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Abstract

The excitation of plasmon resonances on nanoparticles generates locally enhanced electric
fields commonly used for sensing applications and energetic charge carriers can drive chemical
transformations as photocatalysts. The surface-enhanced Raman scattering (SERS) spectra from
mercaptobenzoic acid (MBA) adsorbed to gold nanoparticles (AuNP) and silica encapsulated gold
nanoparticles (AuNP@silica) can be used to assess the impact of energetic charge carriers on the
observed signal. Measurements were recorded using a traditional point focused Raman
spectroscopy and a wide-field spectral imaging approach to assess changes in the spectra of the
different particles at increasing power density. The wide-field approach provides an increase in
sampling statistics and shows evidence of SERS frequency fluctuations from MBA at low power
densities, where it is commonly difficult to record spectra from a point focused spot. The increased
spectral resolution of the point spectroscopy measurement provides improved peak identification
and the ability to correlate the frequency fluctuations to charged intermediate species.
Interestingly, our work suggests that isolated nanoparticles may undergo frequency fluctuations
more readily than aggregates.



Introduction

The excitation of plasmon resonances in nanomaterials has generated exciting possibilities in
diverse applications from sensing to catalysis.'** The observation of increased Raman signals from
nanostructured surfaces and subsequent recognition of the enhanced Raman signals has driven
research into these interactions.>® The enhancement of the Raman signal, known as surface-
enhanced Raman scattering (SERS), was correlated with the excitation of a localized surface
plasmon resonance (LSPR),” which is dependent on the excitation wavelength as well as the
structure of the metal surface. Arguably, the recognition that plasmon resonances mediated the
enhanced Raman response, the electromagnetic enhancement mechanism, initiated increased
interest in the optical properties of plasmonic nanomaterials. These properties have since been
linked to the generation of energetic charge carriers for photocatalysis,® and remain active areas of
research.!> %13

Excitation of the LSPR of metal nanostructures can create hot carriers that can be transferred
through three mechanisms: indirect charge transfer, direct intramolecular excitation, and direct
charge transfer. Indirect charge transfer results from nonradiative decay of the LSPR. Direct
intramolecular transfer occurs when the hot-electron is generated from direct excitation of the
LSPR from the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular
orbital (LUMO) of the molecule adsorbed to the metal nanostructure. Lastly, direct charge transfer
occurs when hot-electrons are resonantly transferred from the metal to the LUMO adsorbed
molecule."*Direct charge transfer can also contribute to an increase in SERS signal. Polymethine
dyes have been reported to experience the direct charge transfer mechanism of hot carriers
contributing to a resonance Raman chemical enhancement and thus an increased SERS signal.'’

Hot carrier generation can be detected in the SERS spectrum, providing molecular specificity
for monitoring catalytic reactions. An example of using SERS in conjunction with hot carrier
formation for catalytic reactions includes inducing oxidation or reduction reactions, such as the
reduction of carbon dioxide.!%!7 Hot carriers also have the ability to induce additional chemical
transformations such as dimerization or crosslinking which alter the observed SERS spectrum.
The dimerization of para-aminothiophenol (PATP) to 4,4’-dimeraptoazobenzene (DMAB) is a
commonly studied example. Originally, excitation wavelength and potential dependent bands were
attributed to b2 modes of PATP until it was shown those bands were the result of dimerization of
PATP to DMAB.!®! Additional azo-bridge formations have also been reported as the result of
hot-carrier generation in SERS.?° The effects of hot carriers have also been seen in tip enhanced
Raman spectroscopy (TERS), where the plasmonic properties of nanoparticles on the coated apex
of an atomic force microscopy tip allows for spatial monitoring of hot carrier catalysis. *!

The ability to monitor catalytic and chemical transformations through hot carrier generation
with SERS is advantageous. SERS intensity fluctuations (SIFS) can appear as “blinking” in the
emission of light from the nanomaterial.>*>} Blinking effects have been reported by multiple
groups who have aimed to determine the mechanisms behind the fluctuations. Spectral fluctuations
can alter the observed frequencies and intensities through transient interactions with hot carriers.>*
25 Previous SERS reports of bovine serum albumin (BSA) with gold nanoparticles have
acknowledged spectral intensity and frequency fluctuations to which they attribute to varying
conformations of BSA on the nanoparticles resulting in different amino acid residues being
enhanced.?® However, our group, as well as others, have previously identified the formation of



radical anion species resulting from hot carrier transfer to analytes of interest including tryptophan
and 4-4’-bipyridine molecules resulting in temporal spectral and intensity fluctuations.?”?° Density
functional theory (DFT) calculations are commonly used in support for formation of radical
species to simulate the Raman spectrum of the observed intermediates.>*-32 TERS experiments also
report similar temporal signal fluctuations resulting from transient species chemically formed from
hot carriers. Previous reports have monitored a hot carrier induced transformation of 4-
nitrobenzene thiol (4-NBT) conversion to 4-NBT thiolate, resulting in temporal fluctuations in the
TERS spectra.?! Other temporal transient species reported with TERS includes
photofragmentation of thiophenol as well as the polycyclic intermediates resulting in frequency
fluctuations between 1350-1600 cm™ 2!

For chemical sensing, avoiding these hot-carrier analyte interactions can be important, while
these same interactions may be key for initiating chemical transformations. In sensing, it has been
established that controlling the energy associated with the plasmon resonance is important for
avoiding photodamage.® The electric field difference between nanoparticle monomers and dimers
is also known to impact the observed signal.’* The ability to identify the interactions occurring to
differentiate hot carrier effects from the signal of specific analytes remains an important challenge.
In this paper we explore two methods of acquiring the SERS signal from the common Raman
reporter molecule, 4-mercaptobenzoic acid (MBA) to monitor for signal fluctuations and assess
their impact on the average SERS signal observed. Using traditional point focused Raman
spectroscopy, high resolution spectra are acquired with increasing power density. We correlate
these observations with wide-field, spectral imaging of the same samples, where additional
information can be obtained. We identify the formation of transient chemical species from hot
carriers at low power density typical of SERS and assign transient spectra observed to charged
intermediates.

Methods

Materials

Hydrogen tetrachloroaurate(Ill) hydrate (HAuCL), sodium citrate tribasic dihydrate, 4-
mercaptobenzoic acid (MBA), ethanol, ammonium hydroxide, isopropanol (IPA), and tetraethyl
orthosilicate (TEOS) were obtained from Sigma-Aldrich and used as received.

AuNP Synthesis

Gold nanoparticles (AuNPs) were synthesized using a citrate reduction method.?® Briefly, 0.4 mM
HAuCl: in water was heated to boiling while stirring. 1 mL of 50 mM sodium citrate was added to
the solution. The solution remained heating and stirred for 15 minutes until the solution changed
to a red color and then was left stirring until cool. The resulting AuNPs were characterized using
UV-Vis, Dynamic light scattering (DLS), and a Snowy Range IM-52 Raman spectrometer at 638
nm. The observed UV-Visible extinction spectrum is shown in Figure S1.

MBA functionalization of AuNP

Synthesized AuNPs (53 nm by DLS) were centrifuged for 20 minutes at 6000 rpm, and the
supernatant was decanted to remove excess citrate. The pelleted particles were resuspended in 1
mL of H,O. 10 pL of 40 mM mercaptobenzoic acid (MBA) was added to each 1 mL vial of
particles and shaken for 40 mins. These particles were centrifuged again for 20 mins at 6000 rpm



and pelleted to remove access MBA. Once the supernatant was removed each vial was resuspended
in I mL of H.O. The MBA functionalized AuNPs were characterized using UV-Vis (Figure S1A)
and a Snowy Range IM-52 Raman spectrometer at 638 nm (Figure S1B). 30 puL of functionalized
particles were dropped on a glass slide and covered with a cover slip and allowed to dry.

Silica encapsulation of MBA functionalized AuNPs, AuNP@silica

Synthesized AuNPs (40 nm by DLS) were functionalized with MBA by adding 100 pL of 40 mM
MBA to 10 mL of the NP suspension. The solution then shook for 30 minutes, was pelleted, the
supernatant removed, and then resuspended in 2 mL of water. To encapsulate the MBA
functionalized AuNPs with silica, 6 mL EtOH and 0.4 mL NH.OH were added to the AuNP
solution. This solution was added to 20 mL IPA, 20 uLL TEOS, and 0.3 mL of water and shook for
19 hours. This solution was pelleted by centrifugation for 30 minutes at 3000 g. The pellet was
twice washed in 1 mL of of 1:1 EtOH: water and centrifuged for 20 minutes at 3000 g and
resuspended in 2 mL water. The MBA functionalized AuNP@silica were characterized using UV-
Vis (Figure S1A) and a Snowy Range IM-52 Raman spectrometer at 638 nm (Figure S1B). 30
puL of AuNP@silica were dropped on a glass slide and covered with a cover slip and allowed to
dry. TEM analysis of the synthesized particles is shown in Figure S2.

Point spectroscopy experiments

Raman spectroscopy was performed using a home-built instrument with a 640 nm laser (Oxxius).
The laser was focused onto the sample slides using a 40x water immersion objective (NA=0.8).
Raman scattering was collected through the same objective and directed to an Isoplane SCT320
spectrograph equipped with a ProEM: 1600% eXcelon 3 CCD detector (Princeton Instruments).
1000 spectra were acquired with an exposure time of 10 ms using various laser powers at the
sample.

The power density for point spectroscopy measurements was determined by monitoring the change
in intensity from the 520 cm™! Si phonon on a patterned silicon sample. The laser was focused onto
slide with a sharp line between regions of Si and gold as shown in Figure S3A. The sample was
translated in 1 pm increments across the Au/Si boundary, and 1 s acquisitions at each position as
the laser focus was moved from the gold to the silica. The experiment was repeated at laser powers
of 2 mW and 8 mW measured at the surface as shown in Figure S3B and Figure S3C respectively.
The observed intensities on the Si and Au regions were fit with a line and the laser spot sized was
determined from the width of the observed transition, which included the endpoint of each plateau
and any points in the middle. Measurements at both 2 and 8 mW indicate a 2 pm laser spot,
corresponding to power densities at the surface ranging from 64 to 215 kW/cm?, respectively.

Wide-field spectral imaging experiments

Prior to imaging, solutions of the AuNPs and AuNP@silica were dropped onto glass slides and
allowed to dry. An inverted microscope (IX-71, Olympus) with a 100x, 1.3 NA oil immersion
objective (Olympus) was used for wide-field imaging. A 659 nm single longitudinal mode diode
laser (Laser Quantum) was directed through a plano-convex lens (Thorlabs) positioned at its focal
length (f=75 mm) above the sample to produce a 30 um laser spot on the sample. The collected
light was directed through a 638 nm long pass dichroic mirror (Thorlabs) and a 660 nm long pass
edge filter (Semrock) situated in a microscope filter cube (Thorlabs) and then through a 300



groove/mm visible transmission diffraction grating with a 17.5° blaze angle (Thorlabs) and onto a
2-dimensional scientific complementary oxide semiconductor (sCMOS) detector (ORCA-Flash
4.0 V2, Hamamatsu, LTD). Images were acquired at a 100 ms (10 Hz) frame rate for 1000 frames.
Polarization dependent experiments were conducted by placing a polarization filter followed by a
A/2 waveplate (Thorlabs) in the optical path prior to the sample. The A/2 waveplate was rotated
in fixed increments to rotate the incident polarization in the sample plane. Polarization dependent
images were acquired at a 10 Hz frame rate for 100 frames. Pixel position on the sSCMOS was
calibrated to wavelength and Raman shift by imaging a neon calibration lamp (Newport) directed
through a 1 um pinhole (Thorlabs) as described previously.?* 3¢ Data was acquired using the NIS-
Elements Advanced Research software (Nikon).

Data processing

ImagelJ (U.S. National Institutes of Health) was used for image analysis for data obtained from the
wide field experiments and Matlab (Mathworks) was used for spectral analysis. For each
nanoparticle, the rows of pixels containing the spectral features were averaged together to generate
spectra from the images, as described previously.?® The spectra from all 1000 image frames
collected were used to generate spectral heat maps for individual nanoparticles.

Results

wy)
g
oo
=
£
o
3

A

900

Spectrum #
&
3

850 |

1000 1200 1400
Raman shift em’")

(=]
o
o

36 kW/cm?

Intensity
~J
(4
o

~J
(=]
o

650

1000 1200 1400 1600 1800

Raman shift (cm")
D. 194 kW/cm?

600 = - ¥ ;
800 1000 1200 1400 1600 1800

Raman Shift (cm™) i-PEE N -

1000 1200 4400 1600 1800
Raman shift {cm'")

Figure 1: Point spectroscopy on MBA functionalized AuNP A) Mean MBA signal from AuNP for 5000 spectra obtained at
increasing power densities. The spectra shown at each power density are the average of 1000x 10 ms acquisitions from 5 different
locations. The power density is calculated from the power measured at the spot and the experimentally determined spot size. B-D)
The heat maps plot the 1000 consecutive spectra obtained from a single spot acquired at 5 kW/cm? (B), 36 kW/cm? (C), and 194
kW/cm? (D).

Figure 1 shows the SERS spectrum arising from MBA adsorbed to AuNPs at increasing
excitation laser power density. An image of the AuNPs dispersed in the microscope’s field of view
(FOV) is provided in Figure S4. At each power density, 1000, 10 ms spectra were acquired at 5



spots, to excite particles from different areas on the sample. The mean spectra from the data
acquired at each power density are shown in Figure 1A. In this figure, there is an increase in the
background as power density increases until a power density of 136 kW/cm?. At the highest power
density (194 kw/cm?), the background and SERS signal is observed to decrease slightly. The
average spectrum acquired at 136 kW/cm? show a disproportionate increase in the background
between 1200 and 1400 cm!, which is characteristic of the formation of carbonaceous products
from burning the molecule at the surface.’” At each power density, the expected vibrational
assignments of MBA at 1074 and 1590 c¢cm™!, attributed to ring breathing modes,*® are the most
dominant features observed and increase with the power density. Aside from the expected MBA
peaks, a peak at 1427 cm™! is present in varying intensities in the mean ensemble at each power
density. The peak at 1427 cm! appears to arise from the interaction of MBA carboxylate moiety
with the silica as it is not observed in the ensemble SERS spectrum of the MBA functionalized
AuNP in solution but is evident in the ensemble solution spectra with a silica shell, Figure S1.
When the MBA functionalized AuNPs are deposited on a glass surface and dried, the feature is
again observed, further supporting an interaction with silica. Doublet peaks located at 1000 and
1023 cm™! appear to increase with the first four increasing power densities; however, it is not
obvious there is a consistent increase in intensity of these peaks after 36 kW/cm?. These doublet
peaks have been previously associated with the thiophenol biproduct from the decarboxylation of
MB A.39'40

The average spectra provide ensemble information at each power density; however,
analysis of the individual spectra acquired at each spot at each power density reveals additional
transient events. Representative heat maps constructed from the 1000 spectra acquired at one spot
for the lowest (5 kW/cm?), a moderate (36 kW/cm?), and the highest (194 kW/cm?) power density
are shown in Figure 1B-D, respectively. Each heat map shows the expected MBA peaks dominate
the majority of the spectra acquired. As the power density increases, vibrational fluctuations are
observed in spectra at various time points. Spectral fluctuations are uncommon at the low power
density. In Figure 1C, the heat map corresponds to a spot at 36 kW/cm? and some low intensity
fluctuations are observed. At higher power density, such as 194 kw/cm? shown in Figure 1D,
fluctuations are more frequent and intense.
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Figure 2. Wide-field spectrally resolved imaging of MBA functionalized AuNPs. A) The average image of AuNP nanoparticles
image constructed from 1000 frames collected at 10 Hz with a power density of 0.93 kW/cm?. The collected signal is dispersed
with a transmission diffraction gratin and the image of the AuNPs (n=0, left) and the wavelength dispersed first-order diffraction
signal (n=1, right) are collected on the sensor as shown. A particle of interest, both n=0 and n=1 response, is indicated by the
boxes. B) The intensity profile of the n=0 image of the nanoparticle of interest is shown. C) The average MBA spectrum from the
particle of interest in the wide-field experiment (top, purple) is compared with the average MBA spectrum at 5 kW/cm? from the
point spectral imaging experiment (bottom, grey).

Wide field imaging enables a large number of nanoparticles to be excited simultaneously
and can avoid selection bias associated with sampling in point spectroscopy approaches. Figure
2 shows results from a wide field spectral imaging setup utilized to analyze MBA functionalized
AuNP. This imaging approach disperses the collected signal into the n=0 order diffraction
(providing a spatial image) and n=1 order diffraction (a spectrally resolved image) allowing for
simultaneous nanoparticle imaging and Raman spectroscopy from multiple nanoparticles within a
30 um FOV.*® We note that the spectrum of particles on the same row of pixels can overlap in the
n=1 portion of the image if not sufficiently far apart. The spectrum from aggregates or particles in
adjacent pixels that image as single feature can be recorded with slightly lower spectral resolution
as reported previously.3® Unlike with the point spectroscopy setup, the spectral response can be
associated with individual particles, dimers, or aggregated particles (Figure S5). Figure 2A is an
example of AuNPs imaged (n=0) on the left and their spectral response (n=1) on the right. The
boxes in Figure 2A indicate the particle and spectral response used for Figure 2B and 2C. The
full width at half maximum (FWHM) and the symmetry of the intensity profile can indicate if a
specific particle is a single particle or an aggregate. The intensity profile of a particle from the n=0
order, shown in Figure 2B, corresponds to a FWHM of 414 nm. This FWHM of the observed
point spread function (psf) is larger than the diffraction limited size of 255 nm. In Figure 2B,
there is a slight shoulder in the intensity profile of the psf that suggests the particle is a dimer or
larger aggregate. The same analysis was performed on 3 types of particles observed in the samples
and compared to one another, which are shown in Figure S5. The observed psf varies from
symmetric in both directions as expected for a single particle, to elongated along one axis
suggesting a dimer or elongated aggregate, to asymmetric patterns from aggregates. In addition to
plotting the psf, we have tracked the polarization dependence of the scattering from the particles
(Figure S6). It is possible that a dimer or small aggregate could evince a symmetric psf; in these



cases, aligning the incident polarization along the coupled particles is expected to enhance the
emission. Figure S6 shows the polarization dependence observed from particles that have
symmetric psf; however, the polarization dependence of the scattering intensity enables us to
distinguish monomers for small aggregates. Figure 2C shows the comparison of an average
spectrum obtained at 0.93 kW/cm? of the particle indicated in Figure 2A using wide field spectral
imaging compared to an average spectrum obtained at 5 kW/cm? using point spectroscopy. It was
challenging to obtain signal in point spectroscopy experiments at the equivalent low power density,
likely associated with locating and focusing the laser on the appropriate spot. The expected MBA
peaks at 1074 and 1590 cm!' are apparent in the wide field spectrum; however, the spectral
resolution in the wide field imaging is limited by the geometric constraints to capture both n=0
and n=1 diffraction on the sensor. The spectral resolution is limited by the size of the nanoparticles,
the groove density transmission diffraction grating, and the short distance needed to fit the n=0
and n=1 signal on the camera sensor.>®
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Figure 3: A) The mean spectrum obtained from MBA functionalized AuNPs at 0.93 (blue), 9.38 (orange), and 31.42 kW/cm? (pink)
power densities are shown. The spectra shown are the average of 5 individual AuNPs, where 1000 acquisitions of 100 ms were
acquired for each particle. B) A corresponding heat map showing frequency and intensity fluctuations from a representative
particle (1000, 100 ms acquisitions) at each power density is shown.

Wide-field spectral imaging of AuNPs was performed at a range of power densities similar
to the point spectroscopy experiment. At each power density, 1000 frames were acquired with a
100 ms frame rate. Each frame contains multiple particles within the FOV and the corresponding
Raman spectrum for each particle. Figure 3A shows the mean spectrum derived from 5 particles
(a total of 5000 spectra) at three power densities; the lowest at 0.93 kW/cm?, a middle power
density at 9.38 kW/cm?, and the highest at 31.42 kW/cm?. The power density in the wide-field
experiments was limited by the laser output illuminating a larger FOV relative to concentrated
focus in point spectroscopy measurements. In the wide-field approach, the expected MBA peaks
at 1074 and 1590 cm!' are apparent at powers that were challenging to record signals in point



spectroscopy experiments. As the power density is increased to 9.38 (orange) and 31.42 kW/cm?
(pink), the mean spectra begin to vary from the expected MBA signal. The expected MBA peaks
become broader at the intermediate power density and are no longer apparent at the highest power
density, indicating the spectrum is dominated by high intensity frequency fluctuations observed
during acquisition. The standard deviation is shown as the shaded region of each mean spectrum
plot and increases with increasing power density, supporting larger fluctuations in these signals.

Figure 3B shows a heat map of 1000 spectra obtained from a representative particle for
each power density for which the mean is plotted. At a power density of 0.93 kW/cm? intensity
fluctuations of the 1074 and 1590 ¢cm™' peaks are observed in the heat map, but no frequency
fluctuations occur. As the power density is increased to 9.38 kW/cm?, frequency fluctuations
dominate the intense spectra at later time points, but the 1074 and 1590 cm! peaks can be seen
with lower intensities. When the highest power density for this technique is reached at 31.41
kW/cm? the frequency fluctuations dominate the spectra and are more intense than the expected
signals observed from MBA making the MBA peaks at 1074 and 1590 ¢cm™! no longer apparent.
The frequency fluctuations can be better observed with this setup by analyzing particles that are
blinking as shown in the videos provided in Supporting Video S1 and S2.
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Figure 4: Point spectroscopy on MBA functionalized AuNP@silica A) Mean MBA signal from AuNP@silica derived from spectra
obtained at increasing power densities are plotted. The spectra shown at each power density are the average of 1000x, 10 ms
acquisitions from 5 different locations. The power density is calculated from the power measured at the spot and the experimentally
determined spot size. B-D) The heat maps plot the 1000 consecutive spectra obtained from a single spot acquired at 5 kW/cm? (B),
36 kW/em? (C), and 195 kW/cm? (D).

Gold nanoparticles encapsulated in silica (AuNP@silica) were used to analyze the impact
of silica encapsulation on frequency fluctuations. These particles consist of gold NP cores that are
functionalized with MBA and further encapsulated with a silica shell. Based on the TEM images
shown in Figure S2, and additional TEM images not shown, the silica encapsulated particles



predominantly consist of single AuNP cores (88%), dimer AuNP cores (7%), and some larger
aggregates (5%). Polarization dependent wide-field imaging (Figure S6) indicates a majority of
monomers, consistent with TEM results. The microscope FOV for the dispersed AuNP@silica is
provided in Figure S7. At each power density, 5 spots were chosen to excite varying particles. At
each spot, 1000 spectra were acquired for 10 ms each. Figure 4A shows the mean of the 5000
spectra acquired at each power density. Similar to the MBA functionalized AuNP mean spectra
(Figure 1A), the overall background increases with increasing power density. The AuNP@silica
mean spectra show less background between 1200 and 1400 cm™! associated with carbonaceous
species, indicating less photodamage is occurring with the silica encapsulation. Again, there are
consistent peaks at 1074 and 1590 cm™! that are associated with the expected MBA Raman signal
that increase in intensity with increasing power density. The peaks at 1074 and 1590 cm™! shown
in Figure 4A are less intense at lower comparable power densities (5 and 19 kW/cm?) with the
silica encapsulation than the bare AuNPs (Figure 1A). The particles encapsulated with silica also
show an increase in peaks at 1182, 1285, and 1423 cm™! with increasing power density. The band
at 1182 cm™! has been previously reported as the C-H in plane bending;*' however, 1285 cm™! is
not commonly reported in the SERS spectrum of MBA. The peak at 1423 ¢cm™! in the heatmaps
suggest it arises from silica encapsulation as it is observed in the solution ensemble spectra in
Figure S1B. The thiophenol associated peaks at 1000 and 1023 cm™! attributed to decarboxylation
of MBA are observed to increase in intensity with increasing power density. These
decarboxylation peaks are not observed at the lowest power density with the AuNP@silica
particles, in contrast to the bare AuNPs (Figure 1A). Figure 4B-D show representative heat maps
obtained at the lowest (5 kW/cm?), an intermediate (36 kW/cm?), and the highest power densities
(195 kW/cm?). At the lowest power density (5 kW/cm?), it is difficult to identify any MBA peaks
from AuNP@silica in individual acquisitions. The common MBA peaks at 1074 and 1590 cm’!
are consistently present along with some frequency fluctuations in Figure 4C at 36 kW/cm?. As
the highest power density is reached at 195 kW/cm? the frequency fluctuations become more
apparent and more intense as shown in Figure 4D.
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Figure 5: A) The mean spectrum obtained from MBA functionalized AuNP@silica particles at 0.93 (blue), 9.38 (orange), and 31.42
kW/em? (pink) power densities are shown. The spectra shown are the average of 5 individual AuNP@silica particles, where 1000
acquisitions of 100 ms were acquired for each particle. B) A corresponding heat map showing frequency and intensity fluctuations
from a representative particle (1000x, 100 ms acquisitions) at each power density is shown.

AuNP@silica particles were investigated using the wide field spectral imaging set-up to
visualize individual particles and spectral fluctuations. At each power density, 1000 spectra were
acquired for 100 ms each for each particle. Figure SA shows the mean spectra derived from 5
particles (5000 spectra) at 3 different power densities, the lowest power density of 0.93 kW/cm?
(blue), an intermediate power density of 9.38 kW/cm? (orange), and the highest power density of
31.42 kW/cm? (pink). At each power density, the average spectrum includes the prominent MBA
peaks at 1074 and 1590 cm™!. The standard deviation of the 5000 spectra is shown with each mean
as a shaded region on the same plot. At the middle and highest power densities, the peaks in the
average spectra begin to shift and broaden, indicating that spectra with intense fluctuations are
present within the 5000 spectra comprising the average. With increasing power density, there is
also an increase in the standard deviation of the spectra, which is common with SERS. In contrast
to the AuNPs (Figure 3A), the AuNP@silica exhibit the expected MBA peaks at 1074 and 1590
cm’! in the mean spectra at all power densities.

Figure 5B shows a representative particle at each power density and shows an increase in
the intensity of the spectral fluctuations with increasing power density. At a power density of 0.93
kW/cm?, the only peaks are those associated with MBA at 1074 and 1590 cm! with some intensity
fluctuations of these peaks. As power density increases to 9.38 kW/cm?, frequency fluctuations
become more intense and are clear in the representative heat map in the middle of Figure 5B. After
reaching the highest power density at 31.42 kW/cm?, the intensity of the frequency fluctuations is
approximately 10x more intense than at 9.38 kW/cm?.
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Figure 6: A comparison fluctuation spectra observed from: (4) point spectroscopy of AuNP (194 kW/cm?), (B) wide-field spectral
imaging of AuNP (31 kW/cm?), (C) point spectroscopy of AuNP@silica particles (195 kW/cm?), and (D) wide-field spectral imaging
of AuNP@silica particles (31 kW/cm?). The selected spectra highlight the fluctuations observed. Peak labels are included to
facilitate comparison. Expected MBA peaks are labeled in black with a *. The spectrum number corresponds to the time point at
which the spectrum was obtained. For example, spectrum 287 would be 2.87 s.

Analysis of the spectral fluctuations observed in both point spectroscopy data and wide-
field spectral imaging data suggest common patterns for MBA. Analysis was also completed with
bare AuNP, presumably with the citrate capping agent present (Figure S8). The heat maps in
Figure S8 show fluctuations can be observed from the citrate capping agent, however these
frequency fluctuations are different from those observed with MBA functionalization at similar
power densities for both point spectroscopy and wide-field spectral imaging. Figure 6 shows
examples of individual spectra pulled from the highest power densities for each technique. Figure
6A shows spectra from 194 kW/cm? obtained using point spectroscopy. The peak energies are
labeled and peaks corresponding with the expected MBA peaks are indicated with an asterisk in
black. In the point spectra, the expected MBA peaks are observed at 1074 and 1590 cm™!; however,
these peaks are lower in intensity than the fluctuations. Figure 6B shows spectra obtained from
31.42 kW/cm? under wide field spectral imaging. The expected MBA peaks at 1074 and 1590 cm-
I are not observed because of the strong intensity of the frequency fluctuations combined with the
lower spectral resolution (Figure 3B). The frequency fluctuations shown in the spectra in Figure
6 can be associated with various transient species and photoproducts of MBA that have been
previously reported. Our group has investigated MBA frequency fluctuations previously and have
identified features that can be attributed to transient formation of the radical cation and radical
anion based on density functional theory (DFT) calculations.?* Our previous work suggests the
MBA cation radical can be associated with peaks at 1189 and 1509 cm™'. The same work shows
the anion radical of MBA can be associated with peaks at 1283 and 1438 cm"!. Peaks of similar
frequency can be observed in point spectroscopy (Figure 6A) and in wide-field imaging (Figure



6B). Previously reported DFT simulations of the MBA anion and cation radicals Raman spectra®*
show agreement with these fluctuation spectra (Figure S9). Other fluctuation spectra in Figure 6
contain peaks that are not associated with the radical cation or anion and suggest other
intermediates.

The fluctuations in the spectra from the AuNP@silica particles show similar trends. In
Figure 6C at 1.48 s, the intense shifted peak at 1513 cm™ is consistent with an previous reports of
MBA frequency fluctuations.?* This is within the spectral resolution of the peak at 1510 cm™ in
Figure 6D from the wide field spectrum obtained at 33.6 s. Interestingly, fluctuations are also
observed that could be correlated with the MBA anion radical. Radical anion peaks associated with
MBA based on our previous work show up near 1283 and 1438 cm’!'. Peaks with consistent
frequencies are observable in the point spectroscopy spectra shown in Figure 6C, as well as in the
wide field spectrum in Figure 6D. The lower spectral resolution of the wide field spectral imaging
broadens the spectral features, masking features with similar energy. We directly compare
individual Raman spectra with the simulated radical anion and radical cation spectra in Figure S9,
showing the overall spectral agreement. In the spectra obtained for the AuNP@silica, peaks
associated with decarboxylation at 1007 and 1023 c¢cm™' are evident at both 3.3 s and 3.37 s in
Figure 6A. Fluctuating peaks that are not readily attributed to postulated intermediates are also
observed, such as all the peaks in the spectrum at 28.7 and 94.1 s in Figure 6D.

Discussion.

The wide field spectral imaging experiment provides a high throughput method to assess
frequency fluctuations associated with SIFs, but the decreased spectral resolution complicates
assigning the observed fluctuations compared to point spectroscopy. For these reasons, combining
the use of both point spectroscopy and wide-field spectral imaging can provide a better
understanding of the fluctuations observed from the excitation of these gold nanoparticles.

Wide-field spectral imaging enables the determination of the fraction of particles
experiencing frequency fluctuations at each power density and aids in identifying a threshold
between sensing the expected MBA signals and the formation of photoproducts generated due to
plasmon excitation. Figure 7 plots the expected increase in fluctuating particles observed with
increasing power density for both AuNP (red) and AuNP@silica (black). Over the range of power
densities measured, the particles that were bright enough to be observed in the FOV were analyzed.
The AuNP reached 100% of analyzed particles experiencing frequency fluctuations at a power
density of 18.6 kW/cm? while the AuNP@silica reached 100% at 31.4 kW/cm?. To determine a
50% and 10% threshold, a smooth spline fitting was applied to both data sets and is shown in
Figure 7 with the dotted lines. For the AuNP without silica, the 10% threshold is reached at 1.7
kW/cm? and the 50% threshold is reached at 5.7 kW/cm?. The AuNP@silica reached the 10%
threshold similarly at 1.9 kW/cm? however, the 50% threshold is not reached until 6.9 kW/cm?.
These differences are likely the result of the silica shell that encapsulated the MBA functionalized
nanoparticle surfaces.
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Figure 7: Plot of the fraction of particles, both AuNP (red) and AuNP@silica (black), exhibiting frequency fluctuations at each
power density in the wide-field imaging experiments. A smooth spline fit was applied to both data sets to determine the 10% and
50% threshold of fluctuations. For the AuNP N=17, 15, 15, 15, 20, 24, 24 with increasing power density, and for AuNP@silica
N=17, 14, 20, 22, 24, 24, 24 with increasing power density, respectively.

It is interesting to note the onset power of spectral fluctuations observed in the wide-field
imaging experiments. In either case, greater than 50% of the particles show fluctuations at powers
typical of SERS experiments, 100-150 uW in the focused laser spot determined here. The change
in the apparent onset of the frequency fluctuations in the AuNP@silica is consistent with added
stability associated with a silica shell.** This is consistent with the wide use of silica encapsulation
for SERS-tags, where the stability of the chemical signal is key for sensing applications.*-44

Examining the fraction of particles expressing frequency fluctuations in the wide-field
SERS imaging provides insight into the processes occurring. The lower power densities used in
the wide-field imaging still evince frequency fluctuations. From the observed spatial image, we
can infer the aggregation or isolation of particles which are providing spectral responses. For
example, a single particle is expected to have a symmetric psf near the diffraction limit, while
dimers and other aggregates will exhibit a larger and asymmetric psf (Figure S5). The psf
information can be complemented by the polarization dependence (Figure S6) to differentiate
symmetric isolated particles. Simultaneous information becomes extremely useful in the
identification of the types of particles that are more likely to experience blinking and spectral
fluctuations. Previous reports of nanoparticle aggregates, or decreased spacing between
nanostructures, show hot carrier effects are more often exchanged between nanostructures rather
than between the nanostructure to the molecule.*>-*¢ Interestingly, the psf of the fluctuating
particles appear highly symmetric and are consistent with isolated particles, suggesting a higher
incidence of hot carriers being captured by molecules on the surface rather than being transferred
to adjacent particles. The wide-field imaging allows us to detect more isolated particles to track
hot carrier transfer to MBA specifically. The intensity of the frequency fluctuations is typically
more intense than the normal MBA spectra, which may help identify single particles.

There have been reports that suggest individual nanoparticles are not detectable in SERS.#
In fact, in our point spectroscopy experiments, the observed frequency fluctuations are most
evident at much higher laser powers. One explanation for this is our point spectroscopy data
originates from aggregated particles. While fluctuations are observed, they are less intense than



observed in the wide-field experiments. This is consistent with the hypothesis that energetic
carriers prefer to transfer between particles rather than to molecules. The more consistent spectral
response arises from the increased field, while the capture of energetic charge carriers is less
influential. Reporting the mean spectral response can overwhelm the signals from transient species
that are the result of hot-carrier transfer. This agrees with prior reports showing how transient
SERS signals are lost when long signal acquisitions are used.*** In our data, features in the mean
ensemble spectra indicative of transient hot-carrier species, as well as photodamage and
photoconversion with increasing power, can often be overlooked when they are low intensity
compared to the expected Raman signal for detection.

Assigning the spectral fluctuations becomes incredibly important for chemical
identification of transient species, which could provide insight into reaction pathways. In Figure
S9, we have identified spectral examples of fluctuation data that correlate to previously simulated
Raman spectra of radical cation and radical anion formation of MBA.?* Other reports of radical
formation through plasmonic hot-carrier formation support the possibility of this type of hot-
carrier species.?’”?” In addition to radical formation, other transient species can be identified as
products of photodamage from hot carriers. The formation of thiophenol from plasmonically
induced conversion of MBA has been reported to result in the formation of peaks at 998, 1022,
and 1572 cm’! which are features we also observe with increasing laser power.® Formation of
radical species are examples of transient species, while the conversion of MBA to thiophenol
represents a reaction product. We are unable to account for all the transient peaks observed, but
further analysis may reveal the nature of the photochemical reactions occurring.

Conclusion

The combination of wide-field imaging and point spectroscopy allows for monitoring of
hot-carriers interacting with molecules on the surface of plasmonic particles. Transient species
are observed at low power densities from nanostructures that are consistent with isolated
nanoparticles. These low power density events are difficult to capture in point spectroscopy
measurements, where the observed signals appear to arise from aggregates. Comparing the spectral
information from point spectroscopy with the spectral features observed in wide-field imaging
suggests molecular origins for the fluctuating frequencies that can then be readily compared to
simulated spectra from DFT calculations to identify transient species, such as radicals. Our results
suggest that isolated particles may be more active for chemical conversion while these carriers are
quenched in aggregates. While here we have identified a few intermediate species that appear
transiently for MBA under plasmonic excitation of hot carriers, there remains a need to understand
all transient spectral fluctuations. Additional analysis and correlation to electron microscopy may
provide new insight into chemical processes relevant to catalysts as well as optimizing sensors.
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