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Far-field single-molecule vibrational spectroscopy
and imaging

Philip A. Kocheril, ©2 % Haomin Wang, 2 ¢ Ryan E. Leighton, ?2'® Dongkwan Lee,?
Noor Naji, 22 Wei Min 2° and Lu Wei 2 *2

Single-molecule (SM) optical spectroscopy and imaging approaches have proven transformative, allowing
for deep insights into molecular dynamics and behaviour. Despite their intrinsically weaker signals,
vibrational spectro-microscopies have advanced significantly within the past decade, allowing for far-
field vibrational spectroscopy and imaging at the SM level under ambient conditions. In this Perspective,
we first discuss the critical insights and advancements that allowed for SM vibrational spectroscopy and
imaging to be realized, highlighting the technical developments that have allowed vibrational spectro-
microscopies to break the SM barrier with far-field optics. We then discuss the unique and exciting

rsc.li/chemical-science

1. Introduction

Since the first optical single-molecule (SM) detection in 1989,
SM spectroscopy has proven revolutionary over the past 36
years.”” Bulk spectroscopic techniques report ensemble-
averaged observables from many molecules, obscuring the
unique behaviours of individual molecules. By studying one
molecule at a time, SM spectroscopy has offered us the
unprecedented capability to investigate the intrinsic
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opportunities of these SM vibrational methods.

heterogeneity of molecular properties without ensemble aver-
aging, allowing direct visualization of transient dynamics and
the ability to quantify distributions rather than means.®

SM spectroscopy has allowed paradigm-shifting insights
from spectral diffusion,® molecular orientation,” and molecular
motion® to SM protein biophysics,” SM biomechanics,'® SM cell
biology,""** and super-resolution microscopy."® For instance,
video-rate fluorescence imaging of the rotating y-subunit of F;-
ATPase enabled direct quantification of kinetics and dynamics
at the single-protein level.** Additionally, protein folding
studies have been transformed by SM Forster resonance energy
transfer (SmFRET)"'® allowing for direct probing of protein
folding even under non-equilibrium conditions.'” Furthermore,
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SM sensitivity is the foundation of SM localization microscopy
(SMLM),"® a class of super-resolution optical microscopy
methods that provide extremely high resolution (even down to
the A level) in imaging biological systems."

Complementary to these fluorescence-based methods,
vibrational spectroscopy, based on either infrared (IR) absorp-
tion or Raman scattering, which have complementary vibra-
tional selection rules, has the potential to address some
fundamental challenges faced by fluorescence and offer
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complementary and fundamentally new understandings of
molecular behaviours and interactions.?*** Due to operating on
different fundamental principles than fluorescence, vibrational
spectroscopies provide unique opportunities, including: first,
use of bioorthogonal vibrational tags. Rather than tagging with
fluorescent proteins or molecular fluorophores (which may
perturb the dynamics of the tagged species), vibrational spectro-
microscopies can leverage much smaller chemical tags, such as
alkynes (-C=C-),** nitriles (-C=N),*® and deuterium labelling
(-C-D),** or even operate entirely without exogenous labels.?
Vibrational tags also do not generally suffer from photo-
bleaching, allowing for more straightforward quantitation in
absolute concentrations.”® Second, vibrational imaging facili-
tates the simultaneous visualization of many different targets in
a single shot, due to the intrinsically narrow linewidths of

Wei Min received his BS from
Peking University in 2003 and
PhD from Harvard University in
2008 studying single-molecule
biophysics with Prof. Sunney
Xie. After continuing his post-
doctoral work in the Xie group,
Wei joined the faculty at
Columbia University in 2010 and
was promoted to Full Professor in
2017. Wei has been recognized by
a number of honors, including
the SPIE Biophotonics Tech-
nology Innovator Award (2023),
the Craver Award of Vibrational Spectroscopy (2022), the Scientific
Achievement Award from Royal Microscopical Society (2021), the
Pittsburgh Conference Achievement Award (2019) and the ACS
Early Career Award in Experimental Physical Chemistry (2017).

Wei Min

Lu Wei received her BS from
Nanjing University in 2010 and
obtained her PhD from Columbia
University in 2015, working with
Prof. Wei Min. Too fascinated by
stimulated Raman scattering
microscopy, she stayed at
Columbia as a postdoctoral
scholar, continuing to develop
new  nonlinear  vibrational
imaging techniques. Lu joined the
faculty at Caltech in 2018 and
was promoted to Professor of
Chemistry in 2025. Lu is a Heri-
tage Medical Research Institute investigator and Ronald and JoAnn
Willens Scholar at Caltech. Lu has recently received several honors,
including the Camille Dreyfus Teacher-Scholar Award (2025),
Coblentz Award (2025), the NSF CAREER Award (2023), the Sloan
Research Fellowship (2022), and the NIH Director's New Innovator
Award (2020).

Lu Wei

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc07076g

Open Access Article. Published on 02 February 2026. Downloaded on 4/10/2026 12:11:56 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Perspective

vibrational spectra.>**” Third, vibrational spectroscopic
observables can be used to quantitatively obtain rich chemical
information with physical interpretability,”®** made possible by
robust connections between first-principles theory and experi-
ments.***! Despite these benefits and more, vibrational spectro-
microscopies have historically been limited in scope, due to
poorer intrinsic sensitivity than fluorescence-based methods.

To enable SM detection, ideally a method needs to fulfil both
of the following criteria:

(1) large cross-sections, and

(2) detection schemes with minimal noise and background.

Fluorescence-based methods readily satisfy both require-
ments, benefiting from large electronic absorption cross-
sections (~107""-10"" ¢m?), high quantum yields, and ultra-
sensitive, low-noise detectors (capable of single-photon count-
ing), which explains the widespread usage of fluorescence-
based techniques in the SM community.

However, conventional vibrational spectroscopies have lag-
ged in sensitivity due to failing in (at least) one of these
requirements. IR absorption cross-sections can be sufficiently
large (generally ~10~"°-10"" cm?),** but sensitive IR detection
is challenging. IR spontaneous emission rates are exceedingly
slow (~ps) compared to the competing non-radiative vibrational
decay pathways at room temperature (~ps). Therefore, direct
absorption is the default detection method in the IR, which
suffers from large background noise and fluctuation (unlike
detecting fluorescence at a new wavelength, where background
from the excitation light source can be filtered out). Further-
more, direct measurement of mid-IR photons requires the use
of noisier detectors.**?* As a result, IR absorption measure-
ments commonly occur in the mM concentration range,*
operating quite far from SM sensitivity.

In contrast, spontaneous Raman scattering cross-sections
are inherently small (typically ~107°-107>® ¢m?), but Raman
scattering does not require optical sources to be resonant with
the excited vibrational transitions. Thus, Raman-based
approaches can use the same robust laser and detector tech-
nologies as fluorescence-based methods, theoretically having
access to much better sensitivities with extensive averaging.’” In
practice, however, spontaneous Raman measurements are also
generally limited to high concentrations, since very long expo-
sure times can be complicated by factors like drift and cosmic
spikes.

1.1. Far-field and near-field methods

Despite these inherent limitations of IR and Raman methods,
clever experimental strategies have granted massive sensitivity
improvements (Fig. 1). These strategies can be broadly classi-
fied as “far-field” and “near-field” methods (see the Definitions
section). Far-field techniques (Fig. 1a) are highly compatible
with many different sample types, including bulk samples,
liquids, and tissues, and are well-established as being non-
perturbative, making them attractive towards general-purpose,
sample-agnostic methods. Near-field methods, commonly
utilizing nanoscale tips, surfaces, nanoparticles, or tapered
fibres (Fig. 1b), achieve remarkable spatial resolution and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Summary of far-field and near-field vibrational spectroscopic
methods. Schematic depictions of (a) far-field (blue) and (b) near-field
(orange) optical methods, each with unique advantages and tradeoffs.
(c) Ilustrative comparison of vibrational spectro-microscopies as
a function of sensitivity (horizontal axis) and a combination of vibra-
tionalinformation and substrate scope (vertical axis). The grey diagonal
line illustrates a persistent tradeoff, where gains in sensitivity are
generally accompanied by losses in substrate compatibility or spectral
information. In this Perspective, we discuss the first far-field methods
to have escaped this diagonal (SREF, FEIR, and BonFIRE). Abbreviations
are elaborated in the Definitions section.

increased sensitivity. Although near-field methods face chal-
lenges with complex spectral lineshapes®® and possible pertur-
bations of molecular properties,® their massive sensitivity
enhancements allowed for near-field vibrational spectro-
microscopies to break the SM barrier nearly three decades
ago. In contrast, far-field vibrational spectro-microscopies have
lagged significantly in sensitivity, due to a persistent tradeoff
between sensitivity and a combination of vibrational informa-
tion and applicable substrate scope. We qualitatively illustrate
this tradeoff in Fig. 1c (dashed grey diagonal line), summarizing
the scope of techniques that we will discuss here.

1.2. Overview and scope

In this Perspective, we will primarily focus on the development
of three emerging far-field methods: stimulated Raman-excited
fluorescence (SREF), fluorescence-encoded infrared (FEIR), and
bond-selective fluorescence-detected infrared-excited
(BonFIRE) spectro-microscopies (Fig. 1c, blue-outlined oval).
Collectively, these methods are the first vibrational spectro-
microscopies to break the SM barrier even with far-field
optics, highlighting their importance in modern physical
chemistry.*®*' In Section 2, we present the foundational prin-
ciples underscoring each of these methods, demonstrating that
these complex experimental techniques can be conceptualized
from a unifying, global framework. In Section 3, we provide
a brief review of far-field SM vibrational spectro-microscopies

Chem. Sci., 2026, 17, 5297-5316 | 5299
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(SREF, FEIR, and BonFIRE), summarizing recent work and
providing an integrative comparison. In Section 4, we discuss
the outlook of these methods toward exciting future
applications.

Despite our focus on the far-field methods, we will start by
discussing near-field principles and methods, as the landscape
of SM vibrational spectroscopy has been largely shaped by these
near-field approaches. Thus, we believe that a discussion of
current near-field methods is necessary to provide the proper
context for understanding where the far-field methods can
shine. We argue that this integrative approach will better
inform the development, importance, and application spaces
for future far-field work.

2. Foundations of SM vibrational
spectroscopy

In the framework we established in the Introduction, achieving
SM sensitivity in vibrational spectroscopy requires either (1)
enhancing the signal intensities or (2) improving detection
sensitivity. In this section, we discuss several approaches to
addressing these two challenges, showing that they can be
conceptualized as discrete “building blocks” that serve as the
foundations of SM vibrational spectroscopy and imaging.

2.1. Enhancements to Raman scattering signals

Multiple strategies have been developed to overcome the
inherently small cross-sections of spontaneous Raman scat-
tering, which can be broken down into three categories:
coherent Raman scattering, resonance Raman scattering, and
plasmon-enhanced Raman scattering (Fig. 2).

In coherent Raman scattering (Fig. 2a), a pair of lasers is
tuned such that the difference in their frequencies resonates
with the vibration of interest.**** The two most widely used
forms of coherent Raman scattering are coherent anti-Stokes
Raman scattering (CARS) and stimulated Raman scattering
(SRS).** In particular, SRS has found broad adoption in recent

years due to minimal non-resonant background and
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a straightforward linear concentration dependence, among
other practical factors.*®

The SRS excitation scheme results in an enhancement of up
to ~10°-10%fold compared with spontaneous Raman scat-
tering, benefiting from signal amplification similar to stimu-
lated emission.”* Recent theoretical work has shown that SRS
can be understood from the perspective of Einstein's coeffi-
cients, providing new insights into the inherent strength of the
SRS process from a quantum mechanical viewpoint.*”** The
signal enhancement provided by SRS alone is sufficient to allow
label-free bioimaging with high detail,* fuelling the develop-
ment of SRS as a workhorse in modern chemical imaging.
However, SRS cross-sections (~107>*-10">* ecm?) are still far
from SM sensitivity, typically achieving detection limits in the
0.1-10 mM range.”

Another strategy to improve Raman cross-sections is by
using a laser that is tuned (near) to a real electronic transition of
the target molecule, termed (pre-)resonance Raman scattering
(Fig. 2b). Through vibrational-electronic (vibronic) coupling
with a strong electronic resonance, the Raman scattering
process can be enhanced by up to ~10”-fold (~107>* em?),*
generally yielding detection limits in the 10-100 uM range with
deep-ultraviolet excitation.>

The third category of Raman signal enhancement leverages
localized surface plasmon resonance of metallic nanostructures
(Fig. 2c), where the oscillations of the electron cloud on a metal
surface create “hot spots” with very intense electric fields (often
at the interface between two nanoparticles).** These hot spots
form the basis of surface-enhanced Raman scattering (SERS)
and tip-enhanced Raman scattering (TERS), yielding Raman
signal enhancements of ~10°-10""-fold due to the strength of
the field.”

Initially, none of these enhancement mechanisms individ-
ually yielded sufficient enhancement to achieve SM Raman
spectroscopy. However, by combining two enhancement
mechanisms, Raman signals can be sufficiently enhanced for
SM detection. For example, by combining plasmonic enhance-
ment with resonance Raman scattering, resonance-enhanced
SERS and TERS were the first vibrational spectroscopies to

Enhancements to Raman scattering signals

Coherent Raman scattering

(b) Resonance Raman scattering (C) Plasmon-enhanced Raman scattering

Raman
scattering

S

CARS SRS S,
Ao '8'" Aol S
=y e o e o
clal s K
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Fig. 2 Raman scattering enhancements. (a) Coherent Raman scattering. A pair of lasers (pump and Stokes) whose difference-frequency is
resonant with the vibrational transition can increase Raman scattering cross-sections by up to ~10°-108-fold. In coherent anti-Stokes Raman
scattering (CARS), the pump also serves as a probe beam, generating a new photon of a higher frequency. In stimulated Raman scattering (SRS),
no new frequencies are generated, but the intensities of the pump and Stokes beams are modulated through the SRS process. (b) Resonance
Raman scattering. Pumping the Raman transition with a laser that is (pre-)resonant with a real electronic transition can increase Raman scattering
cross-sections by up to ~10”-fold. (c) Plasmon-enhanced Raman scattering. The large electric fields generated at the surface of a metallic
nanoparticle or tip can increase Raman scattering signals by ~10°-10*-fold.
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Fig. 3 SM plasmon-enhanced Raman scattering. (a) Example SM-
SERS spectra, showing that an inhomogeneously broadened ensemble
average can be decomposed into contributions of individual mole-
cules (adapted with permission from ref. 56. Copyright 2010 American
Chemical Society). (b) RNA sequencing by SM-TERS. Unique finger-
prints can be obtained for each of the four nucleobases (adapted with
permission from ref. 57. Copyright 2021 American Chemical Society).
(c) SM time-resolved surface-enhanced CARS. Coherent oscillations
can be observed from a single molecule held between two Au
nanoparticles in a silica shell (adapted with permission from ref. 61.
Copyright 2014 Springer Nature).

achieve SM sensitivity.***** We here note that SM-SERS with
non-resonant probes was later reported for hot spots
approaching the theoretical maximum enhancement.*?

With SM sensitivity, inhomogeneous broadening (reflecting
ensemble-averaging of molecules with different center
frequencies) is removed, allowing for the direct visualization of
individual molecules (Fig. 3a).>** SM-SERS and SM-TERS have
both found application in electrochemical systems, allowing for
studies of chemical reaction dynamics and catalysis at the SM
level.®* An interesting application of SM-TERS in the biological
sciences is RNA sequencing (where the four nucleobases each
have unique Raman fingerprints), which was recently reported
(Fig. 3b).>”

The combination of coherent Raman scattering with plas-
monic enhancement for SM detection was first reported in
2005,%® utilizing surface-enhanced CARS (SECARS).”> SECARS
quickly became a powerful SM method® and was later revisited
by Potma and co-workers in 2014.°* With time-resolved SECARS,
coherent oscillations on ultrafast timescales were directly
visualized at the SM level (Fig. 3c), yielding detailed insights
into the noise profiles and statistics of very small molecular
ensembles. More recently, Cheng and co-workers demonstrated
SM sensitivity by combining SRS with plasmonic enhance-
ment.®” Overall, the combinations of plasmonic enhancements
with other Raman cross-section enhancements have proven
quite successful in achieving SM Raman spectroscopy.
However, these near-field approaches require the samples to be
in the close vicinity of metallic surfaces, which omits the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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detection of free molecules and suffers from challenging
quantification and possible protein denaturation, especially
inside biological cells.

For all far-field Raman cross-section enhancements, the
combination of SRS and resonance Raman scattering would
also theoretically allow for SM sensitivity (theoretical cross-
sections on the order of 107'® cm?), but such measurements
are complicated by pump-probe background signals.*® Detun-
ing from strict resonance to the electronic pre-resonance regime
(epr-SRS) provides a balance of signal-to-noise and signal-to-
background, allowing for super-multiplex vibrational imaging
in live cells.*® In its initial demonstration, epr-SRS achieved
250 nM sensitivity,*® corresponding to 30-50 molecules within
the focal volume, but despite significant theoretical and
experimental efforts towards brighter probes,” epr-SRS
microscopy has not yet broken the SM barrier.

2.2. Enhancements to IR absorption signals

Several strategies have also been developed to enhance IR
absorption spectroscopy (Fig. 4). As with Raman scattering, IR
absorption also experiences a signal enhancement for probes
held near a plasmonic surface, termed surface-enhanced IR
absorption (SEIRA; Fig. 4a, left). However, the signal enhance-
ments in SEIRA are more modest than those in SERS, with
typical enhancements on the order of 10>-10°-fold.**-*

A related approach is IR scattering-type scanning near-field
optical microscopy (IR-s-SNOM),*”” where IR light is irradiated
on a sample near a metallic tip (enhanced due to confinement),
and the scattered light is interferometrically detected (Fig. 4a,
right).®® Raschke and co-workers achieved detection of ~100
molecules with IR-s-SNOM, noting potential for further
improvement by inclusion of a resonant antenna and higher-
power lasers.*®

An alternative strategy for improving direct IR absorption
sensitivity is the use of an optical cavity (Fig. 4b), which has
become a gold standard in the gas phase for ultrasensitive
measurements and studies of kinetics and dynamics.®® By
passing a beam of light through a sample many times, the
effective optical path length can be massively amplified,
routinely allowing for sensitivity improvements on the order of
10>-10° with high-finesse cavities.® In the condensed phases,
plasmonic microcavities hold particular promise, combining
the plasmonic and cavity enhancements for highly sensitive
optical detection.””*

New optical pulse sequences can also afford enhanced IR
absorption detection, and these enhancements can extend
beyond sensitivity improvements. Bredenbeck and co-workers
described an example of this concept with their vibrationally
promoted electronic resonance (VIPER) technique (Fig. 4c).” In
this manner, the short vibrational lifetime (~ps) is exchanged
for a long electronic lifetime (~ns), allowing for vibrational
probing of ultrafast chemical exchange for over 100 ps - well
beyond the vibrational lifetime.”

While there are notable successes, improvements to IR
absorption remain orders of magnitude behind those of Raman
scattering in absolute signal enhancement. However, for IR

Chem. Sci., 2026, 17, 5297-5316 | 5301
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Enhancements to infrared absorption signals
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IR absorption enhancements. (a) Plasmon-enhanced IR absorption. Similar to Raman scattering, IR absorption intensities are amplified by

interactions with surface plasmons (surface-enhanced IR absorption; SEIRA), but only by ~101-103-fold without resonance. IR scattering-type
scanning near-field optical microscopy (IR-s-SNOM) also benefits from plasmonic enhancement, with interferometric detection allowing for
retrieval of spectral information. (b) Cavity-enhanced absorption. By passing a beam of light through a sample many times, the absorption is
increased by ~102-10-fold. (c) Double-resonance spectroscopy. The short observation window of the IR-excited lifetime (~ps) is extended to
the length of the electronic excited state (~ns), allowing for dynamic measurements well beyond the vibrational lifetime.

absorption, as we noted in the Introduction, the cross-sections
can already be sufficiently large; the main issue is that the direct
detection of IR photons remains challenging, due to large
background fluctuations and noisier, small-bandgap detectors.
These inherent constraints have motivated significant work
towards devising methods for detecting IR absorption indi-
rectly, by inferring through another observable that is easier to
measure. These methods are broadly known as action
spectroscopies.

2.3. Vibrational action spectroscopy

Action spectroscopies are a class of spectroscopic techniques
where a complementary but related observable is used as an
indirect measure of absorption. Action spectroscopy is at the
core of many modern spectroscopic methods in the gas”™7° and
condensed phases,””® generally affording much improved
sensitivity over direct absorption techniques. While absorption
techniques are appealing due to their general applicability and
SM detection is indeed possible with direct absorption spec-
troscopy, these methods generally entail significant effort to
minimize noise and background, such as cooling to cryogenic
temperatures® or multiply balanced detection.®* In contrast,
action-detected methods generally offer background signals
that are minimal, easily removed, or both, and often they are
explicitly sought for high-performance, low-noise detection.

In the condensed phases, several action-detected techniques
have been developed towards high-sensitivity vibrational spec-
troscopy (Fig. 5). Among the earliest SM vibrational action
spectro-microscopies is scanning tunnelling microscopy-
inelastic electron tunnelling spectroscopy (STM-IETS), as
demonstrated by Ho and co-workers (Fig. 5a).** In STM-IETS,
electrons tunnel inelastically, transferring energy to molecular
vibrations and leading to characteristic peaks in the second
derivative of the current (at constant height) as a function of the
applied voltage.* IETS is unique as a SM vibrational technique
that requires no light source, providing an interesting
perspective for controlling chemistry on surfaces.®”

The generation of heat following non-radiative relaxation is
persistent (and often deleterious) in optical vibrational

5302 | Chem. Sci,, 2026, 17, 5297-5316

spectroscopies. However, because heat can lead to many
measurable local alterations, such as thermal expansion and
thermal lensing, several groups have developed action spec-
troscopic strategies that focus on detecting the heat released
following vibrational excitation (Fig. 5b).

Vibrational action spectroscopy
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Fig. 5 Vibrational action spectroscopy. (a) Scanning tunnelling
microscopy-inelastic electron tunnelling spectroscopy (STM-IETS).
Inelastic tunnelling results in electron energy loss to molecular
vibrations, allowing for vibrational spectra to be recorded as a function
of an applied voltage (from ref. 85. Adapted with permission from
AAAS, copyright 1998). (b) Photothermal methods. Several action
techniques detect the heat generated following non-radiative vibra-
tional decay. Examples include atomic force microscopy-coupled IR
spectroscopy (AFM-IR; left) and mid-IR photothermal spectroscopy
(MIP; right). (c) Energy-level diagram for IR-excited vibrational-elec-
tronic double-resonance with fluorescence detection. (d) Vibronic
fluorescence as a probe of vibrational lifetimes (adapted with
permission from ref. 88, copyright Elsevier 1975).
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A powerful near-field approach for probing thermal expan-
sion is atomic force microscopy-coupled IR spectroscopy (AFM-
IR; Fig. 5b, left), where the deflection of an AFM cantilever is
probed following IR-induced thermal expansion.® A recent
report described AFM-IR at the single-protein level, achieved by
intentionally detuning the IR laser repetition rate away from the
natural cantilever resonances.” In the far field, Cheng and co-
workers have pioneered the development of vibrational photo-
thermal bioimaging techniques,” beginning from the mid-IR
photothermal (MIP) effect (Fig. 5b, right), which have seen
significant development and adoption over the past decade.”*
Towards improved sensitivity, Cheng and co-workers recently
achieved a detection sensitivity of ~130 molecules by
combining MIP with plasmonic enhancement.®”

Naturally, among the most sensitive action spectroscopies
are those that employ fluorescence detection.”®*'*® For the
molecular vibrations of interest, the question then becomes
how best to couple vibrational spectroscopic observables to
fluorescence. This question is certainly not new, and the first
successful report well pre-dates SM spectroscopy. In 1975,
Laubereau, Seilmeier, and Kaiser described fluorescence-
detected vibronic double-resonance spectroscopy (Fig. 5¢).*® In
their method, a fluorescent dye (e.g., Coumarin 6) is first excited
by a resonant mid-IR (pump) pulse. A second, visible-frequency
(probe) pulse arrives while the molecule is still vibrationally
excited, up-converting the molecule to a fluorescently active
state. In this scheme, under the assumption that the fluores-
cence quantum yield is independent of how the molecule rea-
ches the S; manifold (which is reasonable under Kasha's rule,
given the vastly different timescales of vibrational and elec-
tronic relaxation), the total fluorescent signal is directly
proportional to the vibrationally excited population.

Kaiser and co-workers used their vibronic fluorescence
technique primarily for fundamental studies of ultrafast vibra-
tional dynamics in liquids.'”* Because they used ultrashort (<10
ps) pulses, they could directly measure the lifetimes of excited
vibrational states on the picosecond timescale by delaying the
arrival time of the visible pulse relative to the mid-IR (Fig. 5d).*®
These experiments provided entirely new understandings of
vibrational energy flow in large molecules, and Kaiser and co-
workers' body of work reflects their evolving understanding of
these dynamics over the 1970s-80s.'%*'** Kaiser and co-workers'
pioneering efforts laid the foundation for far-field SM vibra-
tional spectroscopy, and they were keenly aware of the potential
of their work for broader applications in chemistry and
biology‘IOS,IOG

A handful of other groups also explored such strategies in
early pioneering work, towards SM Raman spectroscopy and
super-resolution IR microscopy. In 1980, Wright theoretically
explored the stimulated Raman-pumped analogue of Kaiser's
vibronic fluorescence strategy;'*” later attempts to realize this
concept were unsuccessful, with Wright and co-workers noting
an overwhelming two-photon fluorescence background that was
roughly 20-fold larger than the fluorescence estimated from the
Raman-pumping strategy.**® Orrit and co-workers later revisited
this strategy with numerical simulations, finding that it could
offer SM sensitivity at room temperature if achieved.'®

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Adopting a similar strategy to Kaiser, Sakai and Fujii
described transient fluorescence-detected IR (TFD-IR) spec-
troscopy.” Recognizing that the diffraction-limited focus of the
up-conversion probe beam is much tighter than the diffraction-
limited IR focus, Sakai, Fujii, and co-workers demonstrated
super-resolution IR imaging'*® and noted the potential for
further improvement with saturation effects."™ In more recent
work, Sakai and co-workers demonstrated that flavin mono-
nucleotide is compatible with TFD-IR,"** laying the foundation
for TFD-IR imaging with endogenous fluorophores.

In the current era, Mastron and Tokmakoff were the first to
revisit Kaiser's vibronic fluorescence spectroscopy, combining
strong IR absorption cross-sections and fluorescence-detected
action spectroscopy with modern laser instrumentation.*® In
their strategy, which they named fluorescence-encoded IR
(FEIR) spectroscopy in 2016, they employed broadband femto-
second pulses generated via optical parametric amplification,
allowing them to directly measure multimode vibrational
coherent oscillations in fluorescent intensity,*® and they
subsequently developed FEIR with Fourier transform detec-
tion."* In their initial FEIR studies, Mastron and Tokmakoff
used a two-photon absorption for the electronic up-conversion,
which ultimately limited their sensitivity."**

3. Far-field SM vibrational
spectroscopy and imaging

Near-field approaches have had strong successes in achieving
SM vibrational spectroscopy, allowing for detailed in situ
profiling applications and holding promise for SM electro-
chemistry and catalysis.”* However, all-far-field SM approaches
remain highly desirable in modern applications. Lifting the
requirement of a metallic tip or nanoparticle means that far-
field approaches can be much less perturbative, particularly
for measurements on biological molecules. Far-field techniques
also maintain excellent compatibility with samples such as
thick biological tissues and bulk liquids. Furthermore, the
complications resulting from near-field polarization and tip-
sample couplings often give rise to complex lineshapes,
making spectral interpretation challenging.*® Additionally,
given that near-field SM vibrational methods have already been
extensively reviewed elsewhere,**”'* we limit our focus to far-
field approaches for achieving SM vibrational spectroscopy
under ambient conditions for the remainder of this Perspective.

3.1. Stimulated Raman-excited fluorescence spectroscopy
and imaging

It was known well in advance that the ultimate sensitivity of
fluorescence detection was a promising avenue for achieving
far-field SM vibrational spectroscopy,®® but it took nearly 50
years to be realized experimentally. The first all-far-field SM
vibrational spectroscopy and imaging technique was stimulated
Raman-excited fluorescence (SREF), as reported by Min and co-
workers in 2019 (Fig. 6)."** Conceptually, SREF is a fluorescence-
detected action spectroscopy based on epr-SRS-vibrational
excitation (Fig. 6a). As anticipated from early studies,'*”'*
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Fig. 6 SREF spectroscopy and imaging. (a) Principle of SREF, comprising an epr-SRS vibrational excitation and electronic up-conversion for
fluorescence detection (reprinted with permission from ref. 115, copyright 2019 Springer Nature). (b) SREF SM imaging on three nitrile iso-
topologues. Colour bars are counts per ms (adapted with permission from ref. 115, copyright 2019 Springer Nature). (c) SREF spectroscopy on
SMs (reprinted with permission from ref. 115, copyright 2019 Springer Nature). (d) 4-Colour SREF microscopy of live E. coli. The Rh800 iso-
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Nature). (e) SREF water mapping in live Hela cells. Bound water content is assessed by the nitrile frequency of Rh800 (reprinted with permission

from ref. 117, copyright 2019 Springer Nature).

leveraging fluorescence detection yields a marked sensitivity
improvement (~10°-10°-fold), but the successful implementa-
tion of SREF required the signal enhancement of epr-SRS (and
therefore, epr-SRS-compatible dyes) to not be overwhelmed by
background fluorescence.'*® Background fluorescence (from the
thermal population in vibrationally excited states) remains
observable in SREF, but the mode-specific signal of interest can
be isolated by sweeping the laser frequency (Fig. 6b and c)."*

In their initial report, Min and co-workers demonstrated
a limit of detection of ~10 nM in solution, ultimately confirm-
ing their SM sensitivity by imaging isolated single molecules
that were spin-cast into a polymer film from a highly dilute
solution (Fig. 6b)."* They demonstrated SM imaging of three
isotopologues of a common near-IR dye, Rhodamine 800
(Rh800), where the isotopologues exhibited identical electronic
absorption and emission spectra but were vibrationally distinct
(Fig. 6¢)."** Four-colour SREF microscopy on live E. coli was
further demonstrated, readily differentiating the four major
nitrile isotopologues on the basis of their unique vibrational
frequencies (Fig. 6d).

Shortly after their initial report, Min and co-workers
demonstrated that SREF can report local chemical informa-
tion, using the nitrile-stretching frequency of Rh800 as a probe
of local hydration in live HeLa cells (revealing higher bound
water content in the cytoplasm than the nucleus; Fig. 6e)'” and
electric fields at oil-water interfaces."*® In 2021, Min and co-
workers described super-resolution SREF microscopy, ach-
ieved by coupling SREF with stimulated emission depletion
(STED) and frequency modulation, demonstrating a spatial

5304 | Chem. Sci, 2026, 17, 5297-5316

resolution of ~180 nm (~2-fold below the diffraction limit)."*
Most recently, H. Xiong and co-workers reported transient
SREF, achieving 40 nM sensitivity with Fourier transform
detection.” New developments in SREF should continue to
advance both super-multiplex imaging and local environment
sensing in vibrational spectro-microscopy.

3.2. Fluorescence-encoded infrared spectroscopy

On the IR side, Tokmakoff and co-workers continued improving
on their FEIR method (Fig. 7), implementing FEIR spectroscopy
with a one-photon electronic up-conversion in 2019 (Fig. 7a)
and achieving Fourier transform spectroscopy in much more
dilute solutions.” Then, in 2021, by coupling FEIR with fluo-
rescence correlation spectroscopy, Tokmakoff and co-workers
achieved SM vibrational spectroscopy with FEIR correlation
spectroscopy.'**

Analogous to Kaiser and co-workers' experiments (Fig. 5d),
Tokmakoff and co-workers observe the clear decay of a real
vibrational state as the visible “encoding” pulse arrives later
than the mid-IR pulses, even at a Coumarin 6 concentration of
1 nM (Fig. 7b)."** Distinct from SREF's imaging of isolated SMs
in polymer films, FEIR's SM sensitivity is evidenced by the
fluctuations of fluorescent signals on the microsecond time-
scale (i.e., fluctuation correlation spectroscopy; Fig. 7c), con-
firming the SM concentration of 1 nM in FEIR." Utilizing
Fourier transform detection, the strong ring-breathing mode of
Coumarin 6 (~1586 cm™ ') is clearly visible in even a 1 nM
solution with 30 min of acquisition time (Fig. 7d), confirming

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc07076g

Open Access Article. Published on 02 February 2026. Downloaded on 4/10/2026 12:11:56 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Perspective

View Article Online

Chemical Science

Fluorescence-encoded infrared spectroscop

Vis

1.2

Q

s

o
Correlation G(t)

—
o
=
o
®

80 1nM

o
o

(o]
=]
©
£

0.2¢

Count Rate (Hz)

N
o

0

T

: (d) : - :
2 o -
Pulse sequence

1nM
2nM
5nM
10 nM

[CNeNON)

Amplitude

30 nM

I
3
T

30 uM
0

L L L

20 5 10 10°  10%

Encoding delay (ps)

10®

107
Lag time t (s)

1400 1500 1600 1700

Frequency (cm"1)

102 10" 1800

Fig.7 FEIR correlation spectroscopy at the SM level. (a) Principle of FEIR spectroscopy, comprising linear absorptions with broadband pulses. (b)
FEIR signal of Coumarin 6 at 1 nM as a function of the encoding delay (time between the IR and visible pulses). 1 nM is the effective SM
concentration. (c) FEIR correlation functions for Coumarin 6 (structure inset) at varying concentrations. (d) FEIR spectra of Coumarin 6 at varying
concentrations (pulse sequence inset) (figure panels adapted with permission from ref. 122. Copyright 2021 American Chemical Society).

FEIR's ability to measure vibrational spectra with SM
sensitivity.'*

In more recent work, Tokmakoff and co-workers have
contributed substantially (both in experiments and theory) to
our fundamental understanding of vibronic fluorescence as
a physical process.””™* Toward future applications, FEIR
spectroscopy holds significant potential for studying solution-
phase reaction dynamics, where vibrational frequency shifts
upon bond formation or breaking could be used to directly track
chemical reactions at the SM level. Such developments in FEIR
should be transformative toward broader applications in the
chemical sciences.

3.3. Bond-selective fluorescence-detected infrared-excited

spectro-microscopy

As with any experimental method, SREF and FEIR each have
inherent advantages and limitations. SREF achieves impressive
brightness (~2.5 counts per ms at the SM level; Fig. 6b) and
biocompatibility, due to its narrowband (2-ps) pulses efficiently
exciting narrow-linewidth vibrational modes and high repeti-
tion rate (80 MHz), but it requires careful selection of the epr-
SRS excitation region (and therefore, epr-SRS-compatible dyes)
to not be overwhelmed by background.™ In contrast, broad-
band (200-fs) FEIR achieves lower count rates (~0.03 counts per
ms, primarily due to the 1 MHz repetition rate; Fig. 7b), but it is
more broadly compatible, as it benefits from inherently larger
IR absorption cross-sections (from a large reservoir of mole-
cules) rather than being restricted to the pre-resonance Raman
regime. We reasoned that a new method, combining narrow-
band pulses with direct mid-IR excitation, could potentially
combine advantages of both SREF and FEIR, with motivations
toward achieving wide-field functional SM vibrational imaging
in live cells.

© 2026 The Author(s). Published by the Royal Society of Chemistry

In 2023, we reported bond-selective fluorescence-detected
IR-excited (BonFIRE) spectro-microscopy (Fig. 8)." We
employ two narrowband (2-ps) pulses, with the first pulse
selectively exciting a mid-IR vibrational mode (Fig. 8a). By
scanning our mid-IR laser frequency and measuring relative
fluorescent intensity, we can image IR absorption at the SM
level, with a limit of detection of 0.5 nM in solution and
brightness comparable to SREF at the SM level (~2.5 counts per
ms; 80 MHz repetition rate) in the molecular fingerprint
region."” We reported 3-colour nitrile SM imaging on dyes
structurally similar to Rh800, demonstrating the first IR-based
multiplex imaging at the SM level (Fig. 8b). Shortly thereafter,
we demonstrated that nitrile vibrational lifetimes can serve as
probes of local electric fields (Fig. 8c), which we rationalized
through identifying the electric field-dependence of the anhar-
monic couplings governing intramolecular vibrational energy
redistribution.*”® Most recently, we described two-dimensional
BonFIRE (2D-BonFIRE), leveraging 2D spectral information to
achieve 16-colour imaging in the cell-silent region in a proof-of-
concept demonstration with drop-cast polystyrene films
(Fig. 8d)."

A key feature of BonFIRE and FEIR is that IR-excited double-
resonance comprises two linear absorptions (rather than the
nonlinear Raman excitation in SREF). Therefore, we reasoned
that BonFIRE could be adapted to a wide-field (WF) imaging
configuration (where the photon fluxes are much lower and
spread out over a large area), potentially allowing for real-time
imaging.

In recent work, we described WF-BonFIRE, achieving up to
kHz imaging speeds and demonstrating video-rate imaging on
samples ranging from isolated SMs to live cells and neurons
(Fig. 8e)."** By developing a chopper-based temporal delay
modulation scheme, we demonstrated real-time two-colour WF-
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Fig. 8 BonFIRE spectroscopy and imaging. (a) Principle of BonFIRE, comprising two narrowband excitations (adapted with permission from ref.
127, copyright 2023 Springer Nature). (b) 3-colour BonFIRE SM imaging. Three nitrile isotopologues of a dye are distinguished by their nitrile IR
frequencies (scale bar: 1 pm) (adapted from ref. 127, copyright 2023 Springer Nature). (c) Local electric field sensing with nitrile vibrational
lifetimes, probed by BonFIRE (adapted with permission from ref. 128. Copyright 2024 American Chemical Society). (d) 16-Colour imaging by 2D-
BonFIRE. The individual panels are individually labelled polystyrene films with 16 nitrile dyes (adapted from ref. 129 with permission from the Royal
Society of Chemistry). () Wide-field BonFIRE imaging on immunolabelled GFAP in mouse neuronal co-cultures (reprinted with permission from
ref. 130 © Optica Publishing Group). (f) Real-time wide-field BonFIRE imaging of E. coli at 150 fps stained with Cy5.5 (green) and Rh800 (red)
(adapted with permission from ref. 130 © Optica Publishing Group). (g) BonFIRE polarization anisotropy as a probe of SM molecular orientation
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2024 Wiley-VCH GmbH). (i) Vibrational frequency distributions from wide-field BonFIRE images on ATTO680 samples. Despite its low
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BonFIRE imaging on stained E. coli at 150 fps (Fig. 8f).
Furthermore, leveraging the polarization sensitivity of BonFIRE
(where each absorption cross-section is maximized when the
transition dipole vector is aligned with the optical electric field),
we demonstrated that WF-BonFIRE polarization anisotropy on
immobilized single molecules allows for direct visualization of
molecular orientations (Fig. 8g).

We additionally showed that WF-BonFIRE can be used as
a probe of local chemical information.*** By imaging spin-cast
thin films with ATTO680 (another common near-IR dye)
prepared at different concentrations, we observed a surprising
frequency shift of ~10 em™" in highly dilute films (50 pM)
relative to higher-concentration films (5 nM) and bulk
measurements (Fig. 8h).”** Suspecting that molecular aggrega-
tion may be involved, we prepared a synthetic dimer of
ATTO680 via click chemistry and imaged the dimer under

5306 | Chem. Sci, 2026, 17, 5297-5316

similar conditions (22 pM; Fig. 8h), finding that the dimer
frequencies overlapped with the higher-concentration mono-
mer measurements (Fig. 8i)."*' Coupled with density functional
theory, our data suggested that ATTO680 dimers could be
observed even in samples that appear as isolated SMs under
a fluorescence microscope.

To facilitate a comparison between SREF, FEIR, and
BonFIRE, we summarize the demonstrated spectroscopy and
imaging parameters and performance of each of these methods
in Table 1. However, we caution that such a comparison is
highly nontrivial, as imaging parameters and performance are
strongly sample-dependent and tied to the signal-to-noise ratio.
Without a standard sample measured with all three methods, it
is challenging to definitively compare imaging performance.
Moreover, these methods are all areas of active research, and we
expect that continued technical developments will soon surpass

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparison of demonstrated spectroscopy and imaging performance of SREF, FEIR, and BonFIRE

Method SREF'*®

FEIR'*?

BonFIRE'?’

Vibrational excitation
Detection
Working conditions

epr-SRS (mode-selective)
Fluorescence up-conversion
@Wpump — Wstokes = Wvib

2prump — Wstokes =~ Wabs

Wabs — Wpump € (1400, 4200) cm ™!

Spectral measurement Narrowband, laser-scanning

Spectral resolution ~10 cm ™"
Minimum resolvable N/A
vibrational lifetime

Repetition rate 80 MHz

Imaging modalities
Spatial resolution

Point-scanning
~400 nm (diffraction-limited)
~180 nm (super-resolution)***

Temporal resolution 2 ms pixel dwell time

(imaging)

SM brightness ~2.5 counts per ms

Biological compatibility E. coli, HeLa,""” Cos7,'*° S.
cerevisiae'’
Single-shot multiplexing 4 colours

Local environment sensing Vibrational frequency''”

the demonstrated performance tabulated here, especially given
the rapid growth of the field in the last few years.

Leveraging mid-IR absorption grants broader compatibility
but also means that BonFIRE and FEIR both must contend with
photothermal heating from solvent mid-IR absorption (partic-
ularly in the molecular fingerprint region).”> However, we are
optimistic about continuing to develop technical solutions to
address these issues, such as the high-frequency modula-
tion™”"*® or temporal delay modulation** methods we have
described previously that enabled photothermal-free BonFIRE
imaging. In the coming years, we will continue developing
BonFIRE as a tool for fundamental spectroscopy, chemical
imaging, and biological investigations.

3.4. Emerging methods

Within the past few years, multiple groups have independently
adopted similar strategies to achieve sensitive vibrational
spectro-microscopy. W. Xiong and co-workers described multi-
dimensional widefield IR-encoded spontaneous emission (MD-
WISE) microscopy,®” demonstrating multiplex imaging of
fluorescent dyes and quantum dots by leveraging the ability of
IR pulses to disrupt excitons. Zheng and co-workers have
described a handful of experiments with mixed ps and fs pulses
and resolution of the emitted fluorescence,****** demonstrating
that these vibronic fluorescence techniques can alternatively be
viewed as mode-selective control of electronic properties. Most
recently, Yi and co-workers described a single experimental
apparatus capable of detecting IR-excited vibronic fluorescence
and Raman scattering, demonstrating detection of ~100
molecules using plasmonic nanocavities prepared from silver
microspheres deposited on gold film.** In 2023, Baumberg and

© 2026 The Author(s). Published by the Royal Society of Chemistry

IR absorption (multimode)
Fluorescence up-conversion
WIR = Wyib

WIR T Wyis = Wabs
Broadband, interferometric
~1.3 em™ " (ref. 121)

~40 fs

1 MHz

Point-scanning'?’

~430 nm (diffraction-limited)'*!
30 min pixel dwell time

(whole IR spectrum)

~0.03 counts per ms

IR absorption (mode-selective)
Fluorescence up-conversion
WIR = Wyib

WiR Wprobe = Waps
Narrowband, laser-scanning
~10 em™!

~200 fs (ref. 128)

80 MHz
Point-scanning and wide-field
~400 nm (diffraction-limited)"*

1 ms pixel dwell time
(point-scanning)'*®

20 ms exposure

(wide-field, 12.5 pm x 12.5 pm)*3°
~2.5 counts per ms

N/A E. coli,"*° HeLa, mouse neuronal
co-cultures and brain tissue slices
N/A 16 colours*’
N/A Vibrational frequency'*! and
vibrational lifetime'*®
co-workers demonstrated that such a nanocavity-based

approach is capable of SM vibrational spectroscopy.**

Novel combinations of the various signal enhancement
mechanisms described in Section 2 hold significant promise for
achieving general-purpose, broadly useful SM vibrational
spectro-microscopy without relying on fluorescence detection.
For example, we recall that epr-SRS achieved a limit of detection
corresponding to 30-50 molecules.”® Noting that SRS with
photothermal detection recently reported over an order of
magnitude improvement in sensitivity compared with SRS,* we
speculate that photothermal-detected epr-SRS may allow for
fluorescence-free SM vibrational spectroscopy in the far field,
opening up new possibilities for future experiments.

4. Potential applications

Within the past decade, SM vibrational imaging has been ach-
ieved without plasmonic enhancement by merging vibrational
spectroscopy with fluorescence detection.”” However, the
signals in such experiments are still weaker than their purely
fluorescence-based counterparts.’” Thus, we expect that the
most meaningful SM vibrational spectroscopy and imaging
experiments will be those that provide information or capabil-
ities inaccessible to conventional fluorescence-based methods,
thereby justifying the additional experimental complexity
associated with current far-field SM vibrational methods.

As we established in the Introduction, three of the estab-
lished advantages of vibrational spectroscopy are (1) small, non-
perturbative tags, (2) intrinsically narrow linewidths to facilitate
super-multiplex imaging, and (3) local environment sensing
with physical interpretability. A major shortcoming of the

Chem. Sci., 2026, 17, 5297-5316 | 5307
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fluorescence-detected SM vibrational spectroscopies reviewed
here is the requirement of a fluorophore; hence, the first
advantage is effectively traded for SM sensitivity. Thus, in our
view, future efforts in these SM vibrational methods should
focus on realizing the other two unique functional advantages
of vibrational spectroscopy (super-multiplex imaging and
quantitative local environment sensing) in real chemical and
biological systems. With an eye toward the next decade of SM
vibrational spectroscopy and imaging, we outline a few exam-
ples of such experiments here (Fig. 9).

4.1. Using SMs as reporters of local chemical information

Obtaining local chemical information at the SM level is a well-
established goal of SM spectroscopy and remains a persistent
challenge. For example, in the field of fluorescence thermom-
etry, confounding local environment effects are a ubiquitous
limitation in obtaining unambiguous quantitative tempera-
tures.” In contrast, methods based on vibrational structure
have significant potential in quantitative thermometry,*** and
we recently demonstrated one such method (based on excita-
tion in the Boltzmann edge) with SM sensitivity.** Thus, SM
vibrational methods have the potential to offer unambiguous
quantitation in local sensing (Fig. 9a).

Indeed, both SREF and BonFIRE have already made strides
in this direction, including probing hydration and local electric
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fields."'7118127:128 Translating these bulk measurements to the
SM level may face multiple challenges, but our recent work with
BonFIRE and vibrational thermometry indicates that it is
feasible to probe chemical information at the SM level with
current instrumentation.****

As with SM fluorescence spectroscopy, the power of a SM
vibrational local probe likely lies in its ability to reveal sub-
ensemble heterogeneity or dynamics.® For example, with fast
enough acquisition (and possibly facilitated by lower tempera-
tures), a SM vibrational electric field probe could directly resolve
transient solvent behaviours, such as hydrogen-bond fluctua-
tions, solvent reorganization, and solvent tumbling, where the
changes in the alignment of solvent dipoles relative to the
solute could lead to different local electric fields (Fig. 9a, top
left).””® Probing such behaviours in bulk liquids would be
interesting in its own right, but these experiments could provide
a fascinating view of enzyme catalysis, where electric fields
provide a valuable, quantitative framework for understanding
activity.**®

In a similar line of thinking, one could imagine a SM
vibrational probe diffusing through a complex biological envi-
ronment, like a multiphase biomolecular condensate (Fig. 9a,
bottom left),"** and allowing for quantitative characterization of
the composition of each of the phases, as well as providing the
potential to study maturation of the condensate over time."*?

© 2026 The Author(s). Published by the Royal Society of Chemistry
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We also note that SM vibrational reporters could be highly
valuable outside of biological contexts. For example, vibrational
Stark probes were recently employed in studying electro-
chemical CO, reduction, revealing a correlation between a pH
gradient at the electrochemical interface and the onset of CO,
reduction."® In such a context, a vibrational spectroscopic pH
probe*® with SM sensitivity could allow for mapping the spatial
heterogeneity at the interface, allowing such gradients to be
directly imaged (and potentially tracked dynamically, through
the progress of the reaction; Fig. 9a, top right).

Additionally, a SM vibrational reporter of local electric fields
could be used to better understand the nature of plasmonic hot
spots.®* Given that non-resonant SM-SERS requires plasmonic
enhancement to see signal, a complementary, far-field SM probe
that is not reliant on plasmonic enhancement could allow for
direct, in situ characterization of the generated fields at metallic
surfaces (both with and without optical activation) that are
responsible for the SM sensitivity of SERS and TERS (Fig. 9a,
bottom right). Such experiments could also allow for direct
investigations of the heterogeneities and dynamics of these fields,
providing additional insights to complement the industry-
standard electric field simulations that are generally employed.**
It is our view that near-field and far-field methods need not be
mutually exclusive, but they can instead be complementary, as
each supplements the shortcomings of the other.

4.2. Expanding the palette of vibrational tags and
elucidating structural influences on physical properties

Common to SREF, FEIR, and BonFIRE is the requirement of
a molecular fluorophore. However, by the same token, SREF,
FEIR, and BonFIRE can provide highly detailed characteriza-
tions of the chemical physics and dynamics of molecular
vibrations in fluorescent dyes.'”® The sensitivity of these tech-
niques allows for a broader substrate scope, since solubility at
high concentrations is no longer a requirement for obtaining
high-quality vibrational spectra.

Many open and fundamental questions lie at the interface
between these SM vibrational spectroscopies and synthetic
chemistry. For example, what new vibrational tags can be
compatible with SREF, FEIR, and BonFIRE? Thus far, nitriles,
alkynes, and carbonyls have been demonstrated as usable
vibrational reporters (Fig. 9b, top)."****”'** While azides (-Nj;)
are unlikely to be successful tags for these methods due to their
strong fluorescence quenching,"® cyanamides (-N-C=N),"*
isonitriles (-N=C),"” and other novel vibrational tags may
further expand the probe palette available to these techniques.

The fluorescent scaffolds used in SREF, FEIR, and BonFIRE
also present unique opportunities for tuning vibrational and
electronic properties through chemical functionalization
(Fig. 9b, bottom). Previous work has shown that scaffold func-
tionalization can broadly tune infrared frequencies™*'* and
even allow very fine (~1 cm ") control of nitrile frequencies for
epr-SRS.”” As such, exploring substituent effects in SREF, FEIR,
and BonFIRE is likely to be a promising avenue in developing
brighter probes. Additionally, such work could provide new
fundamental insights into how to tune other physical

© 2026 The Author(s). Published by the Royal Society of Chemistry
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128 which remain less

properties, such as vibrational lifetimes,
explored.**®

Elucidating structure-spectrum relationships can also serve
to advance methods beyond SREF, FEIR, and BonFIRE. For
example, future probe design efforts in epr-SRS would also
benefit from a deeper understanding of how to tune physical
properties through structural modifications.®® Brighter epr-SRS
probes may even provide a path toward non-fluorescence-based

SM vibrational spectroscopy in the far field.

4.3. Mode-selective chemistry at the SM level

The question of vibrational mode-selective chemistry has
fascinated chemists for many years.'****° This field has recently
seen a resurgence with strong light-matter coupling in optical
cavities (i.e., polaritons),***** towards optical control of chem-
ical reactions. Without the vibrational strong coupling provided
by an external cavity, excited-state vibrational lifetimes in the
condensed phases (~ps) are generally much too short to be
meaningful drivers of chemical reactions. However, vibrational-
electronic double-resonance provides an alternative strategy to
achieve vibrational mode-selective chemistry (Fig. 9c).

This concept was described by Bredenbeck and co-workers in
2014, in the initial report of their VIPER method.” With VIPER,
the vibrationally-selected excited state is prolonged to an
effective lifetime on the order of nanoseconds (Fig. 3c),
meaning that productive chemistry can occur before the excited
state decays. In recent work, Bredenbeck and co-workers
extended this principle to sub-ensemble photochemistry,
demonstrating isotope-selective photochemical uncaging with
VIPER."™* Though Bredenbeck and co-workers' methods employ
IR absorption-based detection at higher concentrations, the
underlying ideas should be extensible to SM photochemistry via
SREF, FEIR, or BonFIRE. We speculate that vibrational-
electronic double-resonance excitation of a photocatalyst'>*
(toward SM photocatalysis) appears particularly promising as
a means of achieving general-purpose, mode-selective chem-
istry in the liquid phase (Fig. 9¢).**®

4.4. Super-multiplex vibrational SMLM

There are many applications where single-shot profiling of
many targets is valuable, from high-throughput permeability
screening to many-target biosensing, but a particularly inter-
esting example lies in super-multiplex super-resolution
imaging. SREF has already demonstrated super-resolution
vibrational imaging in a STED-based configuration."*’
However, as we noted in the Introduction, the highest-
resolution optical microscopies are generally SMLMs, which
can provide single-nm or even sub-nm spatial resolution,'®*
potentially providing even greater biological insights. With SM
sensitivity and wide-field imaging capabilities (Table 1),"** SM
vibrational imaging approaches should theoretically be
amenable to SMLM (Fig. 9d).

Achieving super-multiplex imaging has been a long-standing
challenge in SMLM, where the broad emission profiles of
conventional fluorophores generally limit multiplexing to 2-5
colours. Very recently, DNA-based point accumulation for imaging
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in nanoscale tomography was extended to higher levels of multi-
plexing (similar methodologies reported in the same issue of Cell
by Bewersdorf and co-workers™ and Jungmann and co-
workers**®), allowing for highly detailed interactomics and spatial
proteomics.””**® Multiplex SMLM methods generally require fixed
biological samples, employing multiple rounds of washing,
labelling, and imaging (where even kinetically optimized strategies
are limited in speed by diffusion).’” In such a setting, a vibrational
SMLM method that is capable of super-multiplex imaging in
a single shot could be transformative, potentially allowing SMLM
in live cells. Such an experiment could allow for dynamic inter-
actomics or spatial proteomics, visualizing cell-scale proteome
changes with nm-resolution and creating an entirely new para-
digm of dynamic SMLM.

There is also significant potential for SREF, FEIR, and
BonFIRE to expand the capabilities of existing SMLM
approaches. For example, using BonFIRE for a vibrational
mode-selective photoactivation could facilitate super-multiplex
imaging with photoactivatable localization microscopy (PALM).
One appealing feature of this approach is that BonFIRE only
needs to provide mode-selectivity; the image acquisition (and
therefore expected quality) should then ideally be comparable
to PALM. We also believe that other modern optical strategies,
such as structured illumination microscopy**® and spectro-
microscopy with quantum light sources,'®® as well as non-
optical strategies like background removal with machine
learning,'** are worth exploring towards improved resolution
and sensitivity.

5. Conclusion

Far-field SM vibrational spectro-microscopy is still a nascent
field, with the far-field SM barrier only being broken within the
past decade."™***'” Coupling vibrational spectroscopic
observables to fluorescence detection has proven useful,
allowing for far-field SM vibrational studies to be carried out
under ambient conditions.**" As these technologies continue to
develop and mature, we expect they will find growing applica-
tions toward both fundamental and applied chemistry in the
coming years.

6. Definitions

Far field: systems where the sample is far from the electro-
magnetic source, detector, or other electromagnetic enhance-
ment, governed by Fraunhofer diffraction.

Near field: systems where the sample is near the electro-
magnetic source, detector, or other electromagnetic enhance-
ment, governed by Fresnel diffraction.

Infrared (IR) absorption spectroscopy: measurement of
attenuation of IR light by a sample, generally resulting from
electric dipole-allowed vibrational transitions.

Raman scattering spectroscopy: measurement of inelastic
scattering of light by a sample, generally resulting from electric
polarizability-allowed vibrational transitions.

Coherent Raman spectroscopy: use of two (or more) coherent
laser fields to more efficiently drive Raman scattering processes,
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resulting in a Raman signal field that is both enhanced and
coherent.

Stimulated Raman scattering (SRS): use of two lasers (pump
and Stokes) to drive coherent Raman scattering whose
difference-frequency is tuned to match the molecular vibration
of interest.

Coherent anti-Stokes Raman scattering (CARS): use of two
lasers (pump and Stokes) to drive coherent Raman scattering,
detected as signal that is anti-Stokes-shifted from the pump
laser.

Resonance Raman scattering (RRS): measurement of Raman
scattering with a light source that is resonant with the electronic
absorption of the molecule of interest.

Electronic pre-resonance stimulated Raman scattering (epr-
SRS): use of SRS with the pump beam tuned to the electronic
pre-resonance regime.

Plasmonic enhancement: signal enhancement in vibrational
spectroscopies obtained by placing the molecule of interest on
a metal nanoparticle, tip, or surface.

Plasmon-enhanced stimulated Raman scattering (PESRS):
combination of plasmonic enhancement with SRS.

Cavity enhancement: enhancement of optical path length by
placing the molecule of interest inside of an optical cavity.

Double resonance: use of two light sources to sequentially
excite two transitions.

Action spectroscopy: absorption spectroscopy carried out by
measuring a different observable as an inferred measure of
relative absorption (generally affording improved sensitivity).

Mid-infrared photothermal (MIP): detection of mid-IR
absorption through differential scattering following thermal
lensing and expansion.

Mid-infrared photothermal plasmonic scattering (MIP-PS):
combination of MIP and plasmonic enhancement.

Up-conversion: electronic excitation from a vibrationally
excited state.

Stimulated Raman-excited fluorescence (SREF): combination
of epr-SRS vibrational excitation (mode-selective), electronic up-
conversion, and fluorescence action detection.

Fluorescence-encoded infrared (FEIR): combination of mid-
IR vibrational excitation (multimode), electronic up-
conversion, and fluorescence action detection.

Bond-selective  fluorescence-detected  infrared-excited
(BonFIRE): combination of mid-IR vibrational excitation
(mode-selective), electronic up-conversion, and fluorescence
action detection.
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