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ABSTRACT: Challenges investigating molecules on plasmonic nano-
structures have limited understanding of these interactions. However, the
chemically specific information in the surface-enhanced Raman scattering
(SERS) spectrum can identify perturbations in the adsorbed molecules to
provide insight relevant to applications in sensing, catalysis, and energy
conversion. Here, we demonstrate spectrally resolved SERS imaging, to
simultaneously image and collect the SERS spectra from molecules
adsorbed on individual nanoparticles. We observe intensity and frequency
fluctuations in the SERS signal on the time scale of tens of milliseconds
from n-mercaptobenzoic acid (MBA) adsorbed to gold nanoparticles.
The SERS signal fluctuations correlate with density functional theory
calculations of radicals generated by the interaction between MBA and plasmon-generated hot electrons. Applying localization
microscopy to the data provides a super-resolution spectrally resolved map that indicates the plasmonic-induced molecular charging
occurs on the extremities of the nanoparticles, where the localized electromagnetic field is reported to be most intense.

KEYWORDS: SERS, plasmonics, super-resolution, electron transfer, nanoparticles, Raman, spectroscopy, microscopy

The ability to concentrate light and induce energetic charge
carriers by nanoparticles with plasmon resonances has

enabled new avenues of research in diverse applications.1 When
light of the appropriate energy is incident on metallic surfaces, a
collective oscillation of the conduction band electrons generates
what is known as a plasmon or more specifically as a localized
surface-plasmon resonance (LSPR) in plasmonic nanoparticles.
The electromagnetic fields generated on the nanoparticle
surface are orders of magnitude larger than the incident light.
Molecules within the enhanced field can experience different
chemical and physical behaviors, such as optical signal
enhancement,2 optical trapping,3 molecular charging,4 optical
rectification,4,5 and chemical conversion.6 Understanding and
controlling molecules coupled to these plasmonic systems is the
key to improve the efficiency of solar cells,7 generate energetic
charge carriers as a precursor of chemical reactions in
catalysis,8−10 induce surface potentials in nanogaps,4,9 achieve
high-sensitivity sensing,2 and image with atomic resolution in
tip-enhanced Raman.11 Novel approaches combining spectros-
copy and imaging that reveal the nature of the nanomaterial−
molecule interaction will be fundamental in elucidating
plasmon-mediated mechanisms and developing next-generation
materials.
Much of the current understanding of plasmonic effects

comes from the efforts concentrated on the correlations between
light and nanostructured materials.12,13 A number of exper-
imental geometries, such as nanogaps,14,15 tips,16 nanoparticle-

on-mirror,17 and nanoshells,18 have been explored and shown to
generate extraordinary optical responses. In general, there has
been parallel development of theory and experiment to elucidate
the properties observed.18−22 While significant work has been
reported for understanding the behavior of the electric fields on
nanoparticles, understanding of the molecular response in these
peculiar localized electromagnetic fields has been more limited.
The understanding of the molecular response has benefitted

from work in plasmonic catalysis, which is based on the transfer
of electrons between molecules and plasmonic materials. One of
the first reports illustrated how H2 gas could be dissociated on
gold nanoparticles when the plasmon resonance was excited.23

This has led to an increasing number of reports illustrating how
the electrons and electric fields associated with plasmon
resonances can be captured for chemical conversion.6,13,24

Additional work has addressed the relative contributions of hot
electrons versus thermalized electrons that arise from plasmon
excitation, helping understanding of the mechanisms driving
reactivity on the nanoparticle.25
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Several mechanisms have been put forth to explain the
catalytic activity on plasmonic particles. Chemical interface
dampening suggests molecules at the surface influence the
dephasing of the excited plasmon resonance, which results in
increased photon absorption relative to scattering and opens
new pathways for electron transfer.26 Plasmon-induced resonant
energy transfer was put forth to explain the transfer of electrons
from metal nanoparticles to semiconductors,27 where spectral
overlap between the metal plasmon and the semiconductor
absorption increases the charge density of the semiconductor.28

The increase in charge density can displace the Fermi level29 and
thereby increase the energy of the electrons present on the metal
surface for catalysis. Another recent report postulated that
electrochemically active molecules in solution consume photo-
excited electrons/holes, causing a buildup of the remaining
charge that alters the surface potential and influences the
reactivity of the plasmonic particles.9 This change in surface
potential was incorporated into formalism derived from the
Nernst equation, illustrating the change in overpotential for
many reactions.30 A common element in all these theories is the
interaction of molecules with the plasmon resonance, thus
illustrating important processes occurring.
A key challenge to investigating the molecular response on

plasmonic materials is the chemical sensitivity and temporal
resolution of the measurement. It has been reported that

electron transfer in plasmonic systems can be monitored by the
species observed in surface-enhanced Raman scattering (SERS)
measurements.31,32 Protein fragmentation is observed when
high-energy electrons are captured in tip-enhanced Raman
scattering (TERS) experiments.31 Alternatively, the formation
of longer-lived radical species has been reported in SERS
experiments with proteins.32 There have also been reports of
electron capture to form anion species in other molecules, which
were detected by changes in the observed SERS spec-
trum.24,33−35 The SERS spectrum is known to be dominated
by long-lived species, which can wash out the signal from
transient intermediates,36 which requires measurements with
rapid signal collection to capture and characterize transient
species on the plasmonic particles.
Here, we investigate spectrally resolved SERS imaging for

monitoring plasmon-mediated chemical transformations from
individual nanoparticles in solution. SERS intensity fluctuations
(SIFs) are commonly observed in the SERS signal from
individual nanoparticles.37 In spectrally resolved SERS imaging,
the SIFs from single nanoparticles are rapidly imaged (10 Hz)
on a two-dimensional complementary metal oxide semi-
conductor (2D-CMOS) camera, similar to imaging demon-
strated in previous approaches.38 However, rather than
integrating the total intensity of SIFs from a spectral
range,39−41 in spectrally resolved SERS imaging, the position

Figure 1. Spectrally resolved SERS setup. (A) The schematic for the spectrally resolved SERS imaging of nanoparticles in solution is shown. SERS
signals (image and spectra) are collected in transmission mode, using a 659 nm laser, two objectives (top: wide-field illumination, NA 0.3, 20×;
bottom: collection, oil immersion, NA 1.3, 100×), tube lens, edge filter (Semrock, 660 nm), transmission grating (300 grooves/nm), and a two-
dimensional complementary metal oxide semiconductor camera (2D-CMOS, ORCA-Flash 4.0 V3, Hamamatsu). (B) The TEM image of the
synthesized nanoparticles used in this work is shown, where the scale bar is 150 nm. The nanoparticles exhibit branches that generate large plasmonic
“hotspots” essential to support the confined, high-intensity electromagnetic fields on their surface. (C) The ensemble extinction spectra for the
nanoparticles in solution are shown. The localized surface-plasmon resonance (LSPR) peak for the ensemble measurement was observed near 640 nm.
The excitation laser for SERS is noted with the vertical red dashed line. (D) A typical spatial image (zeroth-order diffraction) and SERS spectra (first-
order diffraction) signals recorded on the camera sensor for individual nanoparticles simultaneously. Particles 1 and 2 discussed in the text are noted
with their respective spectra. The scale bar is 10 μm.
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and SERS spectrum associated with the intensity fluctuation are
recorded on the same camera sensor (Figure 1, see also
Supporting Information). This approach, also called snapshot
spectral imaging, has been previously demonstrated in
fluorescence42 and dark-field electronic scattering.43 Here, we
extend this approach to monitor the vibrational structure
captured in the SERS spectrum. Moreover, the transient nature
of SIFs enables localization algorithms44 to be applied and
generates a super-resolution SERS spectral map. In this report,
we use this approach to study and identify the chemical origins
of signal fluctuations of nanoparticles on the nanometer scale.

■ RESULTS AND DISCUSSION
Figure 1 illustrates our experiment. Figure 1A diagrams the
custom instrument, incorporating an inverted microscope with
wide-field laser illumination of the sample from a top objective
(NA 0.3, 20×) and image and signal collection through the
microscope objective (oil immersion, NA 1.3, 100×). Using two
independent objectives enables the laser spot size to be adjusted
by changing the distance between the top objective and sample
while keeping the sample in focus without further changes in the
position. This effectively allows us to mask part of the field of
view (FoV) and only collect the SERS signal from the selected
area∼30 μmacross, with a power density of 1.5 kW cm−2. Under
these conditions, we observe large intensity fluctuations from
individual nanoparticles above a baseline signal intensity of 5.5×
105 photons s−1 (Figure S1). The sample consists of asymmetric
nanoparticles; the transmission electron microscopy (TEM)

and ensemble extinction spectrum are shown in Figure 1B,C,
respectively. The Rayleigh scattering, anti-Stokes scattering, and
other spurious emissions were removed by using a long-pass
filter, allowing only SERS photons to reach the detector.
Previous work has demonstrated that a low luminescence and/
or fluorescence signal can still pass through the filter; however,
this background can be easily neglected relative to the higher-
intensity SERS signal.40,44 Finally, a transmission diffraction
grating is placed between the edge filter and the 2D-CMOS
sensor. The image plane recorded by the detector simulta-
neously captures both the zeroth-order diffraction (spatial
image) and the first-order diffraction (spectrum) from each
point in the FoV (Figure 1D). Optimization of the distance, d
(ca. 20 mm), between the blazed grating and camera sensor
avoids overlap between the zeroth- and first-order signals and
determines the spectral resolution (Figure S2). The observed
dispersion is 1.1 nm/pixel, which agrees with the calculated
dispersion of 1.02 nm/pixel for the 300 groove/mm grating and
separation distance (d) used.

Spectrally Resolved SERS Imaging

Using this approach, we simultaneously recorded the spatial
position and SERS spectra of several single nanoparticles in
solution (Figure 1D). Using the grating to capture the SERS
spectrum concurrently with the image on the same sensor
eliminates the need for a second spectrometer or camera used in
other work.38,39 Figure 2 shows data collected at a 10 Hz frame
rate from a selected nanoparticle in the spectrally resolved SERS

Figure 2. Spectrally resolved SERS imaging recorded at 10 Hz. (A) Spatial (n = 0) and (B) spectral (n = 1) signals from the diffraction grating are
shown for particle #1 in Figure 1D. In the spatial dimension (A), each pixel is 60 nm. The spectral dispersion in (B) is approximately 1 nm (18 cm−1

Raman shift) per pixel. (C) The spectra are shown by averaging 10 adjacent pixels in the y-direction from the n = 1 signal of four single camera frames.
The first frame shows clear peaks at pixels 37 and 65, which correspond to 1580 and 1083 cm−1 Raman shifts, which are observed in most of the other
frames. (D) The time-evolved spectra are plotted after calibration of the x-axis. The asterisk indicate the transient vibrational modes. (E) The two
SERS components determined by MCR analysis shown explain 97% of the variance in the spectra. (F) The simulated Raman spectra of MBA and the
MBA with an extra electron are shown using CAM-B3LYP/6-31+G(d). The simulated spectra are broadened with a line width of 40 cm−1 and scaled
by 0.94 to match the symmetric ring stretch of the closed-shell species with the experimentally observed peak at 1580 cm−1. The scale bars are (A) 100
nm and (B) 100 cm−1.
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image (particle 1, Figure 1D), where both the position and SERS
spectra were recorded simultaneously (Figure 2A,B). The
emission from the particle has spherical symmetry (Figure 2A)
and the full width at half-maximum (fwhm) is 340 nm, both of
which suggest that a single nanoparticle is being imaged.38,44

The fwhm is consistent with the diffraction-limited spot of
approximately 300 nm in our setup (Figure S3). Applying
localization methods, we generate a super-resolution image of
the nanoparticle with a size of 100 nm (Figure S4A), consistent
with the TEM results in Figure 1B.
Examining the wavelength-dispersed signal from the

diffraction grating, a clear SERS spectrum is observed. The
spectral dispersion can be calibrated to convert the spacing along
the sensor array into units of energy (Figure S2). The spectral
resolution is estimated to be ∼18 cm−1/pixel across the Raman
spectrum, which is reasonable when compared with calibration
data (Figure S2). Using localization algorithms on the spectral
band of 1580 cm−1 (Figure S4C,D), the center of the band varies
by 40 cm−1 in the spectral domain, suggesting changes in the
emission location blur the observed spectral resolution. The
spectral domain exhibits very intense SERS spectra, and strong
bands attributable to the MBA adsorbed on the nanoparticle
surface are observed at 1580 and 1083 cm−1 (Figure 2B,C).45,46

To account for a small angular deviation in the wavelength-
dispersed signal, we integrated 10 adjacent pixels in the y-
direction. Figure 2C shows the SERS spectra from the selected
particle generated by integrating the first four frames collected.

Dynamic SERS Imaging

Figure 2D shows time-dependent SERS spectra of particle 1
highlighted in Figure 1 recorded for 100 s at 10Hz. Interestingly,

we observe a dynamic spectrum, as opposed to the spectrum
recorded from ensemble averaging for an extended period or the
spectrum recorded fromMBA in the ensemble solution (Figures
2D and S5, respectively). The steady-state spectrum and the
ensemble spectrum largely consist of the prominent ring-
breathing modes from the aromatic ring in the MBAmolecule at
1083 and 1580 cm−1 (Figure S5). In fact, SIFs were frequent and
consistent over the period of a few minutes. By resolving the
frequencies contained in the SIFs, changes in the measured
vibrational bands are clearly observed (Figure 2D), consistent
with prior reports.37,39,47 However, the appearance and
disappearance of bands in the vibrational spectrum indicated
by the asterisk in Figure 2D are observed over the acquisition
period, suggesting molecular changes are occurring. These
changes require resolving the spectrum to observe and are lost
when only the intensity is monitored.
To facilitate the interpretation of these dynamics, the

recorded spectra were decomposed using multivariate curve
resolution (MCR) analysis to identify spectral changes in time.
The results show that two main components successfully
recover over 97% of variance contained in the time-dependent
spectra (Figure 2E). The first component shows vibrational
bands at 1083 and 1580 cm−1, which is consistent with the
ensemble average SERS spectrum ofMBA. Component 2 shows
significant vibrational bands at 1296 and 1438 cm−1.
Component 2 is observed in short bursts and averages into
the background over extended signal acquisitions, consistent
with the observation of rare events in SERS.36

Previous reports have shown that energetic charge carriers can
impact the SERS spectrum of molecules on plasmonic
nanoparticles. As noted above, electron capture can yield

Figure 3. SERS time evolution analysis. Time trajectories for (A) spectra, (B) integrated intensities, and (C)MCR scores for component 2. The arrows
indicate that some of the most intense SIFs were highly correlated in time with the recovered spectrum in Figure 2E (red line), which could explain the
origin of these fluctuations in the SERS signal.
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radicals, trigger redox processes, and generate molecular
fragments in plasmonic systems.4,24,31,33,43 Of particular interest
was the report that radicals can exhibit increased Raman
scattering.32

To examine this hypothesis, density functional theory (DFT)
calculations were performed on theMBA absorbate. Figure 2E,F
compares the experimentally determined MCR components
with the CAM-B3LYP/6-31+G(d)-simulated spectra of MBA
and the MBA anion radical. The simulated spectra have been
broadened to match the experimental resolution, using a 40
cm−1 line width. The calculated Raman frequencies were scaled
by 0.94, determined by matching the experimental (1580 cm−1)
and calculated symmetric ring stretch in the closed-shell MBA
molecule. The same scaling and line broadening were then
applied to the radical species calculated at the same level of
theory. Of particular note, the simulated closed-shell Raman
spectrum of MBA in Figure 2F shows excellent agreement with
component 1 and indicates this component arises from SERS of
MBA at the surface of the particles. Upon electron capture to
form the MBA anion radical, the symmetric ring stretch is

calculated to shift to lower energy, which accounts for the
experimental band at 1438 cm−1. There is strong qualitative
agreement between experimentally observed frequency shifts in
component 2 and the simulated spectrum of the anion radical.
The transient formation of the anion radical provides a
molecular explanation for the observed changes in the SERS
spectrum. The band observed at 1299 cm−1 correlates well with
the ring mode in the calculation at 1283 cm−1. The difference in
intensity may arise from an element of resonance enhancement
associated with adsorbed aromatic thiols not included in our
model.
Figure 3 compares the spectral fluctuations (Figure 3A) with

overall signal intensity versus time of the nanoparticle (Figure
3B) and the time trajectory associated with component 2
determined from the MCR analysis (Figure 3C). Well-resolved
spectra are denoted by the dashed boxes in Figure 3A that
correlate with highest signal intensities marked with dashed
boxes in Figure 3B. Moreover, component 2, attributed to the
anion radical, correlates with the short-time and very intense
SIFs (Figure 3B,C, indicated by the dashed boxes), which

Figure 4. Spectral fluctuations suggesting alternate photoproducts. (A) The time-varying SERS spectra observed from particle 2 (Figure 1) are shown
along with the (B) the total intensity fluctuations and (C) the MCR scores for component 2. (D) Decomposition of the SERS signal by MCR reveals
two components, component 1 (blue), which is consistent with the closed-shell MBA spectrum, and component 2 (green), which is observed during
intense signal fluctuations. (E) CAM-B3LYP/6-31+G(d)-simulated spectra indicate the spectral shifts in component 2 may be explained by the
formation of the MBA cation radical (green).
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suggests the transient formation of this anion radical may give
rise to the SIFs observed from the nanoparticle. The acquisition
time shown in Figure 3 is 100 ms per frame, and most
fluctuations appear to persist for a single frame, suggesting the
radical species is stable for 10s to 100s of milliseconds (Figure
S6). This lifetime is consistent with single-molecule fluorescence
measurements reported on Au nanorods that showed photo-
induced electron transfer generated blinking on similar time
scales.48 A clear advantage in our current work is that
nonfluorescent molecules can also be studied.
By monitoring the Raman signal from different particles, we

observe many particles that behave like particle 1 discussed
above (see Supplementary Video 1). We also observe a subset of
particles that exhibit a different time-fluctuating Raman
response. Figure 4 shows the time-varying SERS signal observed
from “particle 2” observed in Figure 1. MCR analysis again
extracts component 1, which is consistent with closed-shell
MBA adsorbed to the nanoparticles. Like particle 1, intense
spectra (Figure 4A) correlate with overall scattering intensity
(Figure 4B) and the MCR score for component 2. However,
component 2 now shows a different spectral response with
significant bands at 1189 and 1509 cm−1 (Figure 4D). It is
reported that excitation on either side of the LSPR can promote
electron transfer to (for excitation wavelengths less than the
LSPR) or from (for excitation wavelengths greater than the
LSPR) the irradiated nanoparticle.49 From the TEM image
(Figure 1), we see that our nanoparticles are relatively
heterogeneous in size and shape, which should exhibit LPSRs
on both sides of our laser frequency (659 nm). We again
performed DFT calculations to assess if the MBA cation radical
could be responsible for this second behavior. The DFT
calculations for cation radical again show a shift in the ring
modes and some qualitative agreement with the experimentally
derived MCR component 2, suggesting a molecular explanation
for the differences observed. Inspection of the spectra in Figure
4A and the derived MCR components (Figure 4D) show other
features that might also be explained by chemical conversion, or
fragmentation, occurring on the nanoparticle surface.

Super-resolution Spectrally Resolved SERS Mapping

To further explore the connection between the plasmon
resonance and the observed molecular behavior, we applied
super-resolution SERS analysis38,44 to track the emission based
on the peaks observed in the spectral response (Figure 5). The
SIF evolution in time can be used to localize the position of the
emitter on the nanoparticle within the diffraction-limited spot by
using super-resolution SERS fitting.40,44 Plotting the emission
centroid for time points with vibrational bands around 1083
cm−1 (blue dots) and 1580 cm−1 (red dots), attributed to the
closed-shell MBA species, and 1296 cm−1 (green dots) and 1438
cm−1 (yellow dots), attributed to the anion radical, we see a
marked difference in the spatial origin of the signals (Figure 5A).
Examining the time trajectories for each SERS band (Figure 5B),
the bands at 1083 and 1580 cm−1 correlate well (R2 = 0.95), as
do the bands at 1438 and 1296 cm−1 (R2 = 0.85). Here, the
super-resolved image provides nanoscale spatial information
about the chemical transformations. For example, the bands
attributed to the anion radical appear on the extremities, while
the closed-shell species is observed toward the center of the
particle. This spatially localized anion formation is consistent
with prior work showing oxidation and reduction occurring at
spatially distinct points on nanoparticles.50 It is known that the
electric fields are strongest at the points of these asymmetric

particles and seem to be active sites of electron transfer. At the
coverage of molecules used, the emission will localize to an
intensity-weighted position representative of all the radiating
molecules on the nanoparticle.51 The intensity-weighted
superposition may cause the super-resolved image (Figure 5A)
to appear smaller than the particles in the TEM image.
Current theories regarding the SIFs at a single-nanoparticle

level implicate the surface roughness of the single nanoparticle
formed by protrusions and adatoms.37,40,52 These atomic
dislocations have been called “picocavities”,53 which support
highly confined intense electromagnetic fields in very small
volumes.54 It has been suggested that these intense fields can
generate strong plasmonic enhancement effects that alter the
symmetry of adsorbed molecules, altering the observed
spectrum.55−57 The observation of electron transfer at the
points of the nanoparticles used here is consistent with the
importance of the strong electric fields; however, our results
indicate that metastable electron-transfer species correlate with
the spectroscopic changes. We also note that our spectra also
show low-intensity features between 2000−2100 cm−1 and near
1900 cm−1, which may represent other photoproducts in our
experiments. The vibrational signal may also arise from faster
dynamics associated with nanoparticle adatom reorganization or
other effects. Additional work is needed to address the

Figure 5. Colocalization of the frequencies observed in SIFs from a
single nanoparticle. (A) Applying localization algorithms to the
collected spectral data generates a super-resolution image of the
emission from a single nanoparticle. The frequencies correlated with
the anion radical spectrum are observed to locate at extremities
consistent with (B) time trajectory for the vibrational modes, where
good correlation was observed between modes at 1580 and 1083 cm−1

(R2 = 0.95) and 1438 and 1296 cm−1 (R2 = 0.85). Note: The TEM
image of the nanoparticles used is shown on Figure 1B. The scale bar in
(A) is 20 nm.
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mechanisms and stability of other processes occurring in these
systems.

■ CONCLUSION
In conclusion, we have demonstrated that a time-varying SERS
spectral response indicates the formation of electron-transfer
species occurring on the surface of gold nanoparticles in
solution. Spectral SERS imaging is capable of simultaneous
super-resolution imaging and spatially resolved spectroscopy.
The observed spectral changes are consistent with DFT
calculations of anion and cation radical species. The duration
of the signal fluctuations is consistent with charge transfer events
previously reported using single-molecule fluorescence imaging;
however, the use of the SERS signal enables us to determine the
chemical transformations that occur in a nonfluorescent
molecule. Further, our data strongly indicates that molecular
species on the nanoparticle surface contribute to SIFs, providing
strong evidence for the importance of considering the specific
molecules and their behavior on plasmonic particles.
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