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This document contains information and figures regarding sample preparation, sample 

characterization, instrument setup including wavelength-dependent sensitivity, quantum yield 

calculation, dark-field scattering (DFS) spectra taken before and after photoluminescence (PL) 

spectroscopy, polarization-resolved PL measurements of a single Au nanosphere (AuNS) dimer, 

time-correlated single photon counting experiments, quantum yield dependence on the 

surrounding medium and the excitation wavelength, and electromagnetic simulations. 
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A. Determination of the PL Quantum Yield 

The quantum yields for both AuNS monomers and dimers were calculated according to 

the following procedure. This procedure accounts for the detection efficiency of the avalanche 

photodiode (APD) detector as well as the transmission efficiency of the optics from the 

collection objective to the detector. As the quantum yield we define the ratio of the emitted vs. 

absorbed photon by considering the PL spectrum between the excitation wavelength (mainly 488 

nm as well as 532 nm in Figure S12) and 800 nm. A Lorentzian fit of the measured spectrum was 

used to account for the effect of dichroic and long pass filters and to ensure that this definition of 

the quantum was applied consistently. More details are given below. 

 

 

Scheme S1. Simplified illustration of the light detection path. Label 1 corresponds to the position 
of emitted photons before transmission through the microscope objective and other optical 
elements. Label 2 corresponds to the position of photons after they pass through all optical 
components, but prior to detection by the APD. Label 3 corresponds to the position at which 
photons are detected by the APD.  

 

We establish the overall photon detection efficiency of our microscope system using a 

dye standard with a known absorption cross section and quantum yield, rhodamine 6G (R6G). 

Literature values for the absorption cross section at 488 nm and quantum yield are 0.026 nm2 and 
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0.96, respectively 1 We assume that we can, as a first approximation, neglect the dependence of 

the solvent on the R6G quantum yield when single dye molecules on a glass substrate were 

measured. However, the aim here is to estimate to correct order of magnitude for the quantum 

yield of plasmonic nanostructures. Furthermore, for the comparison between AuNS monomers 

and dimers the absolute values of the quantum yield are less important, and many of the 

parameters discussed here cancel out in such a direct comparison, especially because the AuNS 

monomers and dimers were measured side-by-side on the same sample under the same 

experimental conditions.  

 

i. Correction for the APD responsivity (path 2  3). 

An APD was used to measure the total number of emitted photons. The wavelength 

integrated photon counts of the APD depend on the photon detection efficiency of the APD as a 

function of wavelength and the shape of the R6G emission spectrum. To obtain the number of 

photons detected per second, , we correct the as measured APD photon counts per second, 

, using the APD detection efficiency for the spectrum of R6G, 	 	, as illustrated by 

equation 1:  

 	 	
	

	
	

		
  (1) 

where  is the excitation wavelength,  is the cutoff wavelength of the long pass filter in 

the detection path,  is the intensity of the PL spectrum of R6G at a given wavelength, and 

	  is the APD detection efficiency as provided by the manufacturer. It should be noted 

that this correction factor also accounts for the part of the emission spectrum that is cut off by the 
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long pass filter. This correction factor is then used to calculate the number of photons detected 

per second as given by equation 2: 

           
	

  (2) 

 

ii. Correction for the microscope transmission efficiency (path 1  2).  

We can calculate the transmission efficiency of the system, , according to equation 3: 

              	 	
  (3) 

where  is the number of photons detected per second at the APD using equation (2), and 

	is the number of photons emitted per second by a single R6G molecule.  is expected to be 

uniform across the wavelength region of 500-800 nm based on the transmittance and reflectance 

curves of the various optical elements provided by the manufacturers. 	is determined using 

literature values for the absorption cross section and quantum yield of R6G according to the 

equation 4:  

          (4) 

where  is the absorption cross section,  is the quantum yield, and  is equal to the laser 

intensity divided by the photon energy at 488 nm. We calculate a value of 3.5% for . The 

determination of  likely has the largest error in our calculations, and we estimate that a 

variation of 30% is possible. As already mentioned, the absolute values for the AuNS monomer 



S5 
 

and dimer quantum yields are less important here as their relative ones, and, because of their 

side-by-side measurement the quantum yield ratio is independent of  as it simply cancels out. 

iii. Quantum yield calculation (path 1  3).  

The PL quantum yield,	  of the AuNS monomer/dimer is determined using the following 

equation: 

                	  (5) 

Nem and Nabs are the number of emitted and absorbed photons per second by the gold 

nanostructures, respectively, and are calculated using equations 6 and 7. 

           	   (6) 

          (7) 

where  is the background-corrected photon count rate,  is the transmission efficiency of 

the microscope as determined with the R6G standard, and  is the APD efficiency based on 

the AuNS monomer/dimer spectrum, determined in the same manner as . In equations 5-7 

all parameters correspond to values for the AuNS monomers or dimers. To obtain a PL spectrum 

that covers a wavelength range between  and 800 nm, we first fit the experimental spectrum 

to a Lorentzian curve. 

For estimating Nabs, the focused laser profile is assumed to have a perfectly Gaussian 

shape and to illuminate the center of an individual nanostructure. I is the incident laser intensity 

after the objective. σabs is the calculated absorption cross section of an individual nanostructure at 

488 nm, and the energy of a 488 nm photon is given by hν488. For the absorption cross sections 
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of AuNS monomers and dimers, we use Mie theory and GMT and find values of _ _

3546	  and _ _ 7850	 .  

This procedure results in quantum yields of AuNSs in good agreement with values 

reported in the literature.2 In particular we achieve very good agreement with quantum yields 

obtained via direct measurements of the absorption cross sections using photothermal imaging.2 

Our approach using Mie theory and GMT to instead calculate absorption cross sections is 

therefore justified. All values and errors reported for the measured quantum yields represent the 

mean and standard deviation of the experimental distributions.  
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B. GMT Calculations 

 The spectra, electric fields, and the charge densities of the AuNS monomer and dimer 

were calculated using a GMT code based on the T-matrix formalism for parallel computer 

clusters provided by Mackowski and Mishchenko.3,4 The original Mie theory provides the 

analytical solution to Maxwell’s equations for a single sphere.5 The scattered and incident fields 

are expressed as a series expansion of vector spherical harmonics (VSH) wave functions with the 

appropriate weighting coefficients. The power flow divided by the light intensity provides 

analytical expressions for the optical cross-sections as a function of excitation photon energy.  

The GMT extends the Mie theory solution to N spheres, where the scattered fields from all other 

spheres act as further excitation fields. The scattering coefficients for each of the N spheres is 

solved by considering a system of linear equations.3  

 The input parameters for the GMT calculation were (a) the diameter, (b) the interparticle 

gap, (c) the dielectric function of gold, and (d) the number of multipoles Lmax in the expansion of 

the VSH wave functions. The diameter d of the particles was selected as d = 50±5 nm to 

approximately mimic the AuNS size dispersity. In all calculations, the minimum surface-to-

surface separation g was set to 1-2 nm, consistent with TEM measurements. This gap size also 

ensures an optical response that can be described by solely capacitive near-field coupling of the 

plasmons without quantum effects.4 The dielectric function of the gold was adapted from the 

tabulated values by Johnson and Christy. Lmax was set to 30 in all calculations to ensure full 

convergence. 
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C. AuNS Dimer Preparation 
 

 

Figure S1. Schematic illustration of the AuNS dimer synthesis. Citrate capped AuNSs with 
nominal diameters of 50 nm were purchased from BBI solutions (Cardiff, UK). Independent 
transmission electron microscopy (TEM) characterization yielded a size dispersion of 51 ± 7 
nm6. 11-mercaptoundecanoic (11-MUA) with 95% purity was obtained from Sigma-Aldrich 
(St. Louis, CA). Acetonitrile was purchased from VWR International (Radnor, PA). Deionized 
water was obtained from an ultrapure water system from EMD Millipore (Billerica, MA).   
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D. Characterization of the Reaction Mixture by UV-vis Extinction Spectroscopy 

 

Figure S2. UV-Vis extinction spectroscopy of the reaction mixture recorded with an Ocean 
Optics S1024DWX spectrometer. AuNS aggregates were obtained without chemical linker 
molecules. AuNS capped with negatively charged citrate molecules are stabilized because of 
electrostatic repulsion.7 Therefore, several buffer exchange steps were used to change the surface 
potential and allow for successful aggregation. To preferentially produce small clusters and in 
particular dimers, fast stirring was used and the reaction was stopped by adding the thiolated 
detergent molecule 11-MUA. After re-suspending the final products in deionized water, the color 
of the solution changed greatly from bright red to pale purple (left inset), indicating a plasmon 
resonance shift. This plasmon resonance shift was further verified by UV-Vis extinction 
spectroscopy as shown above, where the measured extinction spectra were normalized at their 
resonance wavelength. The extinction spectrum of the original AuNS suspension (black dotted 
line) exhibits a single peak at 530 nm, corresponding to the plasmon resonance of citrate coated 
50 nm AuNSs, while the spectrum of the post reaction suspension (red solid line) shows an 
additional broad, red-shifted resonance peak centered between 650 and 700 nm. Purification of 
this reaction mixture was realized using agarose gel electrophoresis. Assuming similar surface 
charge densities, the separation was primarily based on the resistance differences of AuNS 
aggregates with various sizes and geometries.8 Two distinct bands can be clearly observed in the 
image of the gel after performing the electrophoresis (right inset). The fastest band was mainly 
composed of AuNS monomers due to their small size and symmetrical geometry, while the 
second band with a purplish color contained the desired AuNS dimers.  
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E. TEM Characterization of AuNS Dimers 

 

Figure S3. TEM characterization of AuNS dimers. To characterize AuNS aggregates after 
reaction and purification, TEM images were taken using a JEOL 1230. Before purification, the 
suspension contained AuNS monomers, dimers, trimers, and various kinds of larger clusters as 
shown in A. After electrophoresis, mainly three kinds of clusters can be seen in the TEM images: 
(1) AuNS monomers, (2) AuNS dimers, and (3) AuNS trimers. The first band only contained 
monomers as illustrated in B. The major component in the second and third bands was still 
monomers (C and D) in addition to the desired dimers and small aggregates. This result may be 
due to dissociation during the separation step when a high voltage was applied.  
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F. Statistical Analysis of AuNS Aggregate Size Before and After Gel Electrophoresis 

 

Figure S4. Statistical analysis of AuNS aggregate sizes before and after gel electrophoresis. TEM 
images have been used to quantify the number of individual AuNSs and number of AuNSs per 
aggregate in the reaction mixture (A) and in the suspension recovered from the second band of 
the agarose gel (B). The increase from 13% to 23% demonstrates a successful accumulation of 
AuNS dimers, while at the same time larger (and strongly scattering) clusters were removed after 
electrophoresis. At least 300 nanostructures were analyzed by TEM. 
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G. AuNS Dimer Suspension Stability Test 

 

Figure S5. Stability test of the AuNS dimers in an aqueous suspension before (red) and after 
(black) a week of storage at room temperature. The UV-Vis spectra show almost no difference, 
indicating good stability for at least one week. These spectra were obtained after electrophoretic 
separation of the reaction mixture. The shoulder at ~ 600 nm is due to the longitudinal plasmon 
resonance of the AuNS dimers. While monomers were still present as indicated by the more 
intense plasmon resonance at 530 nm, the majority of larger AuNS aggregates were removed as 
deduced by comparison to Figure S2.  
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H. Single-Particle Spectroscopy 

 

Figure S6. Schematic illustration of the microscope setup used for PL and DFS spectroscopy.  
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I. Excitation Power Dependence of the Emission Intensity 

 

Figure S7. Excitation power dependent PL emission intensity of a single AuNS dimer. The blue 
line is a linear fit to the data given by the red circles. 
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J. Wavelength-Dependent Sensitivity of the Microscope Setup 

 

Figure S8. Wavelength-dependent response of the spectrometer and CCD camera. The 
wavelength-dependent response of the spectrometer and CCD camera was determined using a 
calibration lamp (LS-1-CAL, Ocean Optics). The lamp spectrum was measured (red) by our 
system and compared to the expected spectrum (blue) provided by the manufacturer. The ratio of 
the two curves is given by the dotted green curve, which gives the wavelength-dependent 
sensitivity of our spectrometer and CCD camera. 
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K. DFS Spectra of a AuNS Dimer Taken Before and After PL Spectroscopy 

 
Figure S9. DFS spectra of the same single AuNS dimer before (blue circles) and after (green 
stars) a PL measurement. The absence of a spectral shift indicates that the AuNS dimer did not 
undergo any shape changes due to melting under the experimental conditions (<4.7 kW/cm2 
excitation power). 
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L. Polarization-Dependent PL Spectroscopy of a Single AuNS Dimer 

Figure S10. PL polarization dependence of a single AuNS dimer. PL spectra were recorded with 
the polarization angle set parallel to the physical long axis of the AuNS dimer (red) and 
perpendicular to it (blue). Inset: DFS peak intensity of the longitudinal AuNS dimer mode as a 
function of polarizer angle. The DFS experiment was used to determine the orientation of the 
AuNS dimer. 
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M. Separation of Interband and Intraband Absorption 

 

Figure S11. Calculated interband, intraband, and total absorption spectra of a AuNS with a 
diameter of 50 nm. According to Govorov et al.9, we separated the contributions from interband 
transitions (blue) and intraband transitions (red) to the total absorption (black). The interband 
absorption contributes 91% of the total absorption at the excitation wavelength of 488 nm 
(purple dotted line). 
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N. Comparison of Quantum Yields for AuNSs Excited with 488 nm and 532 nm 
 

 

Figure S12. (A) Histograms of the quantum yield of the AuNS monomer with 488 nm (green) 
and 532 nm (blue) laser excitation. The AuNSs were immersed in glycerol for both excitation 
wavelengths to shift the plasmon resonance energy to longer wavelengths. The effect of the 
surrounding medium is described in Figure S13. The intensity normalized PL spectra are shown 
in the inset. Due to excitation at the plasmon resonance with 532 nm the PL spectrum was not 
completely resolved. However, this aspect was considered in the calculations of the quantum 
yield as described above. (B) Same data as in (A), presented as cumulative distributions. The 
average quantum yield of the AuNS monomer is (2.02±0.42) × 10-6 with 488 nm excitation and 
(13.3±4.0) × 10-6 with 532 nm excitation. The absorption cross sections of the AuNS monomer 
used for the quantum yield calculations are 4006 nm2 for 488 nm excitation and 7741 nm2 for 
532 nm excitation. 
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O. Quantum Yield of AuNS Monomers in Different Media 

 

 

Figure S13. Quantum yield of AuNS monomers measured in different surrounding media. (A) 
Calculated medium refractive index dependence of the electric field enhancement of AuNS 
monomers at the excitation wavelength (cross) and emission peak wavelength (circle). The 
enhancement factor was arbitrarily normalized for a medium refractive index of 1. Single particle 
PL experiments were carried out for AuNS monomers deposited on quartz and surrounded by air, 
water, and glycerol to adjust the refractive index, which was calculated as the average between 
the substrate and the surrounding medium as 1.25, 1.40, and 1.50 (indicated by the green, cyan, 
and blue data points, respectively). For the excitation wavelength (λexc = 488 nm), the electric 

field enhancement factor was calculated to decrease by 3.52% and 5.46% when the medium was 
changed from air to water and air to glycerol, while at the emission peak wavelength (λem) the 

enhancement factor increased by 14.5% and 36.3%, respectively. Note that the emission peak 
wavelength shifted depending on the medium as indicated by the experimental PL spectra shown 
in the inset. These calculations predict an overall enhancement of 10.5% and 28.9% when the 
medium is changed from air to water and air to glycerol, respectively (B) Experimental values of 
the quantum yield for AuNS monomers in air, water, and glycerol, expressed as the ratios of 
quantum yields in water (Φ ) and glycerol (Φ ) relative to air (Φ ). The absorption cross 
sections of a AuNS used for the quantum yield calculations were 3546 nm2, 4041 nm2, and 4006 
nm2 for air, water, and glycerol, respectively. The independence of the quantum yield on the 
medium refractive index shown here also suggests that, similar to the results discussed in the 
main text, the local electric field enhancement does not dominate the PL quantum yield of gold 
nanostructures. The measured quantum yields are basically the same with average values of 
(1.92±0.72) ×10-6 in air, (2.26±0.51) × 10-6 in water, and (2.02±0.42) × 10-6 in glycerol.
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P. Finite-Difference Time-Domain (FDTD) Calculations 

 

Figure S14. Comparison of Mie theory/Generalized Mie theory (GMT) and FDTD simulations 
with experimental DFS spectra of single AuNS monomers and dimers. FDTD simulations were 
carried out using a commercial grade Maxwell’s equations solver with a total simulation volume 
of 1000 nm × 1000 nm × 1000 nm. The individual nanoparticles were approximated as ellipsoids 
with small aspect ratios to approximate the geometry of real nanoparticles. The dielectric 
function of the nanoparticles was adopted from the experimentally measured values for bulk gold 
reported by Johnson and Christy.10 The long and short axes of the single AuNS monomer were 
56 nm and 52 nm in (A) and (B). In the case of the dimer (C) and (D), the long and short axes of 
both gold nanoparticles were 55 nm and 50 nm with an interparticle gap of 1 nm. The long axes 
of the individual nanoparticles were orientated parallel with each other and passed through the 
centers of each nanoparticle. A homogeneous surrounding medium with an averaged refractive 
index of 1.25 was assumed. The simulations were performed under excitation polarizations 
parallel and perpendicular to the dimer axis and the spectra shown here represent the average of 
these two orthogonal polarizations. The peak wavelength and full width at half maximum 
(FWHM) of individual spectra are summarized in Table 1. The SEM images of the 
corresponding nanoparticles are shown as the inset in (A) and (C) with scale bars of 100 nm. The 
spectra of the more realistic nanoparticles obtained via FDTD simulation do not differ 
significantly from the spectra calculated with Mie theory/GMT for idealized AuNSs.  
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Table S1. Peak wavelength and FWHM of the spectra shown in Figure S14. Note that only the 
lower energy peak is analyzed for the AuNS dimer. 

  Peak Wavelength (nm) FWHM (nm) 
 
 

Monomer 

DFS 547 90 
ScatFDTD 542 59 
AbsFDTD 532 54 
ScatMie 547 81 
AbsMie 530 74 

 
 

Dimer 

DFS 652 69 
ScatFDTD 652 60 
AbsFDTD 647 63 
ScatGMT 652 44 
AbsGMT 646 49 
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Q. PL Lifetime Analysis  

i. Time-correlated single photon counting (TCSPC) measurements 

TCSPC measurements were performed using a home-built inverted microscope.  Briefly, 

light from a pulsed laser (WhiteLase micro Compact Supercontinuum, Fianium, Beverly, MA) 

with a 6 ps pulse width and 20 MHz repetition rate was collimated and expanded to overfill the 

back aperture of an oil immersion microscope objective (Plan-Apochromat, Zeiss: 63X, NA = 

1.4) before reaching the sample. The excitation power density was adjusted to ~0.5 kW/cm2 

using neutral density filters (Thorlabs, NJ, USA). The excitation wavelength was selected from 

475 nm to 500 nm, while the detection wavelength ranged from 532 nm to 570 nm by using a 

combination of bandpass filters, longpass filters, and shortpass filters (Thorlabs, NJ, USA). The 

emitted photons were recorded by a micro photon device (MPD, PicoQuant, Germany) and 

processed by a TCSPC board (TimeHarp 200, PicoQuant, Germany). 
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Figure S15. TCSPC measurements of a single AuNS. (A) PL decay of a AuNS monomer (164 
ps, green solid line) is compared to the instrument response function (163 ps, blue dotted line) 
obtained via scattering by the background. The match between these two decays indicates that 
the PL lifetime of a single AuNS is shorter than the instrument function and cannot be resolved 
using our TCSPC setup. To verify the correct operation of our setup, we also measured the 
fluorescence lifetime of a single dye bead (carboxylate-modified microspheres, 0.2 µm, 
LifeTechnologies, NY, USA) as shown in the inset (magenta). The lifetime of the dye bead was 
calculated to be 3.3 ns according to an exponential fit (black). (B) Corresponding photon count 
trajectories of the AuNS PL and background. 

 

ii. Estimation of PL and radiative lifetimes 

 For molecular systems, the PL lifetime ( ) that is measured by TCSPC is determined by 

the sum of the radiative decay rate ( ) and the non-radiative decay rate ( ) according to 

equation 8:11 
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	                                                               (8) 

where is the radiative lifetime and  is the non-radiative lifetime. 

The non-radiative decay of excited electrons in metal nanostructures is on the order of 1 

ps, as determined by femtosecond transient absorption spectroscopy.12 As such, the PL lifetime is 

expected to be on the same order of magnitude, unless the radiative lifetime is even faster. This 

result is consistent with our experimental TCSPC results. TCSPC is unable to measure PL 

lifetimes shorter than tens of picoseconds at best due to the time resolution of detectors and 

acquisition electronics.  

Furthermore, the PL lifetime is related to the quantum yield (Φ) and the radiative lifetime 

( ) according to equation 9: 

Φ                                                               (9) 

Considering the measured quantum yield of 10-6 and a non-radiative lifetime of 1 ps, the 

radiative lifetime for AuNSs  is approximately 1 µs: 

10 10                               (10) 
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