 11120–11130.

158. Sun, H.; Yao, M.; Song, Y.; Zhu, L.; Dong, J.; Liu, R.; Li, P.; Zhao, B.; Liu, B.

39



Pressure-Induced SERS Enhancement in a MoS 2 /Au/R6G System by a Two-Step

Charge Transfer Process. Nanoscale 2019, 11, 21493–21501.

159. Sun, H.; Yu, H.; Han, B.; Ma, J.; Wang, R.; Song, Y. Pressure-Induced SERS-Enhanced

Sensing of 4-Mercaptobenzoic Acid Using Few-Layer WS2 Nanosheets. ACS Appl. Nano

Mater. 2023, 6, 7553–7561.

160. Wang, Y.; Ruan, W.; Zhang, J.; Yang, B.; Xu, W.; Zhao, B.; Lombardi, J. R. Direct

Observation of Surface-Enhanced Raman Scattering in ZnO Nanocrystals. J. Raman

Spectrosc. 2009, 40, 1072–1077.

161. Qi, D.; Lu, L.; Wang, L.; Zhang, J. Improved SERS Sensitivity on Plasmon-Free TiO2

Photonic Microarray by Enhancing Light-Matter Coupling. J. Am. Chem. Soc. 2014,

136, 9886–9889.

162. Tao, L.; Chen, K.; Chen, Z.; Cong, C.; Qiu, C.; Chen, J.; Wang, X.; Chen, H.; Yu, T.;

Xie, W.; Deng, S.; Xu, J.-B. 1T′ Transition Metal Telluride Atomic Layers for Plasmon-

Free SERS at Femtomolar Levels. J. Am. Chem. Soc. 2018, 140, 8696–8704.

163. Wang, X.; She, G.; Xu, H.; Mu, L.; Shi, W. The Surface-Enhanced Raman Scattering

from ZnO Nanorod Arrays and Its Application for Chemosensors. Sensors and Actua-

tors B: Chemical 2014, 193, 745–751.

164. Musumeci, A.; Gosztola, D.; Schiller, T.; Dimitrijevic, N. M.; Mujica, V.; Martin, D.;

Rajh, T. SERS of Semiconducting Nanoparticles (TiO2 Hybrid Composites). J. Am.

Chem. Soc. 2009, 131, 6040–6041.

165. Yang, Y.; O’Riordan, A.; Lovera, P. Highly Sensitive Pesticide Detection Using Elec-

trochemically Prepared Silver-Gum Arabic Nanocluster SERS Substrates. Sensors and

Actuators B: Chemical 2022, 364, 131851.

40



166. Huh, S.; Park, J.; Kim, Y. S.; Kim, K. S.; Hong, B. H.; Nam, J.-M. UV/Ozone-

Oxidized Large-Scale Graphene Platform with Large Chemical Enhancement in

Surface-Enhanced Raman Scattering. ACS Nano 2011, 5, 9799–9806.

167. Xu, H.; Xie, L.; Zhang, H.; Zhang, J. Effect of Graphene Fermi Level on the Raman

Scattering Intensity of Molecules on Graphene. ACS Nano 2011, 5, 5338–5344.

168. Wang, X.; Shi, W.; She, G.; Mu, L. Using Si and Ge Nanostructures as Substrates for

Surface-Enhanced Raman Scattering Based on Photoinduced Charge Transfer Mecha-

nism. J. Am. Chem. Soc. 2011, 133, 16518–16523.

169. Ling, X.; Xie, L.; Fang, Y.; Xu, H.; Zhang, H.; Kong, J.; Dresselhaus, M. S.; Zhang, J.;

Liu, Z. Can Graphene Be Used as a Substrate for Raman Enhancement? Nano Lett.

2010, 10, 553–561.

170. Kitadai, H.; Tan, Q.; Ping, L.; Ling, X. Raman Enhancement Induced by Exciton

Hybridization in Molecules and 2D Materials. npj 2D Mater Appl 2024, 8, 1–8.

171. Lombardi, J. R. The Theory of Surface-Enhanced Raman Scattering on Semiconductor

Nanoparticles; toward the Optimization of SERS Sensors. Faraday Discuss. 2017, 205,

105–120.

172. Islam, S. K.; Tamargo, M.; Moug, R.; Lombardi, J. R. Surface-Enhanced Raman Scat-

tering on a Chemically Etched ZnSe Surface. J. Phys. Chem. C 2013, 117, 23372–

23377.

173. Jiang, L.; You, T.; Yin, P.; Shang, Y.; Zhang, D.; Guo, L.; Yang, S. Surface-Enhanced

Raman Scattering Spectra of Adsorbates on Cu2O Nanospheres: Charge-Transfer and

Electromagnetic Enhancement. Nanoscale 2013, 5, 2784–2789.

174. Fu, X.; Jiang, T.; Zhao, Q.; Yin, H. Charge-Transfer Contributions in Surface-Enhanced

41



Raman Scattering from Ag, Ag2S and Ag2Se Substrates. J. Raman Spectrosc. 2012,

43, 1191–1195.

175. Wang, X.; Shi, W.; Jin, Z.; Huang, W.; Lin, J.; Ma, G.; Li, S.; Guo, L. Remarkable

SERS Activity Observed from Amorphous ZnO Nanocages. Angew. Chem. Int. Ed.

2017, 56, 9851–9855.

176. Yang, L.; Peng, Y.; Yang, Y.; Liu, J.; Huang, H.; Yu, B.; Zhao, J.; Lu, Y.; Huang, Z.;

Li, Z.; Lombardi, J. R. A Novel Ultra-Sensitive Semiconductor SERS Substrate Boosted

by the Coupled Resonance Effect. Adv. Sci. 2019, 6, 1900310.

177. Ji, W.; Li, L.; Song, W.; Wang, X.; Zhao, B.; Ozaki, Y. Enhanced Raman Scattering

by ZnO Superstructures: Synergistic Effect of Charge Transfer and Mie Resonances.

Angew. Chem. Int. Ed. 2019, 58, 14452–14456.

178. Zheng, Z.; Cong, S.; Gong, W.; Xuan, J.; Li, G.; Lu, W.; Geng, F.; Zhao, Z. Semicon-

ductor SERS Enhancement Enabled by Oxygen Incorporation. Nat Commun 2017, 8,

1993.

179. Ling, X.; Huang, S.; Deng, S.; Mao, N.; Kong, J.; Dresselhaus, M. S.; Zhang, J. Lighting

Up the Raman Signal of Molecules in the Vicinity of Graphene Related Materials. Acc.

Chem. Res. 2015, 48, 1862–1870.

180. Ling, X.; Wu, J.; Xu, W.; Zhang, J. Probing the Effect of Molecular Orientation on the

Intensity of Chemical Enhancement Using Graphene-Enhanced Raman Spectroscopy.

Small 2012, 8, 1365–1372.

181. Birke, R. L.; Lombardi, J. R. TDDFT Study of Charge-Transfer Raman Spectra of

4-Mercaptopyridine on Various ZnSe Nanoclusters as a Model for the SERS of 4-Mpy

on Semiconductors. J. Phys. Chem. C 2018, 122, 4908–4927.

42



182. Hilty, F. W.; Kuhlman, A. K.; Pauly, F.; Zayak, A. T. Raman Scattering from a

Molecule–Semiconductor Interface Tuned by an Electric Field: Density Functional The-

ory Approach. J. Phys. Chem. C 2015, 119, 23113–23118.

183. Dreuw, A.; Head-Gordon, M. Failure of Time-Dependent Density Functional Theory for

Long-Range Charge-Transfer Excited States: The Zincbacteriochlorin-Bacteriochlorin

and Bacteriochlorophyll-Spheroidene Complexes. J. Am. Chem. Soc. 2003, 126, 4007–

4016.

184. Maitra, N. T. Charge Transfer in Time-Dependent Density Functional Theory. J. Phys.:

Condens. Matter 2017, 29, 423001.

185. Casida, M.; Huix-Rotllant, M. Progress in Time-Dependent Density-Functional Theory.

Annu. Rev. Phys. Chem. 2012, 63, 287–323.

186. Etchegoin, P. G.; Le Ru, E. C. Resolving Single Molecules in Surface–Enhanced Raman

Scattering within the Inhomogeneous Broadening of Raman Peaks. Anal. Chem. 2010,

82, 2888–2892.

187. Griffiths, J.; Földes, T.; de Nijs, B.; Chikkaraddy, R.; Wright, D.; Deacon, W. M.;

Berta, D.; Readman, C.; Grys, D.-B.; Rosta, E.; Baumberg, J. J. Resolving Sub–

Angstrom Ambient Motion through Reconstruction from Vibrational Spectra. Nat.

Commun. 2021/11/19, 2021, 12, 6759.

188. Sonntag, Matthew. D.; Chulhai, D.; Seideman, T.; Jensen, L.; Van Duyne, R. P. The

Origin of Relative Intensity Fluctuations in Single–Molecule Tip–Enhanced Raman

Spectroscopy. J. Am. Chem. Soc. 2013, 135, 17187–17192.

189. Baumberg, J. J.; Aizpurua, J.; Mikkelsen, M. H.; Smith, D. R. Extreme Nanophotonics

from Ultrathin Metallic Gaps. Nat. Mater. 2019, 18, 668–678.

43



190. Sawai, Y.; Takimoto, B.; Nabika, H.; Ajito, K.; Murakoshi, K. Observation of a Small

Number of Molecules at a Metal Nanogap Arrayed on a Solid Surface Using Surface-

Enhanced Raman Scattering. J. Am. Chem. Soc. 2007, 129, 1658–1662.

191. Etchegoin, P. G.; Le Ru, E. C. A Perspective on Single Molecule SERS: Current Status

and Future Challenges. Phys. Chem. Chem. Phys. 2008, 10, 6079–6089.

192. Blackie, E. J.; Le Ru, E. C.; Etchegoin, P. G. Single-Molecule Surface-Enhanced Raman

Spectroscopy of Nonresonant Molecules. J. Am. Chem. Soc. 2009, 131, 14466–14472.

193. Goulet, P. J. G.; Aroca, R. F. Distinguishing Individual Vibrational Fingerprints:

Single-molecule Surface-Enhanced Resonance Raman Scattering from One-to-One Bi-

nary Mixtures in Langmuir-Blodgett Monolayers. Anal. Chem. 2007, 79, 2728–2734.

194. Jaculbia, R. B.; Imada, H.; Miwa, K.; Iwasa, T.; Takenaka, M.; Yang, B.; Kazuma, E.;

Hayazawa, N.; Taketsugu, T.; Kim, Y. Single-Molecule Resonance Raman Effect in a

Plasmonic Nanocavity. Nat. Nanotechnol. 2020, 15, 105–110.

195. Al-Shammari, R. M.; Al-attar, N.; Manzo, M.; Gallo, K.; Rodriguez, B. J.; Rice, J. H.

Single-Molecule Nonresonant Wide-Field Surface-Enhanced Raman Scattering from

Ferroelectrically Defined Au Nanoparticle Microarrays. ACS Omega 2018, 3, 3165–

3172.

196. Sonntag, M. D.; Klingsporn, J. M.; Garibay, L. K.; Roberts, J. M.; Dieringer, J. A.;

Seideman, T.; Scheidt, K. A.; Jensen, L.; Schatz, G. C.; Van Duyne, R. P. Single-

Molecule Tip-Enhanced Raman Spectroscopy. J. Phys. Chem. C 2012, 116, 478–483.

197. Stadler, J.; Schmid, T.; Zenobi, R. Nanoscale Chemical Imaging Using Top-Illumination

Tip-Enhanced Raman Spectroscopy. Nano Lett. 2010, 10, 4514–4520.

198. Weiss, A.; Haran, G. Time-Dependent Single-Molecule Raman Scattering as a Probe

of Surface Dynamics. J. Phys. Chem. B 2001, 105, 12348–12354.

44



199. Jiang, N.; Chiang, N.; Madison, L. R.; Pozzi, E. A.; Wasielewski, M. R.; Seideman, T.;

Ratner, M. A.; Hersam, M. C.; Schatz, G. C.; Van Duyne, R. P. Nanoscale Chem-

ical Imaging of a Dynamic Molecular Phase Boundary with Ultrahigh Vacuum Tip-

Enhanced Raman Spectroscopy. Nano Lett. 2016, 16, 3898–3904.

200. Chen, H.-Y.; Lin, M.-H.; Wang, C.-Y.; Chang, Y.-M.; Gwo, S. Large-Scale Hot Spot

Engineering for Quantitative SERS at the Single-Molecule Scale. J. Am. Chem. Soc.

2015, 137, 13698–13705.

201. Kang, M.; Kim, H.; Oleiki, E.; Koo, Y.; Lee, H.; Joo, H.; Choi, J.; Eom, T.; Lee, G.;

Suh, Y. D.; Park, K.-D. Conformational Heterogeneity of Molecules Physisorbed on a

Gold Surface at Room Temperature. Nat Commun 2022, 13, 4133.
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