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Abstract

Strongly confined electric fields resulting from nanogaps within nanoparticle aggregates
give rise to significant enhancement in surface-enhanced Raman scattering (SERS). Nanometer
differences in gap sizes lead to drastically different confined field strengths, so much attention has
been focused on the development and understanding of nanostructures with controlled gap sizes.
In this work, we report a novel petal gap-enhanced Raman tag (GERT) consisting of bipyramid
core and a nitrothiophenol (NTP) spacer to support the growth of hundreds of small petals and
compare its SERS emission and localization to a traditional bipyramid aggregate. To do this, we
used super resolution spectral SERS imaging that simultaneously captures the SERS images and
spectra while varying the incident laser polarization. Intensity fluctuations inherent of SERS
enabled super resolution algorithms to be applied which revealed sub-diffraction limited
differences in the localization with respect to polarization direction for both particles. Interestingly,
however, only the traditional bipyramid aggregates experienced a strong polarization dependence
in their SERS intensity and in the plasmon-induced conversion of NTP to dimercaptoazobenzene

(DMAB), which was localized with nanometer precision to regions of intense electromagnetic
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fields. The lack of polarization dependence (validated through electromagnetic simulations) and
surface reactions from the bipyramid-GERTs suggest that the emissions arising from the

bipyramid-GERTs are less influenced by confined fields.
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Introduction

The optical properties of gold nanoparticles have led to their popularity in a wide range of
biological and physical sensing applications.!” Their size-dependent localized surface plasmon
resonance (LSPR) in the visible regime makes them particularly suited for optical microscopy and
spectroscopies such as fluorescence and Raman scattering. Additionally, nanostructures
illuminated with incident light near their LSPRs give rise to surface-enhanced plasmon
spectroscopies due to the confined electric fields caused by LSPR generation.® Of particular
importance is surface-enhanced Raman scattering (SERS), which takes advantage of the Raman
signal enhancement resulting from the excitation of the LSPR and is capable of transforming
Raman spectroscopy into a single-molecule or single-nanoparticle spectroscopy.’® Nanogaps in
nanoparticle aggregates cause greatly enhanced confined electric fields relative to single
nanostructures, and these “hotspots” result in significant signal enhancement in SERS. The strong
electric field confinement in these nanostructure systems also lead to the generation of hot carriers
that can induce molecular and catalytic reactions on their surfaces, which can be readily monitored
with SERS.!0-12

Anisotropic nanoparticles , such as dimers, rods, bipyramids, stars, and core-satellites, enable
stronger SERS enhancement relative to single nanospheres due to the intrinsic hotspots at gaps
and sharp tips.'*-'® However, with anisotropic nanostructures, the polarization direction of linearly
polarized incident light becomes important. For nanostructures with multiple plasmon resonances,
the signal can alter drastically with polarization direction depending on the plasmon resonances
relative to the excitation laser wavelength. In aggregated nanostructure systems, plasmon
hybridization can occur, resulting in new plasmon modes not inherent of the individual structures
forming the aggregate.'” '8 These hybrid plasmon resonances are less predictable experimentally
and can vary drastically from shape, size, orientation, and spacing of the structures forming the
aggregate.!%-2!

An emerging class of nanostructures for SERS is gap-enhanced Raman tags (GERTs), where a
reporter molecule, such as nitrothiophenol (NTP), is used as a shape directing agent to form size
controlled nanogaps.?> 23 A variety of GERTs have since been reported, but tend to fall into two
distinct categories: smooth-shell GERTs (S-GERTs) that have a smooth outer shell and petal-
GERTs (P-GERTS) that consist of small petal-like structures that create a roughened outer layer.?*

Generally, because of the large surface areas for molecules to adsorb and that the size of the gaps



can be easily controlled, both types of GERTs have been shown to have consistent and reliable
particle-to-particle SERS responses.?>2” However, because the P-GERTs have more nanogaps and
a larger surface area for more reporter molecules to be immobilized on the surface, both of which
are dependent on the number and size of petals, they tend to have brighter, more consistent SERS
intensity, up to two orders of magnitude.?* 2® P-GERTs and other spikey surfaced GERTs have
mostly been limited to spherical or rod shaped cores.?® The electric field confinement of GERTS,
particularly P-GERTs, is generally less understood relative to traditional aggregates due to the
complexity and large amount of petals that make electromagnetic simulations difficult.

Also important in the development and understanding of consistent, highly enhancing
nanogap-based nanostructures is the development of methods to characterize them with high
spatial resolution. Methods to spatially characterize the orientation and anisotropy of anisotropic
nanostructures include dark field scattering?’, calcite assisted localization,*® and nonlinear optical
microscopy.?! However, understanding polarization dependent SERS emissions with high spatial
resolution has been more limited. Isolated nanostructures readily experience SERS intensity
fluctuations or blinking, enabling stochastic super resolution algorithms, such as stochastic optical
reconstruction microscopy (STORM), to localize the SERS emission from the nanoparticles
beyond the optical diffraction limit.3?-3* Super resolution SERS has been used for a variety of
applications including localizing chemical transformations,®> hotspot formation,*® 37 cellular
peptide-protein interactions,*® and single molecule optical trapping.3®-4° Polarization dependent
orientation and dipole differentiation of gold nanorods using super resolution SERS has been
demonstrated previously,*' but without direct correlation to the spectral regime. Recently, our
group has demonstrated a super-resolution spectral SERS imaging method where the Raman signal
is split into a spatial and spectral domain.*?> This enables direct correlation of the spatial order of
isolated nanoparticles to their spectral responses. This method has successfully been used to
investigate and localize short lived species resulting from molecular reactions to the tips of gold
nanostars, where the field confinement is expected to be most intense.?> 43

In the present study, we report novel P-GERTs with bipyramid cores and compare their
SERS localizations, spectra, and intensities relative to the incident polarization to traditional
bipyramid aggregates to elucidate how energy couples in the nanogaps within the structures. To
do this, we employ spectral SERS imaging which enables direct correlation of changes in the SERS

emission and localization with respect to polarization in both the spatial and spectral domains. The



localizations of both types of structures were compared to correlated electron microscopy images
with good agreement. The reporter molecule used, NTP, has multiple roles within this work. First,
it is the Raman reporter molecule for the bipyramids and the Raman reporter and shape directing
agent for the bipyramid-GERTs. Second, NTP undergoes a plasmon induced crosslinking to form
dimercaptoazobenzene (DMAB) that can be readily observed and monitored. The ability to SERS
hotspot map is suggested by correlating the occurrence of the conversion of NTP to DMAB to the
localized emission at each polarization of the bipyramid aggregates. The bipyramid P-GERTs are
shown to behave much differently in their polarization dependent localization and spectral features
compared to the traditional bipyramid-aggregates, suggesting that the SERS enhancement of the
bipyramid P-GERTs is not as heavily influenced by the confined electric fields. Our results,
validated through electromagnetic simulations, further suggest that the magnitude of the confined

field impacts molecular reactions on the surface.

Methods
Materials

(1-hexadecyl)trimethyl ammonium bromide (CTAB), hydrogen tetrachloroaurate (III)
hydrate (HAuCls), trisodium citrate, ascorbic acid, (1-hexadecyl)trimethyl ammonium chloride
(CTAC), sodium borohydride (NaBHa4), silver nitrate (AgNOs3), hydrochloric acid (HCI), and
nitrothiophenol (NTP) where purchased from Sigma-Aldrich and used as received.
Synthesis of gold bipyramids

Synthesis and characterization of gold bipyramids was modified from that previously
reported.** Some of the bipyramids synthesized were used for imaging while some were used as
the core of the bipyramid-GERTs. The bipyramids not used for GERT formation were
functionalized by adding 200 uL NTP to 2 mL gold bipyramid solution prior to imaging. More
detailed experimental protocol can be found in the SI.
Synthesis of gold bipyramid-GERTs

Gold bipyramid core GERTs were prepared using a modified method.* 16 mL 50 mM
CTAC, 2 mL gold bipyramid solution, and 200 pL 2 mM NTP were added in sequence to a 100
mL round bottom flask. After 5 mins, 200 pL. 10 mM HAuCls was added into this flask under
stirring at 1200 rpm, followed by the addition of 200 uL 100 mM ascorbic acid. Finally, the



bipyramid core GERTs were synthesized after overnight incubation in 37 °C water bath (VWR)
and the NPs precipitated out at the bottom of tube.
Sample preparation for imaging

5 uL of nanoparticles were dropped onto an ITO coated coverslip. Once the nanoparticles
were dried, a copper transmission electron microscopy TEM grid without carbon film (Electron
Microscopy Sciences) was taped on top of the dry dropped nanoparticles for correlated spectral
SERS imaging and scanning electron microscopy (SEM).
Polarization dependent spectral SERS imaging

Spectral SERS imaging was conducted using a homebuilt wide field inverted transmission
Raman microscope that has been extensively described previously.’> 4 More detailed
experimental information can be found in the SI.
Electron Microscopy

SEM images were acquired using a Thermo Scientific Apreo scanning electron microscope
operating in Mode 2 (Optiplan) with beam energies from 5-10 kV and beam currents from 50 pA-
0.1 nA. The Trinity2 detector was used to detect secondary electrons. Samples were imaged as
prepared, with the addition of copper tape for grounding purposes. SEM images were always taken
after spectral SERS imaging. For transmission electron microscopy (TEM), a Tecnai 30 TEM was

used operating with a 300 kV electron beam, 38 1A screen current, 100 um selected area aperture,

40 um objective area, and an Orius 2k camera.
FEM Modeling

The optical response of the gold bipyramid, bipyramid-GERT, and bipyramid with
ellipsoidal core nanoparticles was obtained by obtaining the induced electromagnetic fields for
each dielectric configuration within the finite element method (FEM) implemented in the
commercial COMSOL Multiphysics software version 6.1 (COMSOL AB, Stockholm, Sweden).
More detailed experimental information can be found in the SI.
Data analysis and processing

Image processing and analysis was done with ImageJ (NIH), spectral processing was done
with Matlab (Mathworks, version R2021b), and STORM fittings and drift corrections were done
with the ThunderSTORM ImageJ plugin.*® An ImageJ plugin developed by the Cox group was

used for Haar wavelet kernel (HAWK) image preprocessing and STORM image reconstruction.*’



The HAWK levels used were 4 and 5 for the bipyramids and bipyramid-GERTs respectively,

negative values were separated, and the output stacked was grouped temporally.

Results
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Figure 1. A) Instrument diagram of the spectral SERS microscope used for imaging. SEM images of the
bipyramids (B) and TEM images of the bipyramid-GERTs (C and D). E) Ensemble extinction spectra for
the bipyramids (black) and bipyramid-GERTs (blue).

The spectral SERS imaging microscope is illustrated in Figure 1A. This basic instrument
has been extensively described previously,?> 42 but a linear polarizer and A/2 waveplate have been
incorporated to control the polarization of the incident light for polarization-dependent imaging.
The transmission diffraction grating placed prior to the imaging CMOS detector splits the signal
into zeroth order diffraction (n=0) and first order diffraction (n=1) orders. The n=0 order contains

the image while the n=1 order contains the spectral response; this enables direct and simultaneous



SERS imaging with correlation to the spectral regime. Electron microscopy images of the
bipyramid and bipyramid-GERT nanoparticles used are shown in Figure 1B-C, respectively. The
bipyramids have an average size length and width of 250 and 50 nm. The extinction spectrum for
the bipyramid indicates that the ensemble latitudinal and longitudinal LSPRs are at 598 nm and
1060 nm (Figure 1E, black line). The formation of the GERTs onto the bipyramid (bipyramid-
GERT) creates particles with layers of hundreds of 10 nm sized petals with numerous gaps between
the high density of nanometer-sized petals that cover the surface (Figure 1C and D). The GERT
increases the average width of the nanostructure to 150 nm and significantly broadens the
extinction spectrum (Figure 1D, blue line). For spectral imaging, the bipyramids were
functionalized with a Raman reporter molecule, NTP, which was also used to facilitate the

formation of the gaps within the GERT coating for the bipyramid-GERTs.*
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Figure 2. Polarization dependent spectral SERS imaging of a bipyramid-sphere aggregate functionalized
with NTP. A) Average SERS image (n=0 diffraction order) and (B) SEM image of the chosen aggregate.
The polarization angle and the direction of the polarization relative to the aggregate are indicated in the
images in (A). C) Average SERS spectra (n=1 diffraction order) with shaded standard deviation of the
aggregate in (A) and (B) at each polarization angle from 0-150°. The images in (A) have the same intensity
scale. The power density of the excitation laser was 8 kW/cm? and 1000, 20 ms acquisitions were taken at
each polarization angle.



To assess the polarization dependence of the SERS signal arising from these nanoparticles,
the polarization angle of the incident light was rotated in 30° increments from 0-330°, and 1000
images were acquired at each polarization angle. It should be noted that single bipyramid particles
were not detected at any incident polarization with the experimental conditions used. This was
verified by correlating the field of view in the SERS image to SEM images of the same area, where
single bipyramids are observed (Figure S1) in the SEM images but not in the SERS images at any
polarization direction. This indicates that the bipyramids used in this study cannot be detected as
single particles, but dimers and larger aggregates can be detected, which is consistent with prior
work.?”> ¥ Some of the bipyramids formed aggregates with spheres from the seed used to
synthesize the bipyramids, which produced a strong polarization-dependent SERS signal, so this
shape of aggregate provides a comparison to the bipyramid-GERTs. Figure 2 shows polarization
dependent imaging of a representative bipyramid-sphere aggregate (denoted BPA for brevity) from
the first half-rotation of the polarization. The polarization dependent image and spectral intensity
fluctuations from the BPA can be viewed in Video S1. The average point spread functions (psf) of
the aggregate (Figure 2A) for each polarization angle show a clear change in intensity with
polarization. A SEM image of the aggregate (Figure 2B) is shown to correlate the spectral SERS
psf to the shape and orientation of the aggregate. Comparing the orientation of the nanoparticle in
the SEM image (Figure 2B) and polarization of the incident light reveals that the scattering from
the BPA is brightest when the incident light is oriented with the short axis of the bipyramid and
orthogonally through the junction between the bipyramid and sphere (60° and 90°).

The average spectra of the same aggregate at each polarization angle are shown in Figure
2C, and the changes in intensity follow the same trend as in Figure 2A. In all the average spectra,
three characteristic NTP bands at 1070, 1335, and 1580 cm™! are present, but there are also peak
shifts and additional peaks in the average spectra that also become evident in the shaded standard
deviations. The standard deviations suggest the occurrence of intensity and frequency fluctuations
that are lost in the average spectra. NTP undergoes a plasmon-driven catalytic conversion to a
crosslinked product, dimercaptoazobenzene (DMAB)*-3!; the peak shifts and additional peaks are
consistent with DMAB formation. For example, at 90°, a band appears at 1156 cm™! and the 1335
cm! peak is shifted to 1356 cm! while the bands at 1070 and 1580 cm™ do not shift. Heat maps
of all the individual collected spectra for each polarization angle (Figure S2A) show that the BPA

experiences frequent spectral and intensity fluctuations throughout the measurement that follow



the same polarization dependence as the averaged intensities in the images. The average spectra
and heatmaps for two additional BPAs (Figure S3 and S4) show the same polarization dependent

behavior with frequent intensity fluctuations.
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Figure 3. Polarization dependent spectral SERS imaging of a representative bipyramid-GERT. A) Average
SERS image (n=0 diffraction order) and (B) SEM image of the same bipyramid-GERT. The polarization
angle and the direction of the polarization relative to the nanoparticle is shown are indicated in the images
in (A). C) Average SERS spectra (n=1 diffraction order) with shaded standard deviation of the nanoparticle
in (A) and (B) at each polarization angle from 0-150°. The images in (A) have the same intensity scale. The
power density of the excitation laser was 15 kW/cm? and 1000, 50 ms acquisitions were taken at each

polarization angle.

Figure 3 shows spectral SERS imaging of a representative bipyramid-GERT nanoparticle
(denoted BPG for brevity). The polarization dependent image and spectral intensity fluctuations
from the BPG can be viewed in Video S2. In Figure 3A, the average intensity of the pst for the
BPG (Figure 3B) at each polarization angle does not significantly vary with polarization angle.
The SEM image of the BPG (Figure 3B) shows the ends of the bipyramid slightly protrude from
the petals forming the GERT. Unlike the BPA shown in Figure 2A, the intensity of the average psf
does not change significantly as the polarization of the incident laser is rotated. This indicates that
the GERT coating prevents preferential scattering depending on the polarization and suggests that

the bulk of the scattering arises from the GERT coating rather than the bipyramid core.



The average spectrum at each polarization angle for the BPG is shown in Figure 3C. No
bands or peak shifts indicative of DM AB are observed. Heat maps showing all the collected spectra
for each polarization angle (Figure S2B) and the small standard deviation shadings in Figure 3C
show that the BPG spectra only change in intensity slightly when the polarization angle changes
and that there are no spectra associated with DMAB in any of the spectra collected. This is
consistent in the average spectra and heatmaps for two additional BPGs (Figures S5 and S6).
Therefore, the photocatalytic conversion of NTP to DMAB is not readily observed with the GERT
coating on the bipyramid. It should also be noted that the BPGs were imaged with a higher laser
power density and longer acquisition time (15 kW/cm? and 50 ms/frame acquisition rate) compared
to the BPAs (8 kW/cm? and 20 ms/frame acquisition rate). Even at this higher laser power, the
BPGs do not readily reduce NTP to DMAB. This change in power dependence suggests there are
significant differences in the electric field resulting from these two types of nanostructures.
Directly comparing the polarization dependence of the BPAs and BPGs (Figure S7) reveals that
the BPAs experience polarization dependent intensity fluctuations while the BPGs do not
experience strong intensity fluctuations and have a less consistent and weaker polarization

dependence.
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Figure 4. Super resolution images with HAWK pre-processing of the (A) BPA and (B) BPG from each
polarization reveals differences between the types of particles. The outlined structures indicate the size and
orientation of the nanostructures as determined by SEM. The arrows at the bottom indicate the polarization
direction of the incident light. The scale bars are 100 nm.



The difference in polarization behavior suggests differences in the origin of the emission
from the two types of particles that can be disentangled with localization microscopy. The
reconstructed super resolution images using STORM are shown in Figure S8A and S8B for the
BPA and the BPG, respectively. The emission for both particles emerges from the centers of the
psfs and of the SEM-estimated position of the nanostructure. Using a single emitter fit when there
is more than one emitter within one emitter per um? can introduce image artifacts’> and STORM
can artificially create an ensemble averaged position for closely-spaced emitters that are up to 200
nm apart.*’ Separating these localizations by polarizations (Figure S9) reveals differences in
location, frequency, and shape of the emissions for the BPA. However, only slight changes in
shape for the BPG (Figure S9C) were observed where at polarizations along the bipyramid axis
the localization is spherical while at polarizations through the GERT the localization is more
ellipsoidal. To combat the mislocalization, Haar wavelet kernel (HAWK) pre-processing was
conducted. HAWK effectively applies several bandpass filters that separates overlapping spots on
the basis of the blinking behavior, and the final output is an image stack with more frames than the
original, which enables more accurate localization.*’” While there are other methods for high
density analysis, such as multi-emitter fitting in STORM, there are still drawbacks in localization
resolution, image artifacts, and localization precision.>-> The reconstructed images from HAWK
pre-processing followed by STORM of polarizations 0-150° (Figure S8C and S8D) reveal
emissions from multiple areas, rather than one in the center, for both types of particles.

Separating the localizations by polarization angle reveals differences in the signal origins
with polarization. Figure 4A and B show the HAWK pre-processed super-resolved localization
mapping of the BPA and the BPG, respectively, for each polarization from 0 to 150°. The
polarization dependent localization for the other two BPAs and BPGs are shown in Figure S10
and S11, respectively. For the BPA, the emission is localized to the junction between the bipyramid
and sphere at the polarizations where the signal was greatest and intensity fluctuations occurred
(30°, 60°, and 90°). At the polarizations more along the long axis of the bipyramid (120 ° and 150°),
the localization occurs near the tips or along the edges of the bipyramid rather than in the hotspot
between then sphere and bipyramid. For the BPG, the emission localizes near the tips of the
protruding bipyramid when the polarizations are along the long axis of the bipyramid in the area

of the GERT for the polarizations through the widest part of the GERT coating. Interestingly, the



emission localizes differently with polarization even though the SERS signal arising from the

GERT changes only slightly, but not consistently, with polarization.
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Figure 5. COMSOL FEM simulations of the extinction cross section for the (A) BPA and (B) BPG
simplified with an ellipsoidal shell at various incident electric field orientations. The gray vertical line
indicates the energy of the incident laser. C) FEM near-field calculations for the BPA (left) and BPG (right)
with an incident wavelength of 670 nm and at the 6=90° polarization.

To further explain the origin of the signal and polarization dependence of the BPAs, the optical
response of the aggregates at various polarizations were simulated using FEM to solve Maxwell’s
equations (Figure SA). The configurations used for the simulations are shown in Figure S12. The
simulations keep the orientation of the electric field stable but change the orientation of the
nanoparticle, 8. When the nanoparticle is oriented such that the electric field is propagating along
the long axis of the bipyramid (6 = 0 <, black curve), which is where the signal is consistently the
lowest for the BPAs discussed previously, there is a single peak in the simulated emission spectrum
at 900 nm. When the nanoparticle is oriented such that the electric field is propagating along the
short axis of the bipyramid and through the junction between the sphere and the bipyramid (6 =

90 ¢, blue curve), where the signal is consistently more intense for the BPAs discussed previously,



there are peaks in the emission spectrum at 675 and 800 nm. This is due to plasmon hybridization
between the closely spaced bipyramid and sphere and results in significant enhancement of the
signal when the 660 nm incident laser is oriented accordingly, as near field distribution plots show
in Figure S13. The optical response of the bipyramids without the sphere (Figure S14) does not
have a response near 675 nm and is similar to the experimental extinction spectrum of the
bipyramids (Figure 1E).

Due to the complexity and high density of the GERT coating on the BPG particles, the shape
of the GERT coating was simulated simply by configuring a singular ellipsoidal shaped particle
that is the same size and shape as the average GERT coating. This model captures the polarization
dependent behavior observed. The simulated optical response (Figure 5B) of the ellipsoid-coated
bipyramid has two longitudinal modes at 580 nm and 720 nm when the electric field is oriented
orthogonal to the long axis of the bipyramid and in intermediate orientations (6 = 0,30, 60 ) and
a transverse mode at 520 nm. With this ellipsoid coated bipyramid, the excitation wavelength does
not overlap with any of the modes in the simulated optical response, explaining the lack of
polarization dependence in the SERS responses from the BPG particles and suggests quenching of
the enhancement from the gaps in this structure.’®->® This is further validated by the near-field
simulations (Figure SC), where at an excitation wavelength of 670 nm and 6=90° polarization, the

BPA experiences a two order of magnitude greater near-field amplitude (|[E/Eo|) than the BPG.

Discussion

Our results suggest that, using polarization dependent super-resolution spectral SERS
imaging, we can further elucidate how energy couples between nanoparticles within different types
of complex nanostructures. The BPGs used in this study lack polarization dependence similar to
other bulky, petalled nanostructure geometries with large surface areas for molecules to adsorb.>’
In this study, the BPGs exhibit much more consistent particle-to-particle signal compared to the
BPAs (Figure 4A), and the lack of polarization dependence in the spectral response suggests that
the SERS signal is independent of the orientation of the nanostructures. These results are consistent
with electromagnetic calculations of the plasmonic modes involved in the optical response, which
show polarization-dependent spectral activity of the hybridized bipyramids-sphere system near the
incident laser wavelength (660 nm), whereas no relevant modes are identified at that spectral range

from an effective modeling of the BPGs. However, super resolution SERS indicated that there is



some polarization dependence the emission origin from the particle, but the spectral response
appears to be independent of whether the emission originates from the center or the ends of the
nanostructures.

It is interesting to note that the BPAs in this study consistently experience higher SERS
intensity compared to the BPGs (Figure S7) when SERS enhancement factors (SERS EF) of
GERTs have been reported to be comparable or higher than traditional aggregates.?® This suggests
that the bipyramid-GERTs experience different electric fields and are not as influenced by
plasmonic coupling as the bipyramid-sphere aggregates (Figure 5). The high density of petals
causing small gaps within the center of the GERTs could be responsible for damping the
electromagnetic enhancement. In traditional aggregate or nanogap-based nanoparticle systems,
decreasing the gap size between nanoparticle aggregates increases the SERS EF, but once the gap
size moves into the sub-nanometer to contact range, enhancement is limited by charge transfer and
the SERS intensity subsequently decreases.®® A similar phenomenon has been observed in studies
using GERTs. In traditional GERTs, where an internal nanogap separates a spherical core and shell,
the SERS intensity has been shown to decrease with gaps less than 2 nm.°! P-GERTs with less than
10 large (>10 nm) petals have a higher SERS intensity compared to P-GERTs with hundreds of
small (<5 nm) petals.*’ This has also been observed with similar aggregated, gapped nanostructure
geometries.®? It is possible that the lower than expected SERS enhancement is due to the high
number of petals within the GERT layer on the bipyramid, and future optimization of the number
and size of the petals within the GERT may provide increased signals.

In contrast to the BPGs, the BPAs experiences much greater and frequent intensity
fluctuations, even at the incident polarizations that result in the weakest signal intensity. This
suggests that the BPGs do not experience as strongly confined fields as two particles. The BPAs
showed evidence of DMAB formation while the BPGs did not; however, the formation of DMAB
was not consistent from aggregate-to-aggregate. Of the three BPAs analyzed, only one had
consistent DMAB formation throughout the measurement, one has some DMAB formation at the
expected polarizations, and one did not show any evidence of DMAB formation. The
photocatalytic conversion of NTP to DMAB is well characterized and considered a model catalytic
reaction with SERS®* %4 but the measurements are often in the bulk or with microparticles rather
than on the single or isolated-aggregated nanoparticle level, which limits the structural information

that can be obtained. It has been shown that a homogenous distribution of traditional gold



nanoparticles results in heterogenous catalytic activity where only a fraction of nanostructures are
responsible for the dimerization of NTP to DMAB.% Previously, tip-enhanced Raman
spectroscopy (TERS) was used to study this reaction on single nanoprisms where the reduction
predominately occurred along the edges and corners of the nanostructures.®® ¢ For these two BPAs
where the photocatalytic reaction is occurring, the DMAB formation is strongest at polarizations
where the plasmon hybridization is occurring (Figure 5) and when the emission is localized to the
junction between the bipyramid and the sphere. Our results suggest an alternative imaging method

to monitor reactions on nanostructures and localize where the reaction is occurring.

Conclusions

In conclusion, we describe novel bipyramid-shaped GERT (BPG) particles and compare
their polarization dependent SERS emissions and photocatalytic conversion of NTP to DMAB to
traditional aggregates containing bipyramids (BPA) using spectral super-resolution SERS imaging.
Our results show that the BPG nanostructures do not experience a strong polarization dependence
in the Raman spectra, and these nanostructures showed no evidence of the photocatalytic
conversion of NTP to DMAB. The BPAs do experience a polarization dependence in the intensity
and frequency of SERS intensity fluctuations, supported by FEM simulations. Comparing the
SERS spectra to the localization at each polarization suggests that the photocatalytic conversion
of NTP to DMAB occurs more readily in the junction within the aggregate, and the occurrence is
dependent on the incident polarization, suggesting the ability to hotspot map. The culmination of
this work also suggests that the petalled GERT structure is not as heavily influenced by the
confined fields relative to a traditional aggregate and the importance of confined field strength on

molecular reactions on nanostructured surfaces.
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