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Significance

We show that the transition from 
localized to quantum plasmons 
at metallic nanojunctions 
significantly affects local 
chemistry. Specifically, optical 
rectification and molecular 
charging in the tunneling regime 
lead to distinct reaction pathways 
and (redox) products. Our 
observations have more general 
implications for plasmonic (nano)
reactor engineering and the 
analysis of ambient surface and 
tip-enhanced Raman spectra and 
images of molecules interacting 
with metals.
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Chemical transformations near plasmonic metals have attracted increasing attention in the 
past few years. Specifically, reactions occurring within plasmonic nanojunctions that can be 
detected via surface and tip-enhanced Raman (SER and TER) scattering were the focus of 
numerous reports. In this context, even though the transition between localized and non-
local (quantum) plasmons at nanojunctions is documented, its implications on plasmonic 
chemistry remain poorly understood. We explore the latter through AFM-TER-current 
measurements. We use two molecules: i) 4-mercaptobenzonitrile (MBN) that reports on 
the (non)local fields and ii) 4-nitrothiophenol (NTP) that features defined signatures of 
its neutral/anionic forms and dimer product, 4,4′-dimercaptoazobenzene (DMAB). The 
transition from classical to quantum plasmons is established through our optical measure-
ments: It is marked by molecular charging and optical rectification. Simultaneously recorded 
force and current measurements support our assignments. In the case of NTP, we observe 
the parent and DMAB product beneath the probe in the classical regime. Further reducing 
the gap leads to the collapse of DMAB to form NTP anions. The process is reversible: 
Anions subsequently recombine into DMAB. Our results have significant implications for 
AFM-based TER measurements and their analysis, beyond the scope of this work. In effect, 
when precise control over the junction is not possible (e.g., in SER and ambient TER), both 
classical and quantum plasmons need to be considered in the analysis of plasmonic reactions

localized plasmons | quantum plasmons | plasmonic chemistry | tip-enhanced Raman

The resonant interaction between optical fields and metals can generate surface plasmons. 
When the metals of choice are nano-sized, i.e., much smaller than the wavelength of light 
used to excite them, the incident optical fields can be localized to their surfaces in the 
form of localized plasmons. These localized and enhanced optical fields are routinely used 
in measurement aimed at detecting and identifying (bio)molecules, with down to 
single-molecule detection sensitivity (1, 2). They have also been exploited to probe excitons 
and phonons in low-dimensional and quantum materials with nanometer spatial resolution 
(3). Localized surface plasmons have also been used to drive chemical transformations 
that are difficult to achieve using classical thermal/photochemical approaches (4, 5). The 
latter comprises the topic of this work.

From methyl migration (6) and CO2 reduction (7) to redox reactions (8) through 
ethylene epoxidation and hydrogenation (9), plasmonic reactions performed under ambi-
ent conditions have the potential to decrease the energy demand and environmental bills 
that are associated with key industrial reactions. However, as well recognized in a recent 
account (5), the mechanisms that are associated with such reactions remain poorly under-
stood. This limits our ability to rationally design plasmonic reactors and to scale up these 
reactions. Some of these challenges have to do with the very nature of the problem that 
lies at the interface of classical and quantum theories. Indeed, the dynamic interplay 
between a heterogeneous plasmonic metal and molecules under irradiation is not trivial 
to dissect in theory and in practice (10).

Surface-enhanced Raman [SER (11)] spectroscopy is a convenient approach that 
can be used to track chemical transformations at the surface of a plasmonic metal (5). 
Indeed, the same local fields that drive plasmonic chemistry boost the detection 
sensitivity of Raman scattering. The effect is most evident when molecules reside in 
nanosized (or smaller) cavities between two or more plasmonic nanostructures (4). 
When one of these nanostructures is a metallic probe of a scanning probe microscope, 
ultrasensitive nanoscale chemical (and chemical reaction) imaging becomes possible 
using the so-called tip-enhanced Raman [TER (12)] approach (4). Indeed, several 
reports from our group (13, 14) and others (4, 15, 16) showed that plasmonic reac-
tions at metallic nanojunctions can be tracked via TER spectroscopy and imaging, 
with a spatial resolution down to a few nanometers under ambient laboratory condi-
tions (10, 14).

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.o
rg

 b
y 

50
.5

2.
11

2.
16

3 
on

 O
ct

ob
er

 2
0,

 2
02

4 
fr

om
 IP

 a
dd

re
ss

 5
0.

52
.1

12
.1

63
.

https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:patrick.elkhoury@pnnl.gov
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2319233121/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2319233121/-/DCSupplemental
https://orcid.org/0000-0002-9262-1351
https://orcid.org/0000-0002-3085-6614
https://orcid.org/0000-0003-1741-8801
mailto:
https://orcid.org/0000-0002-6032-9006
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2319233121&domain=pdf&date_stamp=2024-3-26


2 of 6   https://doi.org/10.1073/pnas.2319233121� pnas.org

The transition between classical and quantum plasmons as the 
distance between two plasmonic metals is decreased is somewhat 
well understood for idealized nanostructures (e.g., metallic 
spheres), as documented in pioneering theoretical and experimen-
tal work (17). Namely, classical plasmons that are localized to the 
nanojunction at separation distances >1 nm are replaced by non-
local/charge shuttling quantum plasmons when conductive over-
lap is established at smaller sub-nm separation distances. How the 
nonlocal character of quantum plasmons affects the properties of 
molecular and material systems at plasmonic junctions remains 
poorly understood, besides a handful of analyses (18–22). In the 
realm of plasmonic chemistry, the topic of this work, none of the 
existing analyses take the transition from classical to quantum 
plasmons into account. This is surprising, especially since assem-
blies of interacting plasmonic nanoparticles would be needed to 
scale up plasmonic catalysis (23). This work sheds light on impor-
tant aspects of this problem through simultaneously recorded 
AFM-TER-current measurements that track chemistry driven by 
both local and nonlocal plasmons in the tip-enhanced optical 
spectroscopy geometry. Even though the optical data can be 
understood in the framework of prior experimental SER and TER 
studies (discussed below), simultaneously recorded force and cur-
rent signals are useful to gauge the tip–sample distance and to 
establish the tunneling regime. We begin with a brief description 
of our experimental construct.

Results

Simultaneously recorded AFM (A), TER (B), and current (C) 
images of a 4-mercaptobenzonitrile (MBN)-coated gold nanohole 
are shown in Fig. 1. We thoroughly characterized similar hybrid 
molecular-metallic constructs in recent publications from our 
group (24, 25). The reader is referred to the prior analyses for a 
more detailed description of the substrate and laterally resolved 
mapping measurements. For this study, the topography of the ~19 
nm deep oval nanostructure is well-resolved in the AFM image 
(Fig. 1A) and the overlaid cross-sectional cut. The TER (Fig. 1B) 
and current (Fig. 1C) maps both reveal regions of high optical 
field enhancement under our experimental conditions. Spatial 
averaging over the highlighted rectangular area in Fig. 1B yields 
the optical response plotted in Fig. 1D. The spectrum exhibits 
several sharp molecular lines that can be assigned to MBN, includ-
ing the 1,580/2,225 cm−1 resonances that arise from the aromatic 
C=C/nitrile stretching vibrations. Averaging the TER signal along 
the horizontal lines near the upper right corner of the rectangle 
in Fig. 1B yields the cross-sectional line profile plotted in Fig. 1E. 
As expected, this trace reveals that the spatial resolution is finer 
than the lateral step size used in this map. Indeed, similar meas-
urements performed using smaller lateral steps (SI Appendix, 
Fig. S1) show that our spatial resolution is closer to 2 nm, which 
is consistent with prior estimates from measurements that targeted 
similar plasmonic constructs (25).
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Fig. 1.   Correlated AFM (A), TER (B), and current (C) images of an Au nanohole (see ref. 24 for a description and ref. 25 for high spatial resolution imaging of similar 
structures), herein coated with 4-mercaptobenzonitrile molecules. Spatial averaging of the TER response in the rectangular area in (B) results in the spectrum 
plotted in (D). Spatially averaged TER cross-sectional line cuts (1,580 cm−1) along the dashed horizontal lines in (B) results in the line cross-sectional profile shown 
in (E). Finer spatial resolution (~2 nm) is demonstrated in SI Appendix, Fig. S1 of the SI Appendix section through TER maps recorded with fine lateral step sizes (1 
nm). Conditions: 0.5 s integration time/pixel, 5 nm steps in both lateral directions, and 100 µW/µm2 delivered to the tip–sample nanojunction.D
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We next recorded TER, AFM force, and current signals while 
continuously decreasing the distance between the AFM probe and 
sample, as schematically illustrated in Fig. 2A. The tip is landed 
toward the edge of the nanohole structure, where the optical sig-
nals are optimally enhanced (Fig. 1B). The rapid onset of TER 
signal enhancement (~2 nm rise) is noticeable in the spectrally 
resolved map (Fig. 2B) and more so in the two TER cuts in 
Fig. 2D. The tip–sample separation distance is however difficult 
to establish based on these optical signals alone. The AFM force–
distance curve in Fig. 2C and simultaneously recorded current 
trace in Fig. 2E are informative in this regard. The force–distance 
curve clearly shows the snap-to-contact point, where the gradient 
of the tip–sample force exceeds the elastic constant of the canti-
lever and the tip snaps into contact with the surface. After contact, 
the tip and the sample motion are linearly coupled, and the onset 
of the local repulsive force is accompanied by a rise in both optical 
and current signals. The offset between the vdW contact point (0 
nm in C) and the rise in Raman scattering and current suggests 
that the tip and sample are still separated (vide infra) by molecules 
in the junction—both MBN as well as other molecules present 
under ambient conditions, such as water molecules (21). The 
decrease in current after it reaches a maximum value at −5 nm 
(conductive contact) can be simply associated with changes in the 
tip/sample morphology and variations in the number of molecules 
at the junction. That said, and as shown below, it is not the case. 
Namely, we can associate this reproducible (SI Appendix, Fig. S2) 
observation with half-wave optical rectification at plasmonic junc-
tions, which has been previously observed in the TER geometry 
(20, 26, 27). More in support of this assignment follows.

The reproducibility of the measurements discussed above was 
ensured by recording AFM–TER–current traces as a function of 
gap size at several points along the periphery of the nanohole using 
different TER probes (SI Appendix, Fig. S2). In Fig. 3, we show 
one of these measurements and focus our analysis of the optical 
signal to a narrow spectral region centered around the nitrile 
stretching resonance of MBN. Offset AFM force–distance 
(Fig. 3A) and current (Fig. 3B) signals that track vdW (0 nm in 
A and B) and conductive contact (around −4.5 nm in A and B), 
respectively, are once again observed. The spectrally resolved opti-
cal signal in the 2,150 to 2,300 cm−1 spectral region is consistent 

with the picture painted by the results in Fig. 3 A and B. Namely, 
we observe two maxima in the TER signature of the nitrile—the 
first at −2 nm and a second at −7 nm. We also clearly observe the 
transition from a sharp molecular line that peaks at the first max-
imum to a Stark-broadened nitrile signature that peaks at the 
second. The transition in the nature of the optical signal happens 
at around −5 nm, wherein conductive contact is established 
(Fig. 3B) and where the actual tip–sample separation distance is 
known to be less than 1 nm (21). Again, the optical data that 
can be rationalized in the framework of prior work (18, 28) is 
supported by the simultaneously recorded force and current 
measurements.

The observation of two signal maxima in the TER data (see, 
e.g., Fig. 3) can be associated with classical vs. quantum 
plasmon-enhanced Raman scattering. In effect, the transition 
from sharp molecular lines to Stark-tuned broadened Raman 
signatures has been previously observed in the SER spectra of a 
melting plasmonic metal dimer and rationalized on this basis 
(18). In the current geometry, we can controllably access the two 
regimes and explore them using different molecular reporters 
that inform on the operative fields (Fig. 3) and on plasmonic 
chemistry (Fig. 4). Before discussing an example of plasmonic 
chemistry, it is important to comment on the signal magnitudes 
that do not trace the expected field profile (28). Specifically, as 
the distance between two plasmonic nanostructures is decreased, 
the field should increase until it reaches a critical separation 
distance (sub-nm) after which enhancement decreases as a result 
of quantum effects such as tunneling (17). What we observe is 
a brighter quantum-plasmon-enhanced TER signal and a dim-
mer localized junction plasmon-driven TER signal at a larger 
tip–sample separation distance. A closer inspection of the Raman 
lines of MBN (SI Appendix, Fig. S3) reveals that the molecule is 
charged. Although the latter is masked in the nitrile window, 
where optical rectification and (partial) molecular charging both 
affect the observables (29), charging is clearly marked by an 8 
cm−1 blue shift in the resonance of the aromatic C=C vibrational 
signature of MBN, see SI Appendix, Fig. S3. It appears that an 
increase in the Raman scattering cross-section of the anion com-
petes with the expected dimming of the field magnitude in the 
tunneling regime.
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Fig. 2.   Schematic representation of the measurement (A) is shown alongside the tip–sample distance-dependent spectrally resolved TER response (B). AFM force 
(C), selected frequency TER cuts (D, color coded in B), and current signals (E) are all simultaneously tracked. Note that the spectral response in (C) is integrated 
over the bands, as schematically illustrated by the color-coded thin rectangular sections in (B). Conditions: 0.5 s integration time/step, 0.5 nm steps, and 100 
µW/ µm2 delivered to the tip–sample nanojunction. Note that a small bias voltage of 0.018 V was used in this measurement.D

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.p

na
s.o

rg
 b

y 
50

.5
2.

11
2.

16
3 

on
 O

ct
ob

er
 2

0,
 2

02
4 

fr
om

 IP
 a

dd
re

ss
 5

0.
52

.1
12

.1
63

.

http://www.pnas.org/lookup/doi/10.1073/pnas.2319233121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2319233121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2319233121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2319233121#supplementary-materials


4 of 6   https://doi.org/10.1073/pnas.2319233121� pnas.org

Based on the results shown in Fig. 3C, we can place an upper 
limit of ~42 MVcm−1 for the magnitude of the rectified local 
optical field. This is based on a stark tuning rate of 0.6 cm−1/
MVcm−1 for the neutral molecule and the lowest observed nitrile 
frequency shift of 2,200 cm−1 (22). The derived magnitude does 
not account for molecular charging, which is clearly taking place 
under our experimental conditions, see SI Appendix, Fig. S3. The 
Stark tuning rate for the anion was recently computed to be 0.54 
cm−1/MVcm−1 (30). This translates into a local field magnitude 

of ~46 MVcm−1, if we assume that the charged molecules account 
for the lowest observed frequency shifts. Overall, the absolute field 
magnitudes derived here are generally consistent with rectified 
local field magnitudes in the TER geometry (30, 31). Note that 
these values do not account for static charge transfer and/or con-
formational fluxionality/conformations of molecules on metals, 
both which are not expected to significantly affect the nominal 
nitrile resonance (32). That large rectified optical fields are oper-
ative is an important observation to keep in mind, since rectified 
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fields have been shown to affect plasmonic reactivity (27, 33), 
which we take a closer look at next.

The measurements highlighted above were repeated in Fig. 4, 
but now using 4-nitrothiophenol (NTP) molecules that are 
well-known reporters of local redox and bimolecular chemistry in 
SER and TER measurements. Spectral variations throughout the 
transition from classical to quantum plasmon-enhanced TER 
scattering are evident in Fig. 4A. The spectra we observe in the 
two limits are overlaid in Fig. 4B. In the classical regime, both 
parent NTP molecules as well as 4,4′-dimercaptoazobenzene con-
tribute to the spectrum. The latter is marked by several peaks 
among which the 1,435 and 1,390 cm−1 modes that involve the 
azo moiety are most prominent (13). After the onset of tunneling, 
a clear signature of anionic NTP species is observed at 1,315 cm−1 
(20, 34, 35). The signature of the anion is highlighted in the Inset 
of Fig. 4B, and it is consistent with prior assignments of anionic 
NTP species in conventional and electrochemical TER measure-
ments (20, 34, 35). An interesting aspect of the local chemistry is 
highlighted in Fig. 4C, wherein we track the evolution of the 
DMAB and anionic NTP species through their prominent TER 
signatures. Much like the case of MBN, the rise in the TER signals 
of the parent NTP species (and the DMAB product, see Fig. 4C) 
starts after vdW contact, reaches a maximum value at around -3 
nm, and then decays and to reach a local minimum below −5 nm. 
The decay of the DMAB product leads to an increase in anionic 
NTP species (Fig. 4C). Interestingly, the process is reversible. 
Namely, the anions eventually recombine to once again form 
DMAB. The reproducibility of these observations is again ensured 
using measurements conducted with different tips that target dif-
ferent areas on the substrate, as exemplified by the results shown 
in SI Appendix, Fig. S4.

Discussion

Several conclusions seem inescapable based on our observations. 
First, both classical and quantum plasmons contribute to tip-
enhanced optical nanoimaging and nanospectroscopy measure-
ments that take advantage of plasmonic junctions to optimally 
enhance the incident and scattered fields. Beyond the well-known 
fact that quantum plasmons are operative in smaller gaps (17, 21), 
this work establishes that quantum plasmons are operative when-
ever the force is positive or exceeds the contact line (Figs. 2–4) in 
AFM-TER measurements. It is likely for the picture to also 
depend on the molecular/material load as well as the power of the 
incident field. In this regard, dozens of recent TER and tip-
enhanced photoluminescence studies that utilize plasmonic junc-
tions to inspect low dimensional and quantum material need to 
be revisited and re-analyzed with quantum plasmons and the 
possibility of charging in mind. Second, it appears that only tun-
neling plasmons are rectified. This is an interesting observation to 
keep in mind, since correlated current-optical-force measurements 
that all support the mechanisms proposed herein may not be 
possible, e.g., in the SER scheme. In this regard, optical measure-
ments performed with strategic molecular probes (e.g., MBN) 
may be used to infer the (non)local nature of the operative field. 
In this study, both the observation of Stark broadened nitrile res-
onances and the reduction in current that converges to half its 
value after conductive contact is established point toward optical 
rectification of quantum plasmons. Third, we demonstrate that 
molecular charging takes place in the TER geometry, and that it 
is most prominent in the tunneling regime. In the context of 
plasmonic chemistry, reaction pathways that involve both neutral 
and anionic species are therefore important to consider. Here, we 
show that the DMAB species that forms as a result of reductive 

coupling between two NTP molecules can reversibly form anionic 
NTP species. The latter has not been considered in dozens of prior 
reports that take advantage of junction plasmons to track and 
better understand plasmonic chemistry, using NTP as a model 
system.

On a more technical note, this work suggests that further devel-
opments are warranted to render TER measurements more ana-
lytical and less invasive in nature. Performing mapping with 
negative force below the contact point should enhance the signa-
tures of the molecule/material systems using classical/localized 
plasmons without perturbing the analytes, either mechanically or 
through redox chemistry. This work also motivates designing 
unique plasmonic reactors that take full advantage of the distinct 
properties of tunneling plasmons. It also beckons revisiting spec-
troscopic SER and TER measurements that are aimed at tracking 
chemical transformations, with attention to both anionic molec-
ular species and quantum plasmons. The same goes for nanoim-
aging measurements that are aimed at characterizing emerging 
low-dimensional materials, where the same mechanisms must be 
operative and where, e.g., both excitons and trions can contribute 
to the recorded spectral images.

On a final note, it is important to concede that this work does 
not rigorously answer outstanding questions that have to do with 
the resonances of classical vs. quantum plasmons in the TER 
geometry and how that affects local chemistry. Addressing these 
questions requires nanoextinction measurements coupled with 
quantum or quantum-corrected numerical simulations of the local 
fields. Although this seems doable experimentally with some 
improvements in our current approach (36), going beyond sepa-
rate treatments of the molecular and metallic constituents in silico 
requires more substantial work.

Materials and Methods

Our TER setup is described elsewhere in more detail (24, 25). For the purpose 
of this work, as-purchased silicon probes (Nanosensors, ATEC) were coated with 
100 nm of Au and used for AFM and TER (SpecTop, Horiba Scientific) topographic/
chemical imaging as well as current mapping. TER and current signals are col-
lected when the tip is in direct contact with the surface. A semicontact mode is 
otherwise used to move the sample relative to the tip (pixel to pixel). Throughout, 
a 633 nm diode laser is focused onto the tip apex at a ~65° angle with respect to 
the surface normal using a 100× air objective (Mitutoyo, 0.7 NA). The polarization 
of the laser was set to coincide with the tip axis using a half-waveplate. The back-
scattered light was collected using the same objective, filtered through a series 
of long pass/dichroic filters, and recorded using a CCD camera (Andor, Newton 
EMCCD) coupled to a spectrometer (Andor, Shamrock 500) equipped with a 300 
L/mm grating blazed at 550 nm. Note that the experimental details (irradiance, 
step sizes, integration time…) are given in figure captions in the main text.

TERS samples were prepared by immersing template stripped gold substrates 
in 1 mM ethanolic solutions of MBN and NTP for 24 h. Excess/unbound molecules 
on each of the two substrates were rinsed off using excess ethanol, and the final 
samples were dried using a stream of dry nitrogen.

Data, Materials, and Software Availability. The data needed to reproduce 
the figures are included with the SI Appendix section of this work. All other data 
are included in the manuscript and/or supporting information.
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