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ABSTRACT Photoluminescent Au nanoparticles are appealing for biosensing and

bioimaging applications because of their non-photobleaching and non-photoblinking

emission. The mechanism of one-photon photoluminescence from plasmonic nanostruc-

tures is still heavily debated though. Here, we report on the one-photon photolumines-
cence of strongly coupled 50 nm Au nanosphere dimers, the simplest plasmonic molecule.
We observe emission from coupled plasmonic modes as revealed by single-particle
photoluminescence spectra in comparison to correlated dark-field scattering spectroscopy.
The photoluminescence quantum yield of the dimers is found to be surprisingly similar to
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the constituent monomers, suggesting that the increased local electric field of the dimer plays a minor role, in contradiction to several proposed

mechanisms. Aided by electromagnetic simulations of scattering and absorption spectra, we conclude that our data are instead consistent with a multistep

mechanism that involves the emission due to radiative decay of surface plasmons generated from excited electron—hole pairs following interband

absorption.
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hotoluminescence (PL) is the general

process of light emission from matter

after absorbing electromagnetic en-
ergy and has been extensively used for
ultrasensitive detection and imaging down
to the single-molecule level."? Compared
to molecules, Au nanostructures have
much lower PL quantum yields (number
of photons emitted/number of photons
absorbed) but do not suffer from photo-
blinking and irreversible photobleaching. In
addition, due to their large absorption cross
sections and fast relaxation, the PL bright-
ness (number of photons emitted/time) is
comparable to that of organic dyes,® while
the PL does not easily photosaturate with
increasing excitation intensities.* These
properties make Au nanostructures attrac-
tive candidates in biosensing and bio-
imaging applications.* ® To maximize the
potential of Au nanostructures as PL labels,
a detailed mechanistic understanding of the
one-photon PL is first required.

The involvement of localized surface plas-
mons is generally accepted as a key factor in
the PL of Au nanostructures. An early en-
semble study on Au nanospheres (AuNSs)
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having diameters from 2 to 60 nm by
Dulkeith et al. showed a spectral resem-
blance between the PL and extinction
spectra.’ Later, single-particle spectroscopy
of Au nanorods confirmed that the PL spec-
trum closely resembles the narrow plasmo-
nic band measured by dark-field scat-
tering for the same nanorod, regardless of
the investigated plasmon resonance ener-
gies.®~'° Furthermore, recent PL measure-
ments on more complex nanostructures,
including Au nanostars, Au bipyramids,
and lithographically fabricated Au nano-
structures, demonstrate a similar tunability
of the PL spectrum with nanostructure geo-
metry as is well-known for localized surface
plasmons.'' 13

To date, several mechanisms have been
proposed based on experimental investiga-
tions of light emission from Au nano-
particles. It was initially proposed that
electron—hole recombination following
interband transitions™*~'® or intraband
transitions'® leads to photon emission. To
explain the phenomenon that Au nanopar-
ticles have quantum yields that are much
higher than those of a Au film, it was
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suggested that the emission is enhanced by surface
plasmons.’®'®"® However, based on evidence that PL
can also be observed following direct excitation of the
longitudinal nanorod plasmon resonance far away
from interband transitions in Au, it has been sug-
gested that plasmon decay could lead to photon
emission.”111320722 plternatively, it has been argued
that the PL could originate from nanoparticle antenna-
enhanced emission from surface ligands®>?* and in-
trinsic small clusters (nanometer grain sizes)?> or emis-
sion through resonant electronic Raman scattering.”®
The exact role of plasmons within these proposed
mechanisms is still debated. In this work, we aim to
discern whether the PL is simply enhanced by the local
electric field or if the surface plasmons play a more
direct role.7,8,‘10,12,16,‘]8722

To test the influence of the local electric field on the
PL of Au nanostructures, we have compared the PL
from colloidal AuNSs and their dimers, representing
the simplest form of a plasmonic molecule.?”*® With
separations much less than the constituent nanoparti-
cle radii, strong capacitive coupling leads to greatly
enhanced local electric fields. 32 By using single-
particle spectroscopy®> 3¢ to eliminate sample inho-
mogeneities encountered in bulk measurements and
employing a dimer enrichment procedure to ensure
that enough AuNS dimers were measured for a quan-
titative, statistical analysis, we determined the PL
quantum vyield of individual AuNSs and strongly
coupled AuNS dimers. We found that the PL quantum
yield was not affected by the increased electric field of
the dimers.

RESULTS AND DISCUSSION

A colloidal sample with an enriched dimer popu-
lation and without the presence of many larger
aggregates that would negatively interfere in the
single-particle spectroscopy measurements has been
prepared using a process described in detail in the
Supporting Information (SI) (see Figures S1 and S2).
Briefly, AuNSs (50 + 7 nm)3’ were caused to aggregate
via nonspecific binding through stirring and then were
coated with 11-mercaptoundecanethiol (11-MUA) to
stabilize small aggregated structures. Dimers were
extracted from the reaction mixture using electro-
phoretic separation. The UV—vis spectrum of the re-
suspended dimer sample shows a main peak at 530 nm
due to the presence of monomers and a shoulder at
620 nm, which matches well with a simulated dimer
extinction spectrum (Figure 1A). Transmission electron
microscopy (TEM) analysis (Figure 1B and Figures S3
and S4) confirms the specific enrichment of dimers,
which constituted 23% of the sample with only 9% of
larger aggregates present. Using high-resolution TEM
(Figure 1B, inset), the interparticle separation was
found to be 1—2 nm. This gap is significantly smaller
than achievable with standard lithography methods."?
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Figure 1. AuNS dimer characterization. (A) UV—vis spectra
of the purified and resuspended monomer (green) and
dimer (blue) sample. The orange arrow indicates the red-
shifted extinction peak originating from plasmon coupling.
Inset: Difference spectrum (red) obtained by subtracting the
extinction spectrum of the monomer sample from the
spectrum of the dimer sample is compared to a simulated
dimer spectrum (black). (B) TEM image of the dimer sample,
with purple arrows identifying individual AuNS dimers.
Inset: High-magnification TEM image of a representative
AuNS dimer.

Individual nanostructures were isolated for single-
particle spectroscopy via drop-casting right after pre-
paration, although the dimer sample was stable in
suspension for at least a week at room temperature
(Figure S5).

In the single-particle spectroscopy measurements,
individual AuNS monomers and dimers were distin-
guished based on correlated scanning electron micro-
scopy (SEM, FEI Quanta 400 ESEM) using indexed
quartz substrates or dark-field imaging with a color
camera (Figure 2). A home-built microscope setup, as
described in detail in Figure S6, allowed us to acquire
dark-field scattering (DFS) and PL images and spectra
from the same sample area. A representative color
image taken under transmitted light dark-field illumi-
nation with a digital single-lens reflex (DSLR) camera
mounted directly to one of the microscope exit ports is
shown in Figure 2A along with high-magnification SEM
images of the corresponding nanostructures. Mono-
mers and dimers can be clearly distinguished by the
color of the scattered light, green and orange, respec-
tively. Because the majority of the nanostructures were
monomers and dimers (Figure 1B), color-based identi-
fication was easily achieved and greatly reduced the
efforts in distinguishing and locating AUNS monomers
and dimers, especially in the absence of correlated SEM
data. In addition to color camera imaging, DFS images
were acquired with an avalanche photodiode (APD)
detector by using a pinhole in the microscope first
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Figure 2. Correlated imaging of individual AuNS monomers
and dimers. (A) DSLR camera image of the individual AuNS
monomers and dimers on a quartz substrate observed
under dark-field excitation. Correlated high-magnification
SEM images are shown next to the particles. (B,C) Sample-
scanned DFS and PL images of the same area as in (A),
respectively. Monomers and dimers, as indicated by the
green and blue circles, were located using the combined
information from all images. Sample regions with larger
aggregates were avoided as their increased DFS intensities
made correlated imaging and identification of individual
AuNS monomers and dimers almost impossible. PL images
were recorded using a circularly polarized 488 nm laser with
an intensity at the sample of 4.7 kW/cm? to avoid photo-
thermal shape changes of mainly the dimers. Even though
the signal-to-noise ratio in the PL images was reduced
because of the low excitation intensity, it was still high
enough to identify monomers and dimers for spectroscopic
investigations (Figure 3). A power dependence for the AuNS
dimer emission shows that the PL is, in this case, also caused
by a one-photon absorption process (Figure S7).

image plane and scanning the sample. This modality
enabled the positioning of individual nanostructures
for spectroscopic investigations (see below). PL images
were obtained in a similar configuration using a
488 nm continuous wave laser and appropriate di-
chroic and notch filters. With the help of the DSLR
camera and SEM imaging (Figure 2A) of the same
sample area, the identification of AuNS monomers
and dimers was possible in the DFS (Figure 2B) and
PL (Figure 2C) images, as indicated by the green and
blue circles, respectively. Given the larger intensities of
AuNS dimers, especially in DFS, and the enhanced
sensitivity of the APD detector at red wavelengths,
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Figure 3. Representative single-particle DFS (red) and PL
(blue) spectra of a AuNS monomer (A) and a AuNS dimer
(B). DFS scattering spectra were measured using unpolarized
transmitted light dark-field excitation, while the 488 nm ex-
citation laser used to record the PL spectra was circularly
polarized. The laser intensity at the sample was 4.7 kW/cm?. A
depolarizer in front of the spectrometer removed any polar-
ization bias in the detection. Charge distributions simulated at
the DFS resonance maxima are included as insets to identify
the plasmon modes supported by these nanostructures.

the use of the additional DSLR camera with a lower
long wavelength sensitivity was necessary to clearly
differentiate between AuNS monomers and dimers for
further spectroscopic investigations.

Single-particle spectra were collected by moving the
sample to the location of a single AUNS monomer or
dimer and switching the detection to a spectrometer
equipped with a CCD camera. Figure 3A,B shows the
normalized DFS spectra of a representative AuNS
monomer and dimer, respectively. The single DFS peak
of the monomer, centered at 546 nm, corresponds to
the typical dipolar plasmon mode. In contrast, the DFS
spectrum of the AuNS dimer shows two maxima as a
result of near-field capacitive coupling: a longitudinal
polarized resonance at 650 nm and a much weaker
transverse polarized resonance mode at 545 nm. These
results are in very good agreement with the well-
studied scattering response of plasmonic dimers®#3°
and can be understood in terms of two coupled
dipoles, as illustrated by the surface charge plots
simulated at the scattering maxima and shown as
insets. The longitudinal mode arises from the in-phase
coupling of the two dipoles along the dimer axis,
creating an enhanced dipole and hence scattering
cross section. This mode is usually referred to as being
“super-radiant”. The shorter wavelength transverse
mode, where the dipoles are aligned vertically to the
dimer axis, has a much weaker dipole as reflected in the
smaller amplitude of the corresponding DFS peak and
is often termed a “sub-radiant” mode.®

While the PL spectra show resonance maxima at
similar spectral positions and the same polarization
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dependence, several differences exist between the
DFS and PL spectra, as especially evident from the
AuNS dimers. For comparison, the corresponding PL
spectra of the same nanostructures are plotted along
with the DFS spectra in Figure 3. The PL spectra were
corrected by the spectral sensitivity of the detection
system (Figure S8), and the DFS spectra were corrected
with a white light standard (see Methods section). DFS
spectra taken before and after the PL measurements
ensured that the laser power was kept low enough at
4.7 kW/cm? to avoid photothermal damage, especially
important for the closely spaced AuNSs comprising the
dimers (Figure S9). The PL spectrum of the AuNS
monomer peaks at 523 nm and its line shape resemble
that of the DFS spectrum. The PL spectrum of the AuNS
dimer also shows two resonance maxima at 527 and
634 nm. Polarization-dependent PL measurements
(Figure S10) reveal that the lower- and higher-energy
peaks are similarly polarized along and perpendicular
to the long axis of the dimer, respectively. The appear-
ance of two coupled PL bands for the AuNS dimer
suggests a plasmonic origin of the PL and furthermore
illustrates that PL line shapes can be tailored through
near-field coupling in specifically designed plasmonic
molecules, just as is well-known for scattering.

However, DFS and PL spectra are also different in
two aspects: (1) For the low-energy modes, the PL
maxima are blue-shifted by an average of 23 4+ 2 and
22 4 2 nm for 25 AuNS monomers and 26 dimers,
respectively. This blue shift between PL and DFS
spectra is consistent with previous PL studies on
nanorods, although it is 2 times larger in magnitude.®®
(2) The relative intensities of the two dimer resonances
do not match between PL and DFS. In the DFS spectra,
the peak intensity of the super-radiant mode is ap-
proximately 6 times larger than that of the sub-radiant
mode, while the lower-energy mode in the PL spectra
has a peak intensity that is, on average, just 90% of the
higher-energy mode emission. These differences will
be discussed in more detail below.

Based on the single-particle imaging and spectros-
copy demonstrated in Figures 2 and 3, we were able to
determine the PL quantum yields of AUNS monomers
and dimers and found them to be about equal. The PL
quantum yield from individual nanostructures was
calculated by taking the following factors into account:
the 488 nm laser excitation intensity, the recorded
emission intensity, the wavelength-dependent detec-
tion efficiency, and the calculated absorption cross
sections at 488 nm. Details of the PL quantum yield
calculation can be found in the SI. It is important to
point out though that for the relative comparison of
monomer and dimer quantum yields most factors
simply cancel out. 488 nm was chosen so that for both
nanostructures mainly interband transitions were ex-
cited (Figure S11). A direct comparison is therefore
valid because evidence exists that the PL quantum
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Figure 4. (A) Cumulative distributions of the measured
quantum yields for AuNS monomers (green) and dimers
(red). Inset: Electromagnetic field enhancements (|E|2/|E0|2)
for a monomer and a dimer calculated at 550 and 640 nm,
respectively. Ey is the incident electromagnetic field, and E is
the electric field around the nanostructure. Note the differ-
ent intensity scales for the monomer and dimer and that the
electric field enhancement is even higher in the dimer gap
than the maximum value of the scale in order to display the
positions of the AuNSs. (B) Photon count rate versus time for
PL from a AuNS monomer recorded with a laser intensity of
47 kW/cm?. Neither photoblinking nor photobleaching was
observed over the time course of 260 s shown here. How-
ever, we cannot exclude that blinking occurs on a time scale
much faster than the millisecond bin time.

yield depends on the type of transitions excited,'"*° as

further verified for these AuNSs by obtaining an in-
creased quantum yield with 532 nm excitation close to
the plasmon resonance with (Figures 511 and 512).'2°
The PL quantum yields of 45 AuNS monomers and 46
dimers are summarized in Figure 4A. The average PL
quantum yield of the monomers is (1.92 £+ 0.72) x
1075, in agreement with previous measurements of
chemically prepared single AuNSs having the same
diameter.*® The average value of the PL quantum yield
measured for the AuNS dimers is basically the same at
(191 + 0.62) x 10°°. Importantly, the cumulative
distributions (Figure 4A) show a similar spread (as
indicated by the slope) and no rare cases with unu-
sually high PL quantum yields.

The absence of an enhanced PL from the AuNS
dimer allows us to exclude as possible mechanisms
antenna-enhanced emission from surface ligands?*2*
and intrinsic small clusters,®® considering that both
monomers and dimers originated from the same
initial AuNS solution and were encapsulated in similar
11-MUA shells during the dimer enrichment procedure.
This conclusion is based on the fact that the AuNS dimer
is, in general, a much stronger antenna than a single
AuNS. The local electric field enhancement of a dimer
with a 1 nm interparticle gap was calculated to be 2—3
orders of magnitude larger than that of a monomer
when averaged over the cross sectional area, as illu-
strated in the insets of Figure 4A. If molecular emitters
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were distributed evenly over the dimer antenna, a
significantly larger average PL quantum yield would
be expected even when considering a possible change
in spectral overlap with relatively sharp molecular re-
sonances. If, on the other hand, only a few emitters were
present at random position, a significantly broader
distribution of PL quantum yields, apart from a possible
change of its average value, should have been mea-
sured. Furthermore, photobleaching, especially for sam-
ples in air, should be observed if only a few molec-
ular impurities were responsible for the measured PL.
The PL emission intensity of a single AUNS monomer
was, however, constant for over 4 min, as shown in
Figure 4B. Considering both the PL quantum yield
distributions and the dimer PL spectrum, our data also
suggest that plasmon-enhanced intrinsic electron—hole
pair recombinations in Au are likely not the main origin
of the measured PL."*~"® The dimer PL spectrum shows
unique coupled PL modes and is clearly distinct from
scattering, which is about 3 times higher for the dimer
than for the monomer when the integrated areas are
analyzed. However, increased nonradiative damping
due to near-field coupling could reduce the PL quantum
yield of the dimers, as suggested for Au nanoparticle
arrays fabricated by electron-beam lithography.>

The effect of the local electric field was further
investigated by comparing the quantum yield of AuNS
monomers immersed in different media. Changing the
surrounding medium also influences the local electric
field enhancement, although to a smaller extent, while
causing only a comparatively minor shift in the plas-
mon resonance. With a change in medium for the
AuNS monomers deposited on a quartz substrate from
air to water and air to glycerol, the electric field
enhancement was calculated to increase by 10.5%
and 28.9%, respectively, considering both excitation
and emission (Figure S13A). The average of PL quan-
tum yields of AuNS monomers did not change signifi-
cantly though (Figure S13B). We obtained values of
(226 +0.51) x 10"%and (2.01 & 0.42) x 10~° for water
and glycerol, respectively.

As we found no strong evidence for a local electric-
field-dominated PL mechanism, we turned our atten-
tion to the suggested radiative decay of surface
plasmons.”#111320-22 This mechanism proposes the
excitation of a surface plasmon by an excited electro-
n—hole pair, where the electron—hole pair is initially
created either through direct excitation (i.e., interband
transitions) or from the decay of an excited plasmon
(Figure 5A). This mechanism was initially introduced
to explain the excitation polarization-independent
emission of Au nanorods with a spectral position, line
shape, and emission polarization matching those of
the DFS?° and has been supported by more recent
studies.>®'""132! Direct surface plasmon emission has
also been proposed to be feasible and theoretically
verified for the visible light emission from a scanning
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Figure 5. (A) Multistep PL mechanism: 488 nm excitation
(blue arrow) creates electron—hole pairs (e—h) via inter-
band excitation. The majority of these excited carriers relax
nonradiatively (gray dotted arrow), but some can create
surface plasmons (black arrows). The monomer supports
only one surface plasmon resonance (SPR), while the dimer
has a transverse polarized mode (TSPR) and a lower-energy
longitudinal polarized mode (LSPR). These surface plas-
mons either convert back into electron—hole pairs (black
arrows) or decay radiatively (green and red wavy arrows),
giving rise to PL. Simulated normalized scattering (red) and
absorption (black) spectra of a AuNS monomer (B) and
dimer (C). For the AuNS monomer, Mie theory was used:
AuNS diameter = 50 nm. For the AuNS dimer, GMT was used:
AuNS diameter = 53 nm for both constituents with an
interparticle gap of 1 nm. (D) Peak area ratios for the two
spectral bands of AuNS dimers as a function of the corre-
sponding resonance wavelengths of the lower-energy
mode (blue circles, PL; black diamonds, calculated
absorption). The lines are linear fits shown as visual guides
only. A is the integrated area of the lower-energy peak, and
Ay is the integrated area of the higher-energy peak. A
homogeneous dielectric constant of 1.25 was assumed for
the surrounding medium in all calculations.

tunneling microscope probing silver films.*'*? While a
small blue shift between PL and DFS spectra was
previously noted for Au nanorods,®® it was mainly
ignored as it could not be easily explained. However,
the differences observed here in the PL and DFS
spectra for the AuNS monomers and dimers
(Figure 3) are much more significant, as already men-
tioned above. Within the proposed mechanism, the
excitation of plasmons by an excited electron—hole
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pair is the reverse process of surface plasmon decay.*
As nonradiative surface plasmon decay can be quanti-
fied to a first approximation by the absorption
spectrum,**~* the PL spectrum should also be com-
pared to the absorption spectrum. Pure absorption
spectra of single nanostructures with sizes larger than a
few tens of nanometers are difficult to obtain though,
and we therefore resort to simulated absorption spec-
tra using Mie theory for monomers and generalized Mie
theory (GMT) for dimers. Approximating the AuNSs as
slightly elongated nanoparticles to more realistically
model the experiments using finite-difference time-
domain simulations instead had little effect on the
calculated spectra and did not change our conclusions
(see Sl and Figure S$14 for simulation details).

Figure 5B,C compares simulated absorption and
scattering spectra of a AUNS monomer (5B) and dimer
(5C). The scattering resonance maxima are 547 nm for
the monomer and 532 and 652 nm for the dimer with a
calculated peak intensity ratio for the super- and sub-
radiant modes of ~4. The simulated scattering spectra
hence match well with the experimental DFS spectra
and allow for a comparison between simulated absorp-
tion spectra and measured PL. Considering the pre-
dicted blue shifts from scattering and the increased
relative absorption intensity of the sub-radiant plas-
mon mode for the dimer in the simulations, the PL
spectra resemble more closely the corresponding
AuNS monomer and dimer absorption spectra. How-
ever, the blue shift is only 6 nm for the low-energy
modes of both monomers and dimers, much less than
the >20 nm peak shifts observed experimentally for the
PL. In addition, Figure 5D plots the peak area ratios for
the two spectral bands of the AuNS dimers, as obtained
by fitting each spectrum with the sum of two Lorent-
zian curves and integrating the areas of each peak,
against the resonance maximum of the corresponding
lower-energy peak. For the PL, we observe experimen-
tally a decrease of this ratio with increased plasmon
coupling (longer resonance wavelength). The same
ratio was calculated from simulated absorption spectra
of dimers, where we randomly varied the AuNS dia-
meter over a range of 50 + 5 nm and the gap size over a
range of 1.5 £ 0.5 nm, consistent with TEM character-
ization of the sample (see Sl). While the ratios for

METHODS

Materials. Citrate-capped AuNSs with nominal diameters of
50 nm were purchased from BBI solutions (Cardiff, UK). Inde-
pendent TEM characterization yielded a size dispersion of 51 +
7 nm.37 11-MUA, with 95% purity, was obtained from Sigma-
Aldrich (St. Louis, MO). Acetonitrile was purchased from VWR
International (Radnor, PA). Deionized water was obtained from
an ultrapure water system from EMD Millipore (Billerica, MA).

Synthesis of the AuNS Dimer. The synthetic procedure for
forming AuNS dimers is illustrated in Figure S1. Five hundred
microliters of AuNS solution was washed with deionized water once
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absorption are similar in magnitude, no dependence
on the resonance wavelength of the super-radiant
mode is seen. This trend for absorption is reasonable
because the absorption peak area is proportional to
the total number of electrons.***” Varying the inter-
particle distance does not change the total amount of
electrons, and varying the AuNS size adds electrons to
both higher- and lower-energy modes. We must there-
fore conclude that, in addition to nonradiative pro-
cesses such as hot electron generation, other factors
influence the PL spectrum, such as coupling to bright
photonic states that facilitate far-field emission. The
multistep mechanism in Figure 5A illustrates this sug-
gested interplay between nonradiative pathways
(excitation of plasmons by hot carriers and decay of
plasmons into them as indicated by the black arrows)
and radiative properties (light emission as indicated by
the wavy green and red arrows).

CONCLUSIONS

In summary, we have prepared an enriched AuNS
dimer sample that allowed us to investigate the PL of
individual strongly coupled plasmonic molecules. We
found that the PL spectrum is tuned by plasmon
coupling and that the quantum yields of dimers and
constituent 50 nm AuNS monomers are the same,
indicating that the enhanced electric fields around
the dimers do not strongly influence the PL, in contrast
to several proposed PL mechanisms. We have further-
more compared the measured AuNS monomer and
dimer PL spectra with the corresponding scattering
and absorption spectra, which are each proportional to
important steps that are thought to play a role in the
proposed mechanism, that is, far-field radiation from
bright states and generation of hot electrons. A more
quantitative theory considering the Au band structure,
density of electronic and plasmonic states, and further
experiments including PL lifetime measurements are
desperately needed to gain further understanding of
the PL from plasmonic nanostructures as well as
recently reported anti-Stokes emission.***° Because
the PL lifetime is estimated to be on the order of a
few picoseconds (Figure S15), ultrafast PL upconver-
sion experiments are required, ideally on the single-
particle level.

and then concentrated to a volume of 50 uL by centrifugation at
1400 rcf for 5 min. Two hundred microliters of acetonitrile was
added to the AuNS suspension, and this solution was stirred for
30 min followed by addition of 5 uL of 10 mM 11-MUA. After another
30 min of stirring, the solution was centrifuged to remove the
supernatant and finally resuspended in 500 uL of deionized water.
Aggregates consisting of different numbers of AuNSs were sepa-
rated and purified by gel electrophoresis using a horizontal gel
electrophoresis system from Bio-Rad (Hercules, CA). Specifically,
the AuNS mixtures were first concentrated into a total volume
of 50 uL, followed by addition of 10 uL of an aqueous sucrose
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solution (40 w/v%). The samples were mixed well and then
loaded onto 1% agarose gel. The gel was run at a constant
potential of 135 V for 30 min with a running buffer of 0.5x
Tris—acetate—ethylenediaminetetraacetic acid. The different
bands in the gel were manually cut off with a razor blade before
the AuNS monomers, dimers, and aggregates were extracted
via a published eletroelution method>® under twice the electro-
phoresis voltage. The final step involved concentration of the
extracted products by centrifugation. TEM images were taken
using a JEOL 1230 to characterize AuNS aggregates after reaction
and purification (Figure S3).

Sample Preparation for Single-Particle Measurement. Samples with
an appropriate density for single-particle spectroscopy were
obtained by drop-casting the AuNS dimer solution onto the
patterned substrates. Cleaned 25.4 mm quartz slides (AdValue
Tech, Tucson, AZ) with 1 mm thickness were used as substrates
instead of glass because of their lower background. A gold
identification pattern was created on the substrates using an
electron-beam evaporator and a copper TEM grid as a mask.”"
SEM was performed after single-particle spectroscopy measure-
ment using an FEI Quanta 400 ESEM.

Characterization with Single-Particle Spectroscopy. The single-
particle experiments were performed on a home-built instru-
ment (Figure S6) based on an inverted Zeiss microscope
described previously® with slight modifications. Scattering
spectra were obtained using a halogen lamp for unpolarized
excitation and an oil-immersion dark-field condenser. Scattered
light was collected by a 50x air-spaced objective with a
numerical aperture of 0.8 and then passed through a pinhole
at the first image plane, effectively achieving confocal condi-
tions. A scanning stage (P-517.3CL, Physik Instrumente, Karls-
ruhe/Palmbach, Germany) was used to scan the sample and to
construct a DFS image. An avalanche photodiode (APD, SPCM-
AQRH-15, PerkinElmer, Waltham, MA) was employed to record
the scattered light intensity. Single-particle spectra were ob-
tained by positioning the sample so that an isolated nanostruc-
ture was reimaged onto the pinhole and the signal was
redirected to a spectrometer (SP2150, Princeton Instruments,
Trenton, NJ) equipped with a CCD camera (PIXIS 400BR, Prince-
ton Instruments, Trenton, NJ). PL spectroscopy was conducted
in a similar way except that a collimated 488 nm laser beam
from an Ar" laser (Stellar-Pro, Modu-Laser, Centerville, UT) was
used as the excitation source. The laser power was kept below
4.7 kW/cm? measured at the sample. We estimated the size of
the focused laser beam to have a full width at half-maximum
of 420 nm. A dichroic filter (Chroma, Bellows Falls, VT), notch
filter (Semrock, Rochester, NY), and a 496 nm long-pass filter
(Semrock, Rochester, NY) were used to separate excitation
from emission. A quarter waveplate generated circularly
polarized laser light. A depolarizer in front of the spectrometer
was inserted to remove any polarization bias in the detec-
tion path.

Spectrum Correction for Single-Particle Spectroscopy. The DFS spec-
tra were corrected using a white light standard and dark counts
measured with the lamp switched off according to eq 1:

ors  [Aors — I(A)ss

e = i — e m
where I(A)prs, I(A)gs, and I(A)4ark are the nanoparticle spectrum,
background spectrum, white light spectrum, and dark counts
as a function of wavelength 4, respectively, and ()27 is the
corrected DFS spectrum. The PL spectra were corrected by
subtracting a background measured in a region next to the
nanoparticle and then multiplying by the CCD camera detection
efficiency using the following equation:

IS = (AL — I(A)back) X o) @)

where I(A)p. and (A)pack are the nanoparticle spectrum and
background spectrum, respectively; ccp(4) is the wavelength-
dependent CCD camera detection efficiency shown in Figure S8,
and I(1)%5, is the corrected PL spectrum. The details of the
quantum yield calculation can be found in the SI.
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