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any theoretical and experimental
studies of metallic nanostructures
have illustrated the importance of
nanoparticle shape, size, and degree of
aggregation upon the surface-enhanced
Raman scattering (SERS) phenomenon, par-
ticularly the electromagnetic field enhance-
ment in nanoparticle junctions.'”® Fully
understanding how these variables, along
with excitation wavelength and polariza-
tion, affect optical response will allow us to
design reliable, robust SERS substrates. The
challenge with characterizing SERS sub-
strates is that the bulk of the enhancement
occursin “hot spots” located in the junctions
between adjacent nanoparticles.>” The
small size of these hot spots in comparison
to the diffraction limit of light, which re-
stricts optical imaging resolution to roughly
half the wavelength of the probing light,
prevents optical imaging of hot spot size and
geometry. Recently, super-resolution ima-
ging was applied to the SERS problem in
order to defeat the diffraction limit of light
and probe the local behavior of molecules
adsorbed to nanoparticle surfaces®~'° Our
group and others have shown that a correla-
tion exists between the super-resolution de-
termined spatial origin of the SERS signal and
the intensity of the measured SERS. This
demonstrates the power of super-resolution
imaging for understanding these complex
nanoscale systems.®~'°
In our previous work, we used super-
resolution optical imaging to locate and
track the spatial origin of the SERS signal
from Rhodamine 6G (R6G) molecules on
sodium-chloride-aggregated silver nano-
particle aggregates, taking advantage of
the strong on/off signal fluctuations inher-
ent to single- or few-molecule SERS.2 During
the periods when no SERS was observed, we
found a weak silver photoluminescence
background signal. Using super-resolution

WEBER ET AL.

ABSTRACT Super-resolution optical ima-
ging of Rhodamine 6G surface-enhanced Ra-
man scattering (SERS) and silver luminescence
from colloidal silver aggregates are measured
with sub-5 nm resolution and found to origi-
nate from distinct spatial locations on the

AgNPs

nanoparticle surface. Using correlated scanning electron microscopy, the spatial origins of the

two signals are mapped onto the nanoparticle structure, revealing that, while both types of

emission are plasmon-mediated, SERS is a highly local effect, probing only a single junction in a

nanoparticle aggregate, whereas luminescence probes all collective plasmon modes within the

nanostructure. Calculations using the discrete-dipole approximation to calculate the weighted

centroid position of both the |E|*/|E;,|* and |E|*/|E;|* electromagnetic fields were compared to the

super-resolution centroid positions of the SERS and luminescence data and found to agree with the

proposed plasmon dependence of the two emission signals. These results are significant to the

field of SERS because they allow us to assign the exact nanoparticle junction responsible for single-

molecule SERS emission in higher order aggregates and also provide insight into how SERS is

coupled into the plasmon modes of the underlying nanostructure, which is important for

developing new theoretical models to describe SERS emission.

KEYWORDS: silver luminescence - surface-enhanced Raman scattering -
hot spots - discrete-dipole approximation - plasmon

imaging, we fit the spatial origin of both the
SERS and luminescence signals and found
that in some cases the strongest SERS emis-
sion was colocalized with the luminescence
(within 5—10 nm), while in other cases, the
position of the two signals was spaced by
more than 50 nm. We speculated that the
offset between the two signals was related
to the structure of the nanoparticle aggre-
gates, which are known to be diverse in
these randomly assembled silver colloids.
To investigate the role of nanoparticle
structure, we repeated this initial study using
indium tin oxide (ITO)-coated glass cover-
slips as the substrate to enable correlated
structural analysis with a scanning electron
microscope (SEM).° However, the change
in substrate and dielectric environment
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modified the chemical dynamics of the system: where
the on/off behavior of R6G SERS in the single-molecule
concentration regime was exploited in previous stud-
ies, the comparative experiments on ITO glass showed
fluctuating spectral features of R6G on top of an
unstable background spectrum from sodium citrate,
the reducing agent which caps the silver colloids
during synthesis."''® Figure 1A illustrates the type
of R6G SERS spectra observed on ITO using NaCl-
aggregated silver colloids. While the intensity time
trace (Figure 1A, bottom) shows on/off signal behavior,
there are peaks evident in the SERS spectra even when
the signal intensity is low (Figure 1A, top). Moreover,
the spectra corresponding to times when the SERS
signal is “on” in the time trace (e.g., 74 s) cannot be
clearly identified as R6G. Thus, our reported SERS
centroids are biased by a contribution from this un-
stable citrate background, and we are unable to assign
the spatial origin of the silver luminescent background.
This prevents us from explaining why the two signals
are colocalized in some cases and offset in others.

In the present study, we address this problem by
modifying the colloid aggregation chemical from so-
dium chloride to sodium bromide in order to improve
citrate displacement, thereby eliminating any spectral
signatures of citrate.>'*'> Figure 1B shows data col-
lected from an R6G-labeled silver colloid sample ag-
gregated with NaBr. The intensity time trace shows the
same on/off behavior as in Figure 1A, but the asso-
ciated spectra show characteristic R6G peaks only
during the “on” times and a clean flat background
during the “off” times (Figure 1B, bottom). Even though
the spectra are featureless during the “off” times, we
note that the intensity of the time trace never goes
down to zero background, which indicates that silver
photoluminescence is still present in the sample.®
Thus, using this new nanoparticle aggregation strat-
egy, we are able to relate the spatial origin of the
observed luminescence to both the measured SERS
signal from an adsorbed dye (as determined by super-
resolution imaging) and the structure of the overall
nanoparticle aggregate (as determined by electron
microscopy). Computationally, Maxwell's equations
are solved via the discrete-dipole approximation
(DDA) to determine the continuum electromagnetic
scattering properties of the metal nanoparticle
aggregates.'® From these calculations, the expected
site of emission for plasmon-mediated processes fol-
lowing either |E|* or |E|* enhancement mechanisms is
compared to the experimentally measured SERS and
luminescence signals.

SERS super-resolution imaging is performed using
wide-field epi-illumination with 532 nm excitation as
described below. For each SERS-active aggregate of
interest, we simultaneously collect a series of CCD
images (1000 total at 0.1 s integration) and spectra
(100 total at 1 s integration). The diffraction-limited
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Figure 1. (A) Time trace of R6G SERS from a NaCl-aggregated
silver colloid (bottom) and the associated SERS spectra for
the red boxed region in the time trace (top). (B) Same as in
(A) but for R6G SERS from a NaBr-aggregated silver
colloid.

spotin each optical image, corresponding to a single
SERS-active aggregate of interest, is fit to a two-
dimensional Gaussian and its centroid determined
so we can monitor the position of the SERS signal and
the luminescence as a function of time.2° This method,
known as point spread function (PSF) fitting, was
determined to be the most robust in low signal-to-
noise situations such as single-molecule studies by
Cheezum et al,'”” and recently, Selvin et al. have
reported PSF fitting with ~1 nm resolution providing
a significant advantage over the diffraction limit.'®"?
The PSF fit equations and method used in this article
have been explicitly outlined in previous works2°
Briefly, the Gaussian equation used to model the shape
and intensity of a diffraction-limited spot is

SIS (—)H

where | is the intensity for a given position (x,y) in
space, z, is the background intensity, I, is the intensity
at the center of the Gaussian fit, s, are the standard

Ix,y) = 2o +loe (1)
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deviation in x and y, respectively, and x, and y, are the
centroid of the fit (see Supporting Information for more
details). Individual frames in the image stack are
assigned as originating from either nanoparticle lumi-
nescence or a combination of luminescence and SERS
using the corresponding spectral data. A threshold is
drawn in the intensity time trace such that all intensity
events above the threshold have correlated Raman
spectra exhibiting characteristic R6G peaks and all
events below the threshold correspond to lumines-
cence emission only (see Figure S-1 in Supporting
Information for all time traces with thresholds and
associated spectra for data described below). For all
frames designated as luminescence emission only (i.e.,
below the intensity threshold), a Gaussian function is fit
to each emission pattern in order to determine its
centroid position (i.e., xo and y,). The average position
of the luminescence centroid is calculated over all
frames and checked for positional stability by calculat-
ing the standard deviation in the centroid position. For
all aggregates discussed in this article, the standard
deviations of the fit of the luminescence centroids
ranged from 1 to 6 nm (Figures S-3 and S-5). The
theoretical accuracy of the luminescence centroid is
0.9 nm based on our pixel size, standard deviation of
the fitted Gaussian, and signal-to-noise (Table 5-1)."°
Once we establish that the luminescence originates
from a single, stable location for a given SERS-active
colloidal aggregate, we arbitrarily set the average
position of the luminescence centroid to (0,0).

Next, all frames with intensities above the threshold
are processed to exclude the contribution from the
luminescence and then fit as a single 2-D Gaussian to
extract the SERS centroid.® Although this analysis
assumes that only a single R6G is contributing to the
signal at a given time, we cannot exclude the possibi-
lity of multiple emitters contributing simultaneously to
a single image. In this case, the emission centroid
would be the superposition of the location of the
different emitting species. We have chosen our dye
concentration to be in a similar range to those used in
single-molecule SERS proof-of-concept studies with
identical colloid synthesis (Lee and Meisel method) in
order to favor the likelihood that only a single molecule
is present on the nanoparticle surface.?° =22 Moreover,
in the case of two emitters present on the surface, we
note that the fluctuating nature of the SERS signal
would lead to times at which both molecules are
emitting, times at which one or the other is emitting,
and times when neither is emitting. Using a bianalyte
technique, Van Duyne and co-workers have shown
that even at high dye concentrations (~100 molecules
per nanoparticle) signal is only observed from one
molecular species at a time, suggesting that a single
hot spot can only be occupied by one molecule at a
time.?®> Thus, for events corresponding to two mol-
ecules emitting at the same time, the two molecules
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Figure 2. (A) SERS spatial intensity map, showing the
relationship between the SERS intensity (color scale) and
the spatial origin of the SERS signal with respect to the
luminescence centroid at (0,0). (B) Overlay of the SERS
spatial intensity map and luminescence centroid (tip of
white arrow) with an SEM image of the SERS-active silver
nanoparticle aggregate.

would have to occupy spatially distinct hot spots. We
expect this to produce three distinct centroids, two of
which correspond to the location of each unique hot
spot determined when only a single molecule is emit-
ting, as well as the superposition of the two centroids
determined during times at which both are emitting
simultaneously. In the data presented here, we do not
observe multiple distinct SERS centroids, although we
have previously reported this phenomenon in another
system.” Thus, our data support that the SERS origi-
nates from a single emitter, although bianalyte studies
are underway to rigorously verify this.

After we have determined the SERS centroid posi-
tions for all frames above the intensity threshold, the
centroid data are binned to create a two-dimensional
position histogram (0.1 pixel or 4.6 nm bin size). This
bin size is chosen based on the theoretical resolution of
~5 nm for the weakest SERS signal (Table S-1). We then
calculate the average SERS intensity for all points
within a bin to create a SERS spatial intensity map,
which illustrates where regions of most intense SERS
scattering occur; an example is shown in Figure 2A (see
Supporting Information for more details regarding
fitting procedure and data processing).

RESULTS AND DISCUSSION

For the data shown in Figure 2A, there are two
regions of “hot” SERS activity, located on either side
of the luminescence centroid at (0,0). The correspond-
ing SEM image, shown in Figure 2B, reveals that the
SERS-active nanoparticle is a dimer, oriented parallel to
the excitation polarization.

Theoretical calculations in the literature have long
indicated that the most intense SERS is expected to
originate from the junction between aggregated nano-
particles, especially for a dimer excited along its long
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Figure 3. (A) R6G SERS spatial intensity map and associated
luminescence centroid (arbitrarily set to (0,0) and indicated
by a white arrow). (B) Overlay of luminescence centroid and
spatial intensity map with correlated nanoparticle SEM
image. Note that the spatial intensity map has been rotated
to match the orientation of the SEM image.

axis.*5?472% |n the case of dimers with small gaps
between them, the highest electromagnetic field en-
hancements are calculated to fall on the edges of the
two nanoparticles that face the junction, with a mini-
mum in the gap itself?” We note that the spatial
intensity map in Figure 2A has a spatial distribution
of the SERS signal that is similar to the predicted
electromagnetic field distribution for nontouching di-
mers. For this reason, we overlay the SERS spatial
intensity data onto the SEM data in Figure 2B such
that the two regions of strong SERS are located on
either side of the junction, consistent with the expecta-
tions from theory. Although this overlay is not mathe-
matically rigorous, it agrees with theoretical expectations
and serves as a reasonable initial guess. Attempts to
quantitatively assign the spatial origin of the SERS
centroid via triangulation using alignment markers pro-
duces an accuracy of ~50 nm, which is insufficient for
assigning the hot spot location. We observe some varia-
tion in the position of the SERS emission centroid, which
we attribute to a mobile dipole on the nanoparticle
surface as discussed in our previous work.2 On the basis
of our super-resolution fits, we see colocalization of the
average position of the luminescence signal (tip of white
arrow) with the strongest SERS, indicating that if our
placement of the spatial intensity map is correct, then
the luminescence signal is also associated with the
junction between the two nanoparticles in this dimer.
Figure 3 presents the SERS spatial intensity map
(Figure 3A) and associated structure (Figure 3B) of an
asymmetric dimer with one particle significantly larger
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Figure 4. (B,D) DDA calculations for experimental nanoag-
gregates in Figures 2 and 3 (reproduced in A and C,
respectively). The & centroids are identified by white Xs,
and &* centroids are identified by red Xs. The polarization
angles for B and D match those of their corresponding
experimental structures.

than the other and whose long axis is oriented roughly
45° from the laser polarization. As before, we place the
regions of strongest SERS signal on either side of the
junction, consistent with the presence of a small gap. In
this case, we observe that placing the SERS centroid on
the nanoparticle junction leads to a small (~10 nm)
offset in the luminescence centroid away from the
junction and toward the larger nanoparticle.

To quantitatively assign the position of the SERS
centroid, we use our SEM images to construct a three-
dimensional numerical representation of each nano-
particle aggregate in DDA. From the output of DDA,
one may construct a near-field mapping of the
electromagnetic field enhancement surrounding the
nanostructure.>>?%2° We calculated the ratio of the
magnitude of the local electric field E to the magnitude
of the incident electric field Ej,, & = |E|/|Einc, on a grid
with 1 nm? resolution in the region that encapsulates
the near-field behavior of E at an excitation wave-
length of 532 nm. The near-field map of ¢ was trans-
lated into a far-field centroid position, (X), by
calculating the weighted average of the position in
the enhanced electromagnetic field distribution. The
weighting factor was & for luminescence and &* for
SERS:

Y xif(e(x;, )
W) = e
Z f(e(x;, w)) (2)

e forlluminescence
fle) = {s“ for SERS

We chose to model both the £ and &* centroid positions
because the former is associated with surface-enhanced
fluorescence, while the latter is associated with SERS.**°
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Figure 4A,B shows the experimental and theoretical
results for the first dimer structure from Figure 2. In this
case, both the calculated & and &' centroids are
localized near the junction of the dimer in the theore-
tical calculations (Figure 4B). SERS is expected to track
with the £* centroid, and we find excellent agreement
between the location of the calculated &* centroid and
our placement of the SERS spatial intensity map in
Figure 4A. We also note that the location of the
luminescence agrees with the location of both the
calculated &* and &* centroids. Figure 4C,D shows the
results for the heterodimer structure from Figure 3.
Again, the &* centroid is located in the junction be-
tween the two nanoparticles and is consistent with our
experimental SERS assignment. Interestingly, the cal-
culated & centroid is shifted away from the junction
and toward the larger nanoparticle, similar to the
luminescence centroid in our experimental data.

In our previous work, we speculated that colocalized
SERS and luminescent centroids were indicative of a
single hot spot dominating both the SERS emission
and the silver luminescence.® This hypothesis is sub-
stantiated by the DDA calculations presented in Fig-
ure 4, with one small caveat. In the case of SERS
emission, the signal is strongly coupled into and
emitted by the longitudinal plasmon mode, based on
polarization measurements performed by our group
and others.3' 33 In Figure 4AB, the longitudinal plas-
mon mode is aligned with the excitation polarization,
which leads to strong excitation of this mode and the
calculated centroids appearing colocalized with the
nanoparticle junction. This is consistent with the pro-
posed model of a single hot spot (or plasmon mode)
dominating the two measured centroids.

On the other hand, the nanoparticle shown in
Figure 4C,D is excited by light polarized at 45° to the
long axis of the dimer. This results in excitation of both
longitudinal and transverse dipolar plasmon modes (in
addition to higher order modes), which can both
contribute to the calculated &2 and &* centroids. In
the case of the ¢* centroid, the enhanced electromag-
netic field of the longitudinal mode is sufficiently high
that it dominates the centroid calculation when raised
to the fourth power; however, in the & centroid
calculation, the contribution from the transverse plas-
mon associated with the larger nanoparticle contri-
butes appreciable enhancement to the calculated
centroid, shifting it away from the junction. Experimen-
tally, if the luminescence is coupled to multiple plas-
mon modes, then its centroid will be a weighted
superposition of the different emission sites associated
with these different modes, analogous to multiple
molecules emitting in a single diffraction limited spot.
For the data shown in Figure 4C,D, we propose that the
luminescence is emitted via coupling to both the long-
itudinal and transverse plasmons in the dimer nano-
structure, which shifts the measured luminescence
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Figure 5. (A) SERS spatial intensity map with luminescence
centroid arbitrarily set to (0,0). (B) Overlay of luminescence
centroid (white x) and SERS spatial intensity map with SEM
image of the nanoparticle structure. (C) DDA calculation of
the ¢* (white x) and ¢* (red x) centroid positions for the
modeled trimer, accounting for plasmonic enhancement
over the entire structure. (D) DDA calculation of the ¢* (red
x) centroid position for the modeled trimer, accounting for
plasmonic enhancement at the lower right junction only.
The ¢ (white x) centroid is the same as in (C).

centroid toward the leftmost nanoparticle, as observed
experimentally.

Next, we present a nanoparticle trimer in Figure 5, in
which the SERS and luminescent centroids are offset by
more than 30 nm. K&ll and co-workers have modeled a
similar structure and found that all three junctions in a
grouped trimer should experience enhanced electro-
magnetic fields capable of supporting SERS.>* However,
the spatial intensity map in Figure 5A shows only a
single SERS hot spot, suggesting that only a single
junction is SERS-active in the trimer. DDA calculations
on this nanostructure show that the calculated ¢? and
&* centroids are strongly colocalized and associated
with the leftmost nanoparticle near the junction la-
beled I (Figure 5B,C). However, this calculation assumes
that the emitter is sampling all plasmon modes across
the nanoparticle trimer, and thus the centroid is a
weighted superposition of these different emission
sites. While we believe this to be the case for nano-
particle luminescence, SERS is expected to be a local
effect in which the emission of the molecule is domi-
nated by the hot spot in which it is located.>'%333> |n
this case, the geometries of junctions | and Il are
incongruous with the horizontal alignment of the SERS
spatial intensity map, indicating that these junctions
are not responsible for the measured SERS activity.
Junction Il not only has the proper horizontal align-
ment that matches with the line shape of the spatial
intensity map but also results in the luminescence
centroid positioned on the leftmost nanoparticle, as
predicted by the DDA calculations. If we recalculate the
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&* centroid, assuming the molecule is only sampling
the plasmon mode associated with junction II, we find
excellent agreement between the spacing of the two
centroids across the trimer surface (Figure 5D). These
data show that SERS is emitted via coupling to a local
plasmon mode, dictated by the position of the analyte
molecule on the surface, while luminescence is best
described by the collective plasmon enhancement,
averaged over multiple plasmon emission sites over
the entire nanoparticle structure. For this reason, it is
possible for the SERS and luminescence centroids to be
offset by many tens of nanometers, as we had pre-
viously speculated.®

To further support this idea, we present two addi-
tional examples in Figure 6, in which the SERS and
luminescent centroids are offset from one another by
tens of nanometers. For the trimer shown in Figure 6A,
we again observe only a single SERS hot spot, despite
the presence of two possible SERS-active junctions. As
with the previous trimer example, we can use the
luminescence centroid to assist us in assigning the
SERS-active junction. Given our expectation that the
luminescence centroid reports a superposition of all
plasmon modes in the nanostructure, we expect the
centroid position to be strongly influenced by both
junctions in the trimer. In this case, junction | is “hotter”
than junction I, given the polarization of the excitation
light being aligned strongly with the long axis of this
junction; thus, the luminescence centroid is expected
to be weighted toward junction I. However, the pre-
sence of junction Il will contribute some small, but
significant, plasmon enhancement, biasing the lumi-
nescence centroid vertically upward. If we now look at
the spatial intensity map in Figure 6A, we observe that
the luminescence centroid is vertically displaced from
the SERS hot spot. If we assign junction Il as the SERS-
active junction, the luminescence centroid would fall
on the edge of the upper-most nanoparticle, which is
inconsistent with plasmon-mediated emission. On the
other hand, if junction | is occupied by the R6G, then
the luminescence centroid falls on that same junction,
just higher in the vertical direction, as expected. Thus,
on the basis of our insight about the luminescence
centroid, we assign junction | as the SERS-active junc-
tion in this example. Given the size and complexity of
this nanostructure, it was too computationally de-
manding to calculate &* and &* centroids for a full-scale
model of this aggregate. However, a rough theory
calculation can be found in the Supporting Information
and shows reasonable agreement with our assignment
of junction | as the SERS-active junction. As with the
dimer from Figure 3, the location of the luminescence
centroid agrees better with the calculated & centroid.

As a final example, Figure 6B shows an asymmetric
nanoparticle dimer, in which the SERS and luminescent
centroids are displaced by nearly 50 nm. This
example further strengthens our argument that the
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Figure 6. (A) Overlay of SERS spatial intensity map and
luminescent centroid (white x) on the SEM structure of a
trimer. (B) Overlay of SERS spatial intensity map and lumi-
nescent centroid (white x) on the SEM structure of a
vertically oriented asymmetric dimer.

luminescence is not dominated by the “hot spot” in the
nanostructure, but rather reports on a weighted super-
position of all actively excited plasmon modes. If we
position the SERS data such that it is near the junction
between the two particles, the luminescence centroid
clearly favors the much larger nanoparticle on the
bottom (the lowest dark sphere is believed to be
substrate material or some other nonplasmonic
contaminant). For the SERS, the emission strongly
couples to the junction-associated longitudinal plas-
mon mode, even though this mode is inefficiently
excited by the horizontally polarized light3* On the
other hand, the nanostructure is expected to support
both longitudinal and transverse plasmon modes, both
of which can couple to the luminescence. For a verti-
cally oriented dimer excited with horizontally polarized
light, little electromagnetic field enhancement would
be expected in the junction.? Consequently, the trans-
verse dipolar and multipolar plasmon modes will have
a much stronger impact on the overall plasmonic
enhancement of the nanoparticle.? In this case, we
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predict that the transverse plasmon associated with
the larger nanoparticle couples more strongly with the
532 nm excitation light, shifting the luminescence
centroid toward the lower nanoparticle. The effect of
the contaminant dielectric sphere in contact with the
lower nanoparticle may also impact the plasmon
modes of the aggregate, although this is more challen-
ging to describe, given the uncertainty of its size and
composition.

One challenge with SEM structural characterization
is the loss of three-dimensional information about the
exact geometry of the gap structure. In this case, the
larger nanoparticle has curvature that extends over
the lower edge of the triangular nanoparticle, obscuring
the junction. This missing geometric information
about the junction may help explain why strong SERS
is observed from this nanostructure, even though the
junction appears oriented parallel to the excitation light.

Notably, in several of our examples, the calculated &2
centroid agrees better than the ¢* centroid with the
experimentally determined luminescence centroid.
One question that remains open is why nanoparticle
luminescence would be an & process. Typical nano-
particle plasmon-mediated &* processes include Ray-
leigh scattering and surface-enhanced fluorescence. In
the case of the former, the scattering intensity depends
on the polarizability of the nanostructure, which leads
to the & dependence?*?® In the latter case, the
intensity of the excitation field is enhanced (€% but
the emission is dominated by changes in the radiative
rate due to the presence of the metal nanoparticle. 363°
In the case of luminescence, we speculate that the
excitation field is enhanced (£?), but that the emission
does not experience a similar enhancement. As evi-
dence that the excitation field is enhanced, we have
observed that the intensity of the luminescence de-
pends on the polarization of the excitation light, which
is expected in the case of a plasmon-mediated excita-
tion process.?®° On the other hand, we do not observe
any overlap between the broad silver luminescence
and the measured plasmon resonance spectra for the
aggregates, indicating that the two processes are not
intimately related; this is in stark contrast to gold
luminescence, in which the emission spectrum mirrors
the plasmon resonance spectrum in gold nanorod
structures.”’

To understand this in more detail, it is worth con-
sidering the possible origins of the luminescence
signal in colloidal silver nanoparticles. Although the
existence of the signal is widely accepted by research-
ers, the responsible mechanism remains a subject of
debate.*?"* Current hypotheses in the literature pro-
pose that luminescence is due to interband transitions,
fluorescence of chemi- or physisorbed molecules on
silver colloids, or small fluorescent clusters of silver
atoms on the surface of larger colloids.****~>? In
addition to these mechanisms, we must also consider
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the possibility of electronic Raman scattering from
“dirty” silver nanoparticles, as described by Brus and
others.>>7>> We rule out the first two mechanisms as
follows: first, the interband transition in silver is toward
the ultraviolet and is not expected to be resonant with
our 532 nm excitation light, suggesting that direct
excitation of silver is not the responsible mechanism.*'>¢
Second, fluorescence from adsorbed molecules is also
unlikely, as we and others have observed luminescence
in the absence of fluorescent dye molecules on the
nanoparticles.®#** In the odd case of carbon contamina-
tion on the nanoparticle surface, we observe the appear-
ance of sharp Raman bands rather than a broad, stable
luminescence, suggesting that adsorbed molecules
would produce strong SERS rather than luminescence
if they were, in fact, resonant with our excitation light.>”

The hypothesis that luminescence is caused by small
clusters of silver atoms on the surface of the larger
metal colloids remains a well-accepted mechanism to
describe the photoluminescence background.**484°
Recent reports in the literature have shown successful
syntheses of isolated silver atom clusters (2—39 atoms)
that are strongly photoluminescent, supporting the
idea that small silver clusters on the nanoparticle
surface could be responsible for the observed
photoluminescence.*®~%° Work from Dickson and co-
workers on Ag|Ag,0 films observed the formation of
luminescent spots upon photoactivation,’® while more
recent work from Lupton and co-workers has shown
similar behavior on the surface of silver island films;*° in
both cases, the luminescence was assigned to the
formation of silver clusters on the film surface. A recent
report from Wang and Palmer used aberration-
corrected scanning transmission electron microscopy
to show that so-called “magic number” gold nanoparti-
cles are covered with single gold adatoms as well as
gold adatom clusters, indicating that even in closed
shell systems, the surface can be defected, rather than
atomically smooth.%" Although a similar study has not
been done for silver nanoparticles, this study supports
the idea that silver adatom clusters should be stable on
the surface of larger nanoparticles. Here, we speculate
that small, several-atom clusters could form sponta-
neously on the surface of the silver nanoparticles and
produce the observed luminescence. Given that the
nanoparticles are prepared in ambient air and not
protected from oxygen, the photoreduction of surface
silver oxides may play a role, as suggested by Dickson
and co-workers.>>>' Questions that remain are (1) why
the luminescence emission from these clusters would
not couple to the nanoparticle plasmons, leading to &*
enhancement, and (2) why the clusters would behave
as entities independent from the “bulk” metal surface,
to which they are in intimate contact.

The final mechanism involves electronic Raman ex-
citation of silver, catalyzed by defect sites on the nano-
particle surface.®? Brus et al. explained the presence of
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the well-known continuum background that accompa-
nies single-molecule SERS by characterizing the Raman
analyte as a defect site that couples to the bulk silver and
scatters with an £2 dependence, consistent with our data.
In their work, they found that this continuum was only
observed when the R6G molecule was present, acting as a
defect site, due to the highly crystalline surfaces on their
as-prepared nanoparticles. However, if our nanoparticles
have surface defects, such as the clusters described above,
we could expect these clusters to act as nucleation sites
for electronic Raman scattering. This type of behavior was
also reported for silver films and small silver clusters in the
absence of adsorbed dyes.5*~%*

While we cannot rigorously prove the origin of the
luminescence background in our samples, our results
are consistent with the models of both luminescent
clusters and surface defect-mediated electronic Raman
excitation of the silver metal.*>45484% More investiga-
tion is needed to understand this phenomenon, but
our results demonstrate that the luminescence is clearly
linked to the collective excitation of plasmons within the
silver nanoparticle aggregates, with the centroid report-
ing on a weighted superposition of different plasmon-
mediated emission sites. Perhaps more important is the
fact that the luminescence centroid location allows us to
assign the SERS-active junction in the case of higher-

METHODS

SERS samples are prepared using citrate-reduced silver colloids
synthesized via the Lee and Meisel method.*® A 2 mL aliquot of
these as-prepared colloids is incubated with R6G dye (1 nM final
concentration) and aqueous sodium bromide (9.52 mM final
concentration) for 1 h. After incubation, 4 uL of this solution and a
small amount of Spherotech Blue Sky fluorescent marker beads
used for alignment purposes are drop-cast onto an ITO-coated
glass coverslip that has been patterned with an aluminum alpha-
numeric grid, as described in previous work, to facilitate corre-
lated studies.’

Samples are first analyzed optically using an inverted Olym-
pus IX-71 microscope with linear-polarized 532 nm laser excita-
tion in epi-illumination. After passing through a 550 nm long-
pass filter to block Rayleigh scattered laser light, the resulting
emission is split with a 50/50 beamsplitter that sends half of
the signal to a Princeton Instruments ProEM 512 electron-
multiplying charge-coupled device (CCD) camera for SERS ima-
ging, while the other half is dispersed by a Pl ACTON SpectraPro
2500i spectrograph coupled to a Spec-10 camera for spectral
acquisition. The SERS images consist of photons with wavelengths
longer than 550 nm, allowing us to collect both luminescence and
SERS signals with a single detector. The wavelength overlap
between the two signals at 532 nm excitation precludes separation
of the two signals into separate spectral domains. Each CCD pixel
corresponds to 46 nm in the sample, calibrated using a USAF test
target. Correlated structural data are collected using a high-
resolution Hitachi S-5500 SEM (30 kV accelerating voltage). Com-
plete sample preparation and experimental details are provided in
the Supporting Information.
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order aggregates (e.g., trimers, tetramers, etc.) by using
theoretical calculations of plasmonic enhancement dis-
tributed over the entire nanoparticle structure (as in
Figures 5 and 6). This is of critical importance as we
continue to develop super-resolution imaging as a tool
for studying SERS substrates, especially at the single- or
few-molecule level.

CONCLUSIONS

In conclusion, we have shown that the offset be-
tween the luminescence and SERS centroids can be
explained by different coupling mechanisms between
each emission process and the plasmonic enhance-
ment provided by the nanoparticle. In the case of SERS,
the emission couples into a local plasmon mode,
dictated by the position of the molecule on the nano-
particle surface, while the plasmon-mediated silver
luminescence is coupled into all active plasmon modes
in the nanoparticle structure. These different mecha-
nisms lead to an offset between the SERS and lumines-
cence centroids in our super-resolution imaging data
when nanoparticles support more than one dominant
plasmon mode. Our results also suggest that the
luminescence is enhanced via an &* mechanism,
although further work is needed to rigorously prove
this and explain the mechanism behind it.
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