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Abstract

A detailed understanding of the interaction between molecules and plasmonic nanostructures is 

important for several exciting developments in (bio)molecular sensing and imaging, catalysis, as 

well as energy conversion. While much of the focus has been on the nanostructures that generate 

enhanced and nano-confined optical fields, we herein highlight recent work from our groups that 

uses the molecular response in surface and tip enhanced Raman scattering (SERS and TERS, 

respectively) to investigate different aspects of the local fields. TERS provides access to ultra-

confined volumes, and as a result can further explore and explain ensemble-averaged SERS 

measurements. Exciting and distinct molecular behaviors are observed in the quantum limit of 

plasmons, including molecular charging, chemical conversion, and optical rectification. Evidence 

of multipolar Raman scattering from molecules additionally provides insights into the 

inhomogeneous electric fields that drive SERS and TERS and their spatial and temporal gradients. 

The time scales of these processes show evidence of cooperative nanoscale phenomena that 

altogether contribute to SERS and TERS.
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Introduction

Since the initial discovery of electromagnetic field enhancement on nanostructured metals, 

nanophotonics has emerged as a diverse and exciting cross-cutting field.1–3 Photo-driven 

collective oscillations of surface electrons have been used to revolutionize (bio)chemical 

sensing, enabling ultrasensitive detection and chemical imaging with ultrahigh spatial 

resolution.3 The ability to tune the plasmonic response of nanomaterials has been amply 

used to increase the light gathering efficiency of solar cells.4 Additionally the relaxation of 

plasmons to generate energetic charge carriers has led to new approaches to photocatalyzed 

chemical transformations.5 To a large extent, the focus of research has been on the 

nanoparticles and their properties that drive the aforementioned applications and many more.

As cross-disciplinary applications have emerged, increased understanding of plasmonic 

nanostructures, molecules, and their interactions have ensued. It was shown that the modes 

associated with plasmon resonances are governed by the shape, spacing, and organization of 

nanoparticles.6 Coupling between nanoparticles was explained by plasmon hybridization 

theory.7 Modeling of these interactions advanced from predominantly classical treatments to 

include quantum effects, which become important when particles are close enough for 

electrons to tunnel across junctions formed between them.8

The mechanisms by which plasmons relax can lead to different interfacial physical and 

chemical phenomena, including optical signal enhancement, heating, and hot electron 

generation.9–12 An interesting observation is that when excited electrons tunnel between 

plasmonic structures separated by small nanometer-sized gaps, they generate direct current 

(DC) electric fields across the nanojunctions.13–15 This process is known as optical 

rectification, in which an alternating current electric field (i.e. a plasmon) is rectified to a DC 

electric field at the interface.16 It was initially observed that exciting a gap junction plasmon 

under bias would drive a current.13 Later it was observed that the bias, resulting from the 

rectification process induced Stark shifts in molecules on the plasmonic particles.14, 17 In 

these later reports, the resulting bias on the nanoparticle surface was detected using changes 

in the vibrational spectra of molecules via surface enhanced Raman scattering (SERS).
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SERS from a molecule near a plasmonic nanostructure was correlated to enhanced electric 

fields associated with exciting localized plasmon resonances.3 SERS was initially largely 

achieved using high-density arrays of nanostructures that increase the likelihood of a 

molecule residing in an intense electric field region (hotspot) of the substrate. Correlations 

between plasmon modes and nanoparticle structures suggest that a small junction between 

nanoparticles gives rise to the highest enhancement, leading to the extensive use of 

nanoparticle aggregates18 and nanoparticles on mirrors (NPoMs)19 for efficient signal 

generation. The NPOM geometry is highly reminiscent of the tip enhanced Raman scattering 

(TERS) geometry, whereby a plasmonic probe is instead used to interrogate molecules 

and/or ultrathin material systems on metallic, but also on dielectric substrates.20 Indeed, 

many high resolution and single molecule TERS measurements utilize a “gap mode” 

configuration, were the operative local optical fields are defined by the plasmonic tip and a 

metallic surface.

TERS is a powerful technique that affords both the high spatial resolution of scanning probe 

microscopy and the rich information content of (surface-enhanced) Raman scattering. Clean 

TERS measurements that take advantage of the stability of ultrahigh vacuum (UHV) and 

ultralow temperatures (ULT) have yielded sub-molecular spatial resolution in hyperspectral 

chemical nano-imaging. Indeed, even vibrational modes can be visualized in real space 

through UHV/ULT TERS, as elegantly illustrated by Apkarian and co-workers in a recent 

Nature article.21 The increasing need for in situ/operando nanoscale chemical 

characterization and imaging led numerous TERS practitioners down the ambient nanoscopy 

and nano-imaging paths. Notable early efforts in this direction are summarized in prior 

review articles.22–24 More recent applications that demonstrate the ever-growing potential of 

ambient TERS include, e.g., chemical reaction imaging at solid-liquid interfaces and 

nanoscale chemical mapping of single-stranded DNA with single base resolution.25–27 

Notwithstanding the ambient TERS ‘promise’ to revolutionize fields as diverse as biological 

imaging and plasmon-induced/enhanced (photo)chemistry, it is important to recognize that 

there’s much more to this technique than mere chemical identification and nano-imaging. 

Our ensuing discussion explores the latter by highlighting underappreciated aspects of 

TERS, with emphasis on what can be learned about local optical fields from molecular 

TERS.

In both SERS an TERS, the optical response is nascent from molecules in the vicinity of 

plasmonic nanostructures. Distance dependent measurements show a very short-range 

interaction and corroborate the latter.28 It has been shown that the electromagnetic fields at 

the surface are dominated by the normal (or z-component),29 which forms the basis for 

SERS and TERS selection rules that are distinct from ensemble-average Raman scattering. 

In many ways, this allows us to use molecules as nanoscopic probes of local optical fields, 

which becomes particularly powerful in single molecule SERS and TERS. In addition to the 

spectral response, TERS also offers the additional advantage of imaging the optical 

response. Through this perspective, we highlight how the molecular signals captured through 

SERS and TERS can provide insights into different aspects of plasmon-enhanced local 

optical fields.

El-Khoury and Schultz Page 3

J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2021 December 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Discussion

Stark Shifts and Optical Rectification

The observation of large Stark shifts on plasmonic materials has generated new interest in 

understanding plasmonic decay channels. Stark shifts have been observed from CN17 and 

CO,14 but also from a number of CN containing compounds including mercaptobenzonitrile 

(MBN),30–31 also referred to in the literature as thiobenzonitrile (TBN).32 It was noted that 

SERS signals mapped on heterogeneous plasmonic arrays correlated well with Stark shifts 

observed from reporter molecules.17 Vibrational Stark shifts are attributed to a change in the 

eigenvalue associated with a vibrational mode in a DC electric field.33 The electric field 

associated with SERS and TERS is an AC field, where the incident field E0, is enhanced on 

the nanoparticle and also re-radiates the scattered photons from nearby molecules, giving 

rise to the commonly noted E4 scaling factor.34 It has also been shown that intense E-fields, 

typically derived from pulsed lasers, can drive higher order optical processes. Indeed, optical 

rectification is a non-linear process deriving the from second order nonlinear optical 

susceptibility term, χ(2). These second order processes typically require a lack of inversion 

symmetry, making them powerful techniques for studying surface effects and electric fields 

surrounding thin films.35–36 These second order processes involve the coherent mixing of 

two oscillating electric fields, of doubling of single incident field. The unique relationship 

between optical rectification and SHG (a second order optical process) is seen through the 

expansion of the second order polarizability, Equation 1, which consists of the multiplication 

of a second order susceptibility term (χ(2)) and the two-alternating incident electric fields. 

Through expansion of this equation, terms are observed depending on two times the incident 

frequency (SHG) and a frequency independent term (optical rectification), Equation 3.37

P2NL = Xijk
2 * Ei * Ej; Ei = εi * e−iωt [1]

= Xijk
2 εi * e−iωt + εi* * eiωt εj * e−iωt + εj* * eiωt [2]

= Xijk
2 εiεje−2iωt + εiεj* + εi*εj + εi*εj*e2iωt [3]

Others have used this relationship to explore electric field dependencies on the optical 

processes;38–39 however, the plasmon induced electric fields also drive the electric field 

observed on plasmonic surfaces. Indeed, plasmonic excitation has shown significant changes 

in surface potential, as much as −400 mV, as measured by the SHG response.40

Figure 1 illustrates how MBN can be used to detect the optically rectified surface potential 

in a SERS experiment. A plasmonic surface is functionalized with a Stark reporter molecule, 

such as MBN. Exciting the plasmon resonance results in a surface potential that generates a 

measurable Stark shift in the MBN CN stretch. Increasing the illumination intensity, as well 

as exciting on resonance with the plasmon frequency, results in a larger change in surface 

potential as measured by the Stark shift CN stretch. This is consistent with Equation 1, 

where stronger electric fields are expected to drive a larger rectified field. The magnitude of 
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the surface potential can be calibrated using electrochemical experiments (Figure 1D), where 

the CN stretch frequency dependence on the surface potential can be manipulated with 

electrochemical control.

Correlating the Stark shifts to electron tunneling in the quantum regime has been a key 

insight into the origin of the observed DC fields that drive the Stark effect.15 Classically, 

optical rectification is associated with materials that have directional dependent electron 

transport, consistent with the lack of inversion symmetry for second order optical processes. 

Using a NPoM configuration, the onset of Stark shifts was shown to correlate with the shift 

in the plasmon resonance that is associated with the quantum regime in plasmonics. In this 

work, computational models were used to model how small shifts in the CN Stark reporter 

frequency correlated to the rectified electric field, but also how electron capture, or charging, 

of the Stark reporter would more dramatically alter the CN stretch frequency. Recently, 

TERS measurements along with ab initio molecular dynamics demonstrated the same effects 

are observed with sub-10 nm spatial resolution.32, 41 The presence of a TBN-anion was 

observed at ~ 2136 cm−1 in both the NPoM and TERS measurements, with a Stark shift 

observed near 2226 cm−1, as is observed in the powder spectrum of TBN.

The sign of the rectified electric field arises from the direction of electron tunneling and can 

be determined from the Stark shift and tuning rate. The change in the vibrational frequency 

can be related to the orientation of the Stark reporter in a directional electric field. Ensemble 

SERS measurements of MBN show that the frequency shift can be both positive and 

negative of the 2226 cm−1 frequency of the powder. Plotting the SERS intensities of MBN 

vs the observed CN stretch frequency shows a minimum near 2226 cm−1, suggesting a 

minimum in the electric field or the absence of a surface potential.30 TERS measurement on 

MBN functionalized arrays also showed Stark shifts suggesting positive and negative 

electric fields.41 The direction of the field remains an interesting question; however, the 

recent TERS work suggests changes in the coupling between the TERS tip and the 

plasmonic structure affects the sign of the rectified electric field. This observation is 

interesting in the context of prior work suggesting photo induced surface charges on 

plasmonic particles could be controlled by exciting the plasmon with an excitation laser 

either to the blue or red of the peak resonance.42 Indeed, the position of the TERS tip 

relative to a nanostructure could affect the hybrid tip-substrate plasmon resonance frequency, 

and hence, alter the sign of the rectified field.

Beyond Stark shifts observed from molecules adsorbed to plasmonic structures, there is 

additional evidence of the plasmon associated rectified fields. As noted earlier, SHG 

measurements, performed in the absence of Stark reporters, show the same change in surface 

potential upon excitation of the plasmon resonance.40 Calculations report that a femtosecond 

pulsed laser can excite electrons to tunnel across a nanometer sized gap on a femtosecond 

time scale, thereby inducing an electric field across the gap. In these calculations, the gap 

resides between two parallel 10 nm diameter gold nanorods.43 However, the field induced 

from the single femtosecond pulse only lasts for a single optical cycle of a few fs. Previous 

results in our lab suggest that DC surface charge increases for as much as 10’s to 100’s of 

seconds under CW illumination, a clearly different time scale than a fs laser pulse.44 While 

calculations show that electron tunneling occurs within femtoseconds of initial excitation;

El-Khoury and Schultz Page 5

J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2021 December 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



43, 45 suggesting that OR and SHG do act on the same timescales initially, OR can be 

continuously pumped with CW illumination to produce a larger effect.46 This longer time 

scale effect gives rise to the DC bias that then modulates the SHG signal. Essentially, the 

CW illumination provides a continuous driving force, preventing the tunneling current from 

reversing while illuminated. Recently, this idea of a continuous driving force was 

demonstrated with mechanical perturbation.47 TERS experiments using tapping mode AFM, 

where the tip surface junction resides in the quantum region for approximately 10% of the 

experiment does not exhibit evidence of a rectified field, while Stark shifts were clearly 

evident from contact mode experiments where the tip remains in contact with the Au 

nanoplate surface.47 The similarity in response of the rectified field to time-dependent, 

pulsed vs CW excitation, and mechanical perturbation, tapping vs contact mode AFM, 

provide discrete methods to evaluate the role of quantum plasmons in optical rectification 

and molecular charging, as gauged though SERS and TERS.

Imaging fields via molecular reporters

The concept of using isolated molecules as nanoscopic probes of their immediate local 

environments is one of the major motivations that led to the rise of single molecule 

microscopy and spectroscopy.48 Naturally, the other motivation is the forward problem that 

is aimed at achieving the ultimate detection limit of a single molecule. However, establishing 

single molecule detection sensitivity, which is most straightforward in measurements 

performed under extreme conditions of temperature and pressure, is not necessarily a strict 

requirement for exploring the inverse problem. Single molecule detection is nonetheless still 

desirable, particularly in the context of ambient SERS and TERS. For instance, early SERS 

work from the Apkarian group explored the concept of 3D mapping of time varying 

molecular orientations by taking advantage of the tensorial nature of single molecule Raman 

scattering.14 The prior work did not rigorously establish single molecule detection using one 

of the accepted frequency domain (e.g., the isotopologue method) or real space (e.g. 

atomically resolved scanning probe microscopy) proofs. Nonetheless, spectral matches 

between experiment and calculated tensorial Raman scattering from and oriented molecule, 

in combination with the prevalence of spectral diffusion and blinking established that a 

single molecule governed the recorded Raman spectra. In this context, the reverse problem 

would then be taking advantage of the tensorial nature of single molecule Raman scattering 

to infer the vector components of the local optical fields in its immediate vicinity. The 

concept is particularly powerful in the TERS scheme, as no other technique can be used to 

image the vector components of local optical fields with nanometer spatial resolution.

Even though ambient TERS measurements cannot resolve the inner workings of a single 

molecule, lateral spatial resolutions on the order of a 1–3 nm have been repeatedly 

demonstrated by many groups.27, 49–51 When the tip is in contact with the substrate (more 

on this below), the optical signal originates from a 2D area with a diameter of 1-few 

nanometers. In the monolayer-sub-monolayer coverage regimes, it is then reasonable to 

assume that the signal arises from 1 (or very few) molecules. Overall, it important to 

appreciate the parallels between ultrasensitive and single molecule SERS on one hand and 

high spatial resolution TERS on the other. Indeed, we often need to invoke nonergodicity 

and/or tensorial Raman scattering to understand some of the observables in high spatial 
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resolution TERS spectroscopy and imaging.14, 52 One of our formalisms resembles the one 

described in Apkarian’s pioneering SERS work, with one important extension: the response 

is spatially resolved.53 We can therefore test the reproducibility of our measurements and 

explore the mechanisms behind their irreproducibility through TERS spectral imaging of 

symmetric and/or structurally redundant plasmonic constructs that sustain fields we can 

simulate exactly using finite-difference time-domain (FDTD) simulations. In a nutshell, this 

is the concept behind imaging the vector components of local optical fields via TERS, which 

were demonstrated using a chemically functionalized Au probe interrogating inter-terrace 

step-edges on Au(111).53 In effect, the hybrid FDTD-density functional theory simulations 

previously reported may be used to forward simulate both ultrasensitive and ensemble-

averaged TERS spectral images.

Increasing the number of molecules and/or increasing the effective TERS probing volume 

reduces the dimensionality and complexity of the problem. Mathematically, this involves 

averaging over molecular orientation in measurements governed by TERS selection rules: 

incident/scattered radiation is preferentially enhanced along the tip axis, which is orthogonal 

to the sample surface (along the z-direction). In this case, we found that TERS images of 

various chemically functionalized plasmonic nanostructures broadcast the z-components of 

the local optical fields in their immediate vicinities, see Figure 2. Although the latter can be 

ascertained through FDTD simulations of some structures, e.g., nanocubes (2A) and smooth 

spherical nanoparticles (2C), other TERS images cannot be readily rationalized. For 

instance, the scattering pattern observed from faceted silver nanoparticles (2B) is very 

dissimilar from spherical particles (2C). The scattering pattern traces the facet boundaries 

that are characteristic of the former nanostructures. Indeed, the correspondence between 

simultaneously recorded AFM and TERS images, polarization-resolved TERS mapping, as 

well as the contrast with nanocubes and spherical nanoparticles together support the 

proposed picture and assignment. The TERS images of Au nanorods (2D) are again unique. 

In the plot shown herein (Figure 2D), the TERS map traces the z-component of the 

multipolar (m=3) longitudinal plasmonic mode of the rod. More generally, both dipolar and 

multipolar resonances of these nanostructures can be imaged via TERS. In effect, and within 

the same hyperspectral TERS image cube, sequential transitions between high-order modes 

at low frequency shifts and lower-order modes at higher frequencies were observed.54 This 

nanorod work thus adds a new dimension to local optical field mapping via TERS: not only 

can the vector components and spatial profiles of local optical fields be imaged; spatially 

varying local optical resonances are direct observables. This recent realization may hold the 

key to understanding the TERS maps of corrugated surfaces and nanostructures, where local 

resonances have been found to span the deep-UV through mid-IR spectral region.55 Note 

that all the aforementioned AFM-based TERS measurements were recorded using 

corrugated/sputtered probes with an intermittent contact mode feedback, whereby the tip is 

in contact when the spectra are measured and in semi-contact as the sample is scanned 

relative to the probe. As noted above, the proximity of the tip to the surface appears to 

modulate the accessed plasmon and the electric field environment. Further, the 

nanostructures were otherwise functionalized with the same molecular reporter (MBN).

Throughout the course of TERS mapping of chemically functionalized plasmonic 

nanoparticles, only a few of which are shown in Figure 2, we noticed that the extent of local 
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optical field confinement (or the plasmonic nanoparticles themselves) governs the measured/

apparent spatial resolution. For instance, ultra-confined signals towards the edges of silver 

nanocubes (< 2nm) are contrasted with less confined (~10–15 nm) fields along the edges of 

crystalline gold nanoplatelets. Both can be rationalized on the basis of FDTD simulations of 

the two nanostructures (without including the probe). There are several interesting aspects to 

this observation. First, we recently rigorously illustrated that the field-limited/apparent 

spatial resolution is coarser than the actual spatial resolution that is attainable in ambient 

TERS.56 The case was made using two different analytes that are chemisorbed onto 

plasmonic gold nanoplates. We were able to distinguish between the two molecules on a 

length scale that is much finer than the spread in the profile of the local optical field, which 

we often rely on to infer the spatial resolution in our measurements. The second aspect of 

this observation has to do with the nature of the interaction between the probe and the 

nanostructures. Our current understanding is that molecular TERS simply reports on fields 

that are sustained near the different nanostructures and nanoparticles we probe. In other 

words, a clean TERS probe merely reveals/reads out the optical fields that are sustained at 

the surface of the nanoparticle. This becomes somewhat evident when the recorded images 

(e.g., in Figure 2) are compared to FDTD simulations of the local optical fields of the 

different structures. The next question then has to do with the nature of the interaction 

between the molecular probe and plasmonic nanoparticles.

Optical Charging and Chemical Conversion vs Multipolar Raman

Thus far, we have established a basis for using molecules to inform about electric fields 

based largely on the assumption that the molecules and plasmonic metals can be treated 

separately. In this section we point out clear examples where changes in the observed 

spectrum arise from plasmon-induced physical and chemical changes in the reporter 

molecule. As noted earlier, the excitation of plasmon resonances can drive currents between 

nanostructures, giving rise to rectified fields. However, the electron does not always travel 

across the junction to a particle. The transition from classical field enhancing junction 

plasmons to charge shuttling quantum plasmons led to numerous interesting demonstrations 

and to an enhanced understanding of some of the observables in Raman spectroscopy at 

plasmonic nanojunctions. A classic example was the demonstration that 

dimercaptoazobenzene (DMAB) can be formed as a photoproduct from aminothiophenol on 

plasmonic surfaces.57–58 Increasing evidence suggests the electron can also become trapped 

on molecules in the junction, giving rise to molecular signatures derived from anion, or 

radical, forms of the molecule. As mentioned above, subtle shifts attributed to Stark shifts in 

the nominal (~2225 cm−1) resonance frequency of the aromatic nitrile stretching vibrational 

mode are indicative of rectified local optical fields. More extreme shifts (~−100 cm−1) in the 

same spectral region can be rigorously assigned to molecular charging (Figure 3A).

Molecular charging in plasmonic nanogaps has been observed in other systems as well, 

suggesting a more common molecular behavior that has not been fully appreciated. In 

addition to MBN, evidence of an anion like species has also been observed for 

nitrothiophenol (NTP),59–60 polymethine dyes,61 and recently for tryptophan residues in 

proteins.62 In NTP, DFT calculations were matched to the observed TERS spectrum to show 

the observed vibrational features could be readily explained by reduction of NTP molecule. 
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This molecular charging correlated with formation of a quantum plasmon and was 

suppressed in the TERS measurement using tapping mode feedback to limit the observed 

quantum effects.59 With tryptophan, the SERS spectrum observed from colloidal Au 

nanoparticles exhibited a Raman spectrum and electronic resonance readily explained by the 

radical anion species.62 While the HOMO-LUMO gap for tryptophan lies in the ultraviolet 

region of the visible spectrum, radicals formed by the capture of an electron show lower 

energy transitions that give rise to surface enhanced resonance Raman scattering (SERRS). 

A similar rationale was presented for polymethine dyes on Ag nanoaggregates.61 

Conversely, the capture of plasmonically excited electrons has also been reported to 

fragment biomolecules in TERS experiments.63

At this point, it is important to note that multipolar Raman scattering needs to be ruled out 

prior to assigning new spectral features (e.g. - non-Raman active modes) to charged species 

and photoproducts. In the fingerprint region of the spectrum (3B) conventional (α2, electric 

dipole-electric dipole) Raman scattering is observed. We have also observed and assigned 

tip-enhanced multipolar Raman scattering.64 Shown in Figure 3B are theoretical and 

experimental enhanced electric dipole-magnetic dipole (m2) and electric dipole-electric 

quadrupole (A2) TERS. Definitive assignments were only possible because of our choice of 

molecular reporter and theoretical analysis: conventional (dipolar) selection rules cannot 

account for the peaks we observe in the 1250–1500 cm−1 spectral region. Overall, the 

observation of multipolar TERS implicates large electric field gradients that vary over 

typical molecular length scales in the TERS geometry. This is expected, given the corrugated 

nature of our AFM probes and the extreme nano-confinement of the signals, and hence, of 

the fields.

The molecular signals observed in SERS and TERS need to be carefully analyzed. Namely, 

signals from molecular reporters can provide unique physical insights and information about 

their immediate local environments, i.e., the local optical fields. Understanding the distinct 

behaviors of different molecules interacting with enhanced local fileds will be important to 

various applications. The prevalence and generality of molecular charging on SERS and 

TERS signals remains to be fully investigated. The formation of resonantly enhanced species 

could dominate the observed spectrum with the signal from a minority of molecules. 

Charging of tryptophan is observed in some proteins62, but not in others.65 This may be 

explained by the electron residing in the lowest energy conformation, which may be the 

indole ring but can also be a coordinated metal. Rationalizing the increase in polarizability 

of these molecules with their prevalence in junctions remains an intriguing question. Of 

further relevance, beyond enhancing signals, electron capture has also been shown to induce 

fragmentation63, 66 and photoconversion57. Indeed, as the role of plasmonic junctions in 

photoconversion and catalysis becomes more appreciated,5 it is clear that the nature of 

molecules at the junctions are increasingly relevant to the observed behavior. Jain and co-

workers have proposed that the preferential electron transfer to molecules drives the photo-

potentials observed on plasmonic particles and have developed a formalism to describe the 

free energy change associated with photo induced surface charging.67–68 Here SERS and 

TERS measurements provide additional insight. In fact, plasmonic photoconversion rates 

have been shown to correlate with photopotentials.69 Of further interest, molecular anions 
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formed at plasmonic junctions show similar Stark tuning rates to the neutral molecule,41 

suggesting that charging and photo-potential may operate via independent mechanisms.

Conclusion

Here we have highlighted how molecules in plasmonic junctions can be used monitor 

properties of the electric field, but also how the electric fields can alter molecules in the 

immediate vicinity of photo-excited plasmonic metals. Besides the nature of the molecular 

reporter, the power of the incident laser, and the use of pulsed vs. CW laser sources, the 

feedback (tapping vs contact mode) used in TERS comprises a useful knob for selectively 

accessing the classical regime of bonding dipolar-type modes and the quantum realm of 

charge transfer plasmons. On the basis of our observations, it appears that plasmon-induced/

enhanced chemical transformations may be switched on/off in quantum/classical junction 

plasmon-enhanced TERS. Furthermore, of importance to the topic of this perspective is the 

observation that only quantum plasmons are rectified in the TERS geometry.

The generality of these recent observations needs to be checked using different molecular 

reporters. The observed molecular response arises from the properties of the molecule and 

may be specific to classes of molecules rather than widely applicable to all cases. 

Additionally, the relative magnitude of the reported behaviors (charging, photoconversion, 

multipoles, etc.) need to be evaluated to aid in identifying the dominant behaviors evident in 

SERS and TERS spectra. It is quite possible multiple effects are observed simultaneously, 

contributing to the observed response.

Interestingly, quantum plasmons appear to drive molecular charging, which can result in 

both signal enhancement and degradation. The time scales associated with electron capture 

appear to be a critical element. There is evidence of both ultrafast and longer-lived processes 

regulated by plasmonic excitation and decay channels. The impact of plasmonic fields and 

resulting energetic charge carriers on nearby molecules, but also using these molecules to 

understand the resulting fields, appear to be equally exciting areas for future development in 

this field.
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Figure 1. 
depicts a gold nanoisland film SERS substrate and the detection of the optically rectified 

field by an adsorbed MBN molecule. A) the SEM image of the surface shows a 

heterogeneous arrangement of nanostructures. The inset shows a broad resonance (black) 

consistent with coupled plasmons. Absorption of the MBN induces a slight redshift in the 

observed extinction spectrum (red). B) Illuminating the SERS substrate induces a reversible 

shift in the CN stretch. The black spectrum was obtained at low fluence, while increased 

light fluence produces the red spectrum. C) The shift in frequency on the SERS substrate is 

shown to track with increased laser power. Illuminating on resonance produces a larger 

change in the observed frequency. D). The shift in CN frequency can also be induced 

electrochemically, where a negative surface potential correlates with a lower CN stretch 

frequency. The inset shows how the CN stretching mode evolves with applied 

electrochemical potential. Figure adapted from Ref. 40 (American Chemical Society, 2019), 

used with permission.
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Figure 2. 
TERS maps (633 nm excitation) of a plasmonic silver nanocube (A), a faceted silver 

nanoparticle (B), a smooth gold nanoparticle (C), and a single crystal gold nanorod (D). All 

of these particles are supported on a silicon substrate. The chemical images are overlaid on 

top of TEM images of similarly shaped nanoparticles for reference. In practice, correlated/

simultaneous AFM-TERS mapping is performed to visualize both topography and chemistry 

in the TERS geometry.
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Figure 3. 
A) The left panel shows theoretical ab initio molecular dynamics (AIMD)-based Raman 

spectral simulation of the nitrile resonances of the neutral and anionic (singly charged) TBN 

species. The right panel shows selected single pixel spectra, in which (bottom to top) the 

neutral, Stark-shifted neutral, anionic, and both parent and anionic nitrile resonances are 

observed. These spectra were recorded from the nanosphere shown in Figure 2A, using a 

sputtered Au TERS probe. B) The left panel shows theoretical enhanced electric dipole-

electric dipole (α2), electric dipole-magnetic dipole (m2), and electric dipole electric 

quadrupole (A2) TERS spectra. The conventional Raman spectrum was computed using 

AIMD-based Raman spectral simulations, whereas the multipolar spectra were computed 

through differentiation at the minimum energy geometry of TBN. Corresponding 

experimental spectra (selected single pixel spectra) recorded at the nanojunctions formed 
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between a sputtered Ag tip and a ~70 nm gold nano-cube are shown in the right panel. All of 

the theoretical spectra were computed at the pbe/def2-TZVP level of theory.
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