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ABSTRACT: The strong light-matter interactions between dyes and plasmonic nanoantennas 

enable the study of fundamental molecular-optical processes. Here, we overcome conventional 

limitations with high-throughput single-molecule polarization-resolved microscopy to measure 

dye emission polarization modifications upon near-field coupling to a gold nanorod. We determine 

that the emission polarization distribution is not only rotated toward the nanorod’s dominant 

localized surface plasmon mode as expected, but is also unintuitively broadened. With a reduced-

order analytical model, we elucidate how this distribution broadening depends upon both far-field 

interference and off-resonant coupling between the molecular dipole and the nanorod transverse 

plasmon mode. Experiments and modeling reveal that a nearby plasmonic nanoantenna affects dye 

emission polarization through a multicolor process, even when the orthogonal plasmon modes are 

separated by approximately three times the dye emission linewidth. Beyond advancing our 

understanding of plasmon-coupled emission modifications, this work promises to improve high-

sensitivity single-molecule fluorescence imaging, biosensing, and spectral engineering. 
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Nanoantennas couple the far field to the near field by converting propagating waves to 

localized fields.1 Understanding and measuring how optical nanoantennas couple to their local 

environment is a critical step toward controlling and enhancing near-field properties for 

applications as diverse as biosensors,2,3 light-emitting devices,4,5 surface-enhanced Raman 

spectroscopy,6,7 and super-resolution microscopy.8-11 Noble metal nanoparticles respond strongly 

to light and are efficient nanoantennas. Upon optical excitation, localized surface plasmons 

(LSPs)—collective oscillations of the metal conduction-band electrons—are created at the 

nanoparticle surface and concentrate radiation into intense near fields through which optical 

processes in the surrounding local environment can be enhanced.  

One intriguing near-field effect of plasmonic nanoparticles is their ability to interact with 

nearby fluorescent dye molecules. Reported experimental and theoretical studies of the coupling 

of single dye molecules with metal nanoparticles have described how these nanoantennas modify 

the rate,9,12-17 spatial distribution,10,18,19 spectrum,14 and polarization8,20-25 of fluorescence 

emission. Single-molecule experiments, which avoid ensemble averaging,10 have further shown 

that single-molecule fluorescence emission is re-directed by a plasmonic nanoantenna,26 and 

recent theory has proposed that this so-called mislocalization can be attributed to the 

superposition and interference of the molecule and nanoantenna far-field emission as well as to 

the near-field coupling between the two emitters.19,27 In general, the excitation and decay of 

coupled fluorescent molecules and nanoantennas can be treated as separate processes as there is 

no coherence between plasmon-coupled molecular absorption and emission,14,28 and experiments 

have shown that emission mislocalization is independent from enhanced absorption.26,29  

Despite this research activity, the interaction between nanoantennas and nearby 

molecules is still not fully understood. Previous studies have demonstrated that emission 
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polarization of a single emitter can be modified by the orientation of a nearby asymmetric 

nanoantenna such as a nanorod or Yagi-Uda antenna.21,23,25 Here, we extend these previous 

studies by using Points Accumulation for Imaging in Nanoscale Topography (PAINT) 

experiments8,31-33 to sample thousands of molecules that transiently adsorb on the coverslip near 

each antenna. We also explicitly subtract the contribution of plasmonic particle 

photoluminescence,34 and develop novel understanding of how this dye-nanoantenna coupling 

influences the polarization of emitted light by combining single-molecule experiments with a 

reduced-order analytical model. The model results not only agree with simulation and provide a 

faster route to polarization prediction, but elucidate the mechanisms underlying emission 

polarization modification from a coupled dye-antenna system by isolating effects from the 

nanoantenna’s two orthogonal dipole plasmon modes. The model also reveals the contributions 

to emission polarization from near-field coupling and far-field interference, both of which vary 

differently with dye-nanoantenna position and orientation. 

More specifically, we investigate the polarization changes that result from plasmon-

coupled emission by measuring the emission polarization of single dye molecules coupled to 

individual plasmonic nanorods. By correlating the single-molecule emission polarization angle 

with the nanorod orientation and fluorescence wavelength, we observe that the molecular 

emission polarization is significantly rotated toward the angle of the nanoantenna dominant 

plasmon mode as previously reported,20-25 and can be as large as 90°. We use single-molecule 

polarization-resolved microscopy to measure the angle distribution of this “mispolarization” for 

two different dyes—one red, Cy5.5 (λmax = 710 nm) and one bluer, Cy3 (λmax = 570 nm), and we 

find that measurable mispolarization occurs even when off resonance from the plasmon. This 

emission effect is therefore different from the fluorescence intensity and fluorescence emission 
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spectrum, which are affected by both plasmon-coupled absorption and plasmon-coupled 

fluorescence emission.26  

Single-molecule polarization-resolved microscopy. To measure the emission polarization of 

single dye molecules coupled to gold nanorods, we achieve a sparse distribution of fluorescent 

molecule detections by placing a drop of nanomolar dye solution over a nanorod-coated 

coverslip (Fig. 1a). In this PAINT experiment,8,31-33 most molecules diffuse rapidly in solution 

and are not detected by the camera (at 10 frames/s); only those molecules that transiently adsorb 

on the coverslip are captured by the camera. The high magnification of the microscope (160 

nm/imaging pixel) and low concentration of dye molecules enable us to characterize one 

molecule at a time. A polarizing beam displacer (PBD) in the emission pathway of our single-

molecule microscope (Fig. 1a) separates the emission into two orthogonally polarized output 

beams, which are then offset from one another and projected onto the camera (white “Center 

channel” and “Off-center channel” boxes in Fig. 1a). In this two-channel, one-camera setup, the 

emission from each single dye molecule appears in two channels (e.g., cyan circles in Fig. 1a), 

but the intensity is different in each channel. The apparent emission polarization angle, ϕapparent, 

of each fluorescent molecule and photoluminescent nanorod is thus related to the intensity ratio 

recorded in these two channels according to: 

 𝜙ୟ୮୮ୟ୰ୣ୬୲ ൌ tanିଵ ට
⟨ூ౥౜౜షౙ౛౤౪౛౨⟩

⟨ூౙ౛౤౪౛౨⟩
 (1) 

where ⟨𝐼ୡୣ୬୲ୣ୰⟩ and ⟨𝐼୭୤୤ିୡୣ୬୲ୣ୰⟩ are the detected intensities in the center and off-center images, 

respectively, integrated over a diffraction-limited area. This expression maps all angles into the 

first quadrant (between 0 and 90°) because phase information is lost from both field components.  
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Single-molecule polarization-resolved microscopy measures the average emission 

polarization in the image plane, which corresponds to the physical dipole orientation for isolated 

single emitters (dye molecules or nanorods) lying flat on the microscope coverslip. The dark-

field scattering of the nanorod (blue curve) is strongly polarized along the nanorod longitudinal 

axis and is consistent with the nanorod having a larger polarizability along its long axis.14,35,36 

This angle is measured with respect to the PBD axis. In these microscopy experiments, the large 

numerical aperture (NA) objective produces some intensity cross-talk between the channels. This 

cross-talk is demonstrated in full-field electromagnetic simulations in SI Fig. S1. 

We use the two-channel experiment to investigate how detuning the dye emission 

spectrum from the nanorod LSP spectrum affects the emission polarization from the coupled 

dye-nanorod system. For gold nanorods, the single-nanorod PL polarization has been found to 

closely resemble the dominant, longitudinal LSP mode, observed in dark-field scattering.37,38 The 

fluorescence emission spectrum of the red dye Cy5.5 (Fig. 1b; solid red line) overlaps with the 

nanorod longitudinal LSP scattering resonance (Fig. 1b; blue line). The intensity of the 

longitudinal LSP mode, which peaks at 700 nm, is much stronger than transverse mode, which 

peaks at 560 nm (Fig. 1b; blue line). Therefore, by exciting the dye with a 635-nm laser, whose 

wavelength is far detuned from the nanorod LSP resonance (Fig. 1b; red arrow), we avoid 

fluorescence absorption enhancement to isolate the effects of coupling in the fluorescence 

emission. As a control experiment, similar measurements were performed with the red dye Cy3 

whose emission and excitation peaks are both far detuned from the longitudinal LSP resonance 

(Fig. 1b; yellow lines).  
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Figure 1. Experimental setup and spectral design. (a) Single-molecule polarization-resolved 
microscopy experiment setup. A low-concentration dye solution is excited by circularly 
polarized laser illumination (yellow). A polarizing beam displacer (PBD) separates the emission 
(red) into two orthogonally polarized output channels (white boxes; the white arrows indicate the 
polarization direction). The cyan circles indicate the same molecule detected in both channels. 
(b) Dark-field scattering spectrum of an isolated nanorod immobilized on a coverslip (blue); 
Cy3.5 fluorescence excitation and emission spectra (yellow dashed and solid lines, 
respectively); Cy5.5 fluorescence excitation and emission spectra (red dashed and solid lines, 
respectively). Yellow and red arrows indicate the excitation wavelengths for Cy3 and Cy5.5 
respectively.  

Detection of plasmon-induced emission polarization rotation from resonantly coupled dye 

molecules. We selected a group of seven nanorods with different orientations determined by Eq. 

(1) and measured the fluorescence polarization of single Cy5.5 molecules near each NR. The 

dark-field scattering spectra and relative angles of those nanorods are displayed in SI Fig. S2. 

Each system was rotated three times to sample 21 different nanorod orientations relative to the 

PBD axis. Simulation and model results show that molecules located more than 150 nm from the 

center of the nearest nanorod experience negligible mispolarization or mislocalization, and 

therefore these molecules experience no significant plasmonic interaction.33 We refer to 

molecules located more than 400 nm from the nanorod centers as “Off-nanorod” and molecules 
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located within 120 nm of the nanorod centers “On-nanorod” molecules. Intermediate molecules 

were not considered to allow differentiation between the two populations. 

For the Off-nanorod molecules, the distribution of emission polarizations measured for 

the Off-nanorod Cy5.5 dyes (Fig. 2a) peaks at 45°. Since the molecules adsorb non-specifically 

to the surface with no known favored orientation, purely z-oriented emitters would contribute 

equally in the x and y channels, leading to an artificially enhanced 45° population. Moreover, this 

symmetrically peaked distribution is also attributed to artifacts introduced in background-

subtraction that systematically invalidate data points at low or high angles due to signal-to-noise 

constraints. Additionally, even in the absence of noise, the polarization cross-talk generated by 

the high NA objective bounds the angle domain to ~17° – 73°. A quantitative analysis of these 

artifacts is presented with simulated single-molecule data in SI Fig. S3. We also investigated 

whether this peak is due to a physical rotation of the molecules on the coverslip surface, but we 

found no significant time-dependent broadening of the distribution within the imaging frame 

integration time of the experiment, 100 ms/frame (SI Fig. S4), which supports the assumption of 

each molecule having a well-defined dipole moment orientation.  

For the On-nanorod molecules, Fig. 2b-c shows the distributions of measured 

polarizations for On-nanorod Cy5.5 molecules, in which the nanorod longitudinal axis is oriented 

at 67° and 28°, respectively (black arrows). Though the physical orientation of the Cy5.5 

molecules here is random as in the Off-nanorod case (Fig. 2a), the polarization distributions in 

Fig. 2b and c are shifted away from the 45° peak in Fig. 2a, and toward the nanorod orientation. 

The distributions of the On-nanorod Cy5.5 molecules of all 21 nanorod orientations are given in 

SI Fig. S5.  
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Figure 2. Characterization of Cy5.5 and Cy3 molecule apparent polarization angles, ϕapparent. (a, 
d) Emission polarization angle distributions of Off-nanorod Cy5.5 and Off-nanorod Cy3 single 
molecules, respectively, and Gaussian curve fits. (b, c) Emission polarization angle of On-
nanorod Cy5.5 single molecules. (e, f) emission polarization angle of On-nanorod Cy3 single 
molecules. Each histogram in (a – f) collects the apparent emission polarization angles of 2,000 – 
6,000 single molecules. The black arrows in b, c, e, and f indicate the measured orientation angle 
of the nanorod. The vertical dashed lines in e and f indicate 45°. The histograms in b, c, e, and f 
are fit to the sum of two Gaussian curves: the blue one has center and width corresponding to the 
blue curve in a or d, and the red one is not constrained. (g) Measured Cy5.5 average polarization 
angles vs. nanorod orientation angle. Each point comes from the peak of a red curve as in b and 
c. (h) Skewness of the measured Cy3 molecule emission polarization angle distribution vs. 
nanorod orientation angle.  

The On-nanorod distributions (Fig. 2b-c, SI Fig. S5) still include some molecules very 

weakly coupled to the nanorod due to the dependence of coupling both on separation and 

orientation.27 To quantify the On-nanorod distribution shifts, we fit the emission polarization 

distribution to the sum of two Gaussian distributions: the blue curves in Fig. 2b-c, and SI Fig. S5 

have center and width corresponding to the blue fit in Fig. 2a, and the red curves represent the 
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ϕapparent distribution of the truly coupled On-nanorod Cy5.5 molecules. The peak angles of these 

21 red curves are compared to the nanorod longitudinal axis orientation in Fig. 2g. In Fig. 2g, it 

is evident that the molecular ϕapparent has a bias toward the nanorod longitudinal axis, in 

agreement with the simulation (SI Fig. S6). Furthermore, resonant coupling to the nanorod leads 

to an average 2-fold enhancement in PL intensity; this enhancement is greatest when ϕapparent is 

aligned with the nanorod angle (SI Fig. S7).  

Polarization-sensitive detection of off-resonance molecular emission. As a control experiment, 

we investigated the single-molecule polarization of Cy3 molecules. Off-nanorod Cy3 molecules 

also appear to adsorb on the coverslip surface without preferred orientation, based on their 

ϕapparent distribution that peaks at 45° (Fig. 1d). Even in this off-resonance case, the On-nanorod 

polarization angle distributions are shifted away from the 45° peak (dashed lines in Fig. 1e-f) and 

toward the nanorod orientation (black arrows in Fig. 1e-f). For instance, the nanorod aligned at 

25° in Fig. 1e shifts the distribution to the left relative to 45° and the nanorod aligned at 74° in 

Fig. 1f shifts the distribution to the right of 45°. The dark-field scattering spectra and relative 

angles of the nanorods are given in SI Fig. S8 and the full set of polarization distributions is 

given in SI Fig. S9. Interestingly, though the Cy3 spectrum is significantly detuned from the 

longitudinal LSP mode of the nanorod (Fig. 1b), the emission polarization rotates in the direction 

of the much stronger longitudinal mode. Still, this coupling is much weaker than that observed 

for the resonantly coupled Cy5.5 molecules. Thus, we characterize the shift by calculating the 

skewness of the polarization distributions: Fig. 2e shows a positively skewed distribution and the 

Fig. 2f distribution has a negative skewness. In Fig. 2h, the skewness from Cy3 emission 

polarization distributions for all 21 nanorod orientations is compared to the nanorod longitudinal 

axis orientation. There is a strong negative linear correlation between skewness and nanorod 
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orientation (Pearson’s correlation coefficient = −0.74, p-value = 0.0001). Even in this off-

resonant coupling, the longitudinal nanorod LSP mode modifies the Cy3 emission polarization. 

This observation is consistent with simulation (SI Fig. S10). Accordingly, no obvious 

fluorescence enhancement is found for On-nanorod Cy3 (SI Fig. S7).  

Coupled dipole interaction model. Because the true location and orientation of individual 

molecules are obscured by plasmon coupling and the interference of emitted or scattered fields, 

current experiments are unable to relate these effects to the configuration-dependent interaction 

between molecule and plasmonic nanorod. We therefore turn to a simple analytical model of 

both the near-field interaction and far-field radiative emission to elucidate the essential 

details.15,27 With the model, the effects of the nanorod longitudinal and transverse dipolar LSP 

modes are independently studied for molecules at specified locations and orientations. The 

individual influence of each mode on the observed mispolarization can then be explicitly 

isolated, along with its dependence on interference effects.  

The fluorescence emission from the nanorod-coupled molecule is modeled as two 

coupled electric dipoles radiating into the far field. The governing dynamical equations for the 

molecule emissive transition dipole 𝐩଴ and the induced plasmon dipole 𝐩ଵ are 

 𝐩଴ ൌ 𝜶଴ ⋅ ൫𝐄ி ൅ 𝐄ଵሺ𝐱଴ሻ൯, (2) 

 𝐩ଵ ൌ 𝜶ଵ ⋅ 𝐄଴ሺ𝐱ଵሻ. (3) 

The orientation-dependent optical responses of the molecule and nanorod are encoded by their 

respective linear dyadic polarizabilities, 𝜶௜. The fictitious harmonic field 𝐄ி ൌ 𝐸଴𝐞ො௫𝑒ି௜ఠ௧ drives 

only the molecular transition dipole, which forces both dipoles to oscillate harmonically and 

represents the continuous population of the molecule emissive state by absorption of the 
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excitation laser and subsequent fluorescence relaxation. The molecule and plasmon are coupled 

by the fully retarded dipole fields, 𝐄௜൫𝐱௝൯ ൌ 𝐆൫𝐱௝, 𝐱௜൯ ⋅ 𝐩௜, generated by the ith dipole evaluated 

at the location of the jth dipole; here 𝐆 is the standard electric dipole relay tensor (Supplementary 

Note 1).39 Upon substituting 𝐄௜൫𝐱௝൯ for the dipole fields in Eqs. (2) and (3), the coupled 

equations can be solved to yield the complex dipole moments containing both oscillation 

magnitude and phase as functions of the polarizabilities and dipole-dipole orientation 

(Supplementary Note 1 and SI Fig. S17). 

With an analytical relationship between the two dipole moments, the dyadic 

polarizabilities can be parameterized from spectra of the uncoupled molecules and nanorod. For 

this purpose, the molecule emissive dipole transition is modeled by a Lorentz oscillator 

polarizable only in one direction fixed by the molecular orientation; i.e., 𝜶଴ ൌ 𝐞ො௫𝛼୫୭୪𝐞ො௫ in the 

reference frame of the molecule. The nanorod is approximated as a prolate spheroid in the 

modified long-wavelength approximation,40 with polarizability 𝜶ଵ ൌ 𝐞ො௫ᇲ𝛼ୱ୦୭୰୲𝐞ො௫ᇲ ൅

 𝐞ො௬ᇲ𝛼୪୭୬୥𝐞ො௬ᇲ ൅ 𝐞ො௭ᇲ𝛼ୱ୦୭୰୲𝐞ො௭ᇲ in the basis aligned with the nanorod principal axes. The prolate 

spheroid geometry idealizes the true nanorod geometry to allow for a closed form solution to 

Maxwell’s equations including radiation damping for the dipolar LSPs. Both components of 𝜶ଵ 

are parameterized by the two unique semi-radii of the cylindrical nanorod (here 44 nm and 20 

nm) and three material parameters built into the Drude model dielectric function describing the 

electronic responses of bulk gold (Supplementary Note 2 and SI Fig. S17).  

To compute the two-channel diffraction-limited images generated by the PBD, the fields 

emitted by the coupled dipoles in Eq. (2) and (3) are propagated through an idealized 

microscope. The resulting image contains the superposition of the focused and diffraction-
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limited fields, 𝐄଴
୧୫ and 𝐄ଵ

୧୫, which are proportional to each dipole moment respectively 

(Supplementary Note 3). In accordance with our experiment, orthogonal polarization 

components of the total field are split to form separate images, each with the form: 

 𝐼௤ ൌ ௖௡

଼గ
ሺห𝐄଴

୧୫ ⋅ 𝐞ො௤ห
ଶ

൅  ห𝐄ଵ
୧୫ ⋅ 𝐞ො௤ห

ଶ
൅ 2 𝑅𝑒ሾ𝐄଴

୧୫ ⋅ 𝐞ො௤ 𝐄ଵ
୧୫ ⋅ 𝐞ො௤ሿሻ, (4) 

where 𝑞 𝜖 ሼ𝑥, 𝑦ሽ are analogous to the center and off-center experimental image channels, c is 

the speed of light in vacuum, and n is the refractive index of the background medium (here 

water). Combining this polarized image intensity with Eq. (1) makes explicit how the average 

emission polarization measured in experiment is determined by the orientation-dependent relay 

tensor 𝐆 that influences the dipole moment magnitudes and phases according to Eqs. (2) and (3). 

The polarizabilities in the latter equations are parametrized from the independent dye emission 

and nanorod scattering spectra. By assuming the nanorod location and orientation are 

determined, Eq. (4) provides an analytical measure of the imaged intensities and observed 

polarization as a function of molecule position and orientation.  

Analysis of the isolated contributions from the transverse and longitudinal LSP modes and 

interference. By manually setting the short- or long-axis components of the nanorod 

polarizability to zero in the model, the independent contributions of the transverse and 

longitudinal LSP modes on ϕapparent can be studied. As in the experiments, ϕapparent (Eq. (1)) maps 

onto an angle range slightly smaller than 0 – 90° due to the inherent cross-talk. In both the 

analytical model and the simulations, the calculated polarization is mapped back onto a 0 – 90° 

range by inverting the one-to-one mapping between the true dipole orientation in plane and 

ϕapparent (SI Fig. S1). To determine how interference affects the PBD-resolved emission 

polarization16, we also compare the full emission polarization with that produced by the isolated 
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plasmon modes in the absence of the interference term in Eq. (4). Four geometries are studied: 

0°-oriented molecular dipoles analogous to Cy5.5 (i.e., parallel to and resonant with the 

longitudinal LSP mode), 0°-oriented molecular dipoles analogous to Cy3 (i.e., parallel to and off 

resonance with the longitudinal LSP mode), 90°-oriented dipoles analogous to Cy5.5 (i.e., 

perpendicular to and resonant with the longitudinal LSP mode), and 90°-oriented dipoles 

analogous to Cy3 (i.e., perpendicular to and off resonance with the longitudinal LSP mode); SI 

Figs. S11 – S14. 

The most significant mispolarization is shown in the configuration of the 0°-oriented 

molecular dipoles resonant with the longitudinal LSP (Fig. 3a). Fig. 4b-c shows the 

decomposition of the ϕapparent of these molecules by projecting onto either the transverse or 

longitudinal LSP modes in isolation. Comparing among the panels in Fig. 3, it is clear that the 

experimentally measured skew of molecule emission polarization toward the nanorod long axis 

displayed in Fig. 2 is mostly due to superposition of the longitudinal plasmon mode scattering 

with the molecular emission. Molecules not aligned with the main nanorod axis still couple to 

and drive the long-axis dipole plasmon, which emits mostly light polarized along its axis and 

biases the average polarization across an image in its favor. However, similar polarization maps 

for 90°-oriented dipoles resonant with the longitudinal LSP (Fig. 3d-i) show that the influence of 

the longitudinal LSP upon ϕapparent is more complicated: as in the case for 0° orientation, the 

longitudinal LSP strongly mispolarizes the molecular emission toward the longitudinal LSP 

mode (aligned along the y-axis) by superposition with fluorescence emission redirected through 

the plasmon (Fig. 3d-f); additionally, for the 90° case, the longitudinal LSP mode mispolarizes 

dipoles that are parallel to y-axis toward the transverse mode axis (aligned along the x-axis) 

orientation because of destructive interference effects in the y-oriented fields (Fig. 3g-i). This 
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Figure 3. Mispolarization map calculated from the coupled-dipole model. (a) – (c) ϕapparent maps 
corresponding to 0°-oriented molecular dipoles resonant with the longitudinal LSP. (d) – (i) 
ϕapparent maps corresponding to 90°-oriented molecular dipoles that are also resonant with the 
longitudinal LSP. The black and green arrows indicate the longitudinal and transverse LSP 
modes, respectively, of the nanorod. The tan shapes in (a) – (i) represent a quarter of the 
simulated nanorod. The black dashed outline represents the prolate spheroid model of the 
nanorod (best fit geometric and material parameters are given in Supplementary Note 2). 
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interference effect results from the far-fields of the molecule and nanorod that are parallel to 

their dipole moments being out of phase, thereby turning the last term in Eq. (4) negative for 

both components, which reduces the argument of the arctangent in Eq. (1) and therefore reduces 

the observed polarization angle below 90. The transverse plasmon mode produces 

mispolarization of 90 molecules close in proximity to its dipole moment by superposition 

similar to how the longitudinal mode mispolarizes x-oriented molecules. However, as the electric 

field of the transverse LSP mode is much weaker than that of the longitudinal mode, the 

transverse mode does not change the polarization as much as the longitudinal mode even for 

resonant molecules (SI Fig. S13).  

 

Figure 4. Comparison of the best fit results for dipole position (green) and polarization (colored 
arrows) determined in simulated diffraction-limited images (at a single frequency matching the 
longitudinal LSP peak in SI Fig. S18) of 23 simulated single-molecule dipoles (black dots) 
oriented parallel to the x-axis and placed near a nanorod (shaded tan) up to 150 nm away from 
the center of the nanorod. (a) Gaussian localization of the total intensity paired with molecule 
orientation as would be determined by polarization-resolved microscopy reveals the familiar 
mislocalization of x-oriented molecules mostly toward the nanorod (apparent locations marked 
by green dots connected to the true molecule location in black) is accompanied by 
mispolarization of the molecules due to superposition of fluorescence emission redirected 
through the nanorod. (b) Least-squares fit of the model-generated images to simulated images.  
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Model fit for extraction of molecule polarization and location. Previous work demonstrated that 

plasmon-induced deformation of single-molecule fluorescence produces a difference between the 

true and apparent single-molecule position27 and polarization.21,23,25 Here, we measure single-

molecule polarization with high-throughput experiments and demonstrate how to model the 

observable ϕapparent analytically. The model-generated image (Eq. (4)) can also be used as a 

simultaneous localization and polarization fit function to recover the true position and orientation 

of nanorod-coupled dye molecules. Fig. 4 compares the accuracy of molecular polarization and 

location determined by a least-squares model fit to simulated images (Fig. 4b) with that 

determined by the PBD and typical Gaussian fitting (Fig. 4a). The molecules in Fig. 4 are 

aligned along the x-axis (0°); other geometries are considered in Supplementary Note 3 and SI 

Figs. S19 – S21. For the model fits in Fig. 4b, the molecule and nanorod dipoles are 

parametrized, leaving only three fit parameters for residual minimization: the x and y coordinates 

of the molecular transition dipole relative to the center of the nanorod, and the dipole angle. 

The model-based localization and polarization significantly outperforms Gaussian 

localization and effectively eliminates the mispolarization observed in ϕapparent for all molecules 

studied here except those closest to the nanorod corner. The mislocalization error is greatly 

reduced because, unlike Gaussian fitting, the molecule location is estimated with full knowledge 

of the interaction and configuration-dependent far-field radiation pattern produced by coupled 

dipoles. Any error left in the determined molecule location is not due to convolution of molecule 

and nanorod emission, but is likely a due to the slight deficiency of the Drude model dielectric 

function for describing the optical response of gold in the frequency range spanning the 

longitudinal and transverse mode resonances (SI Fig. S18). Although a model dielectric function 

with greater predictive power and more fit parameters can easily be employed, the degree of 
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success achieved here demonstrates that the relevant physics underlying the diffraction-limited 

image of coupled molecule and nanorod can be qualitatively captured with only the three Drude 

material parameters. 

The in-plane molecule orientation is determined by the model fit in a qualitatively 

different manner from the way ϕapparent is calculated. While the latter is a measure of the average 

polarization of a dye molecule in the focused image field, the model fit angle is a direct 

estimation of the orientation of the molecule emissive transition dipole moment during the time 

span of photon collection. At close molecule-nanorod separations, the localization provided by 

the model fit seems to be no more reliable than Gaussian fitting. This fitting error is due to the 

simplicity of the model rather than the fitting process. For instance, greater accuracy could be 

achieved by including the nanorod quadrupolar LSP response which becomes increasingly 

important at close proximity.  

In conclusion, using high-throughput single-molecule polarization-resolved microscopy, 

we have discovered that emission polarization is a measure of the coupling strength between 

molecular emitters and plasmonic nanoantennas. The stronger the coupling of the molecule to a 

plasmonic nanoantenna, the more the molecule emission polarization will rotate toward the 

polarization of the nanoantenna LSP mode. While this effect is apparent for an ensemble of 

single molecule measurements, simulations and analytical modeling demonstrate that the 

mispolarization of single molecules with known location and orientation is much more 

complicated. ϕapparent is rotated both toward and away from the nanorod long-axis by two distinct 

physical phenomena, even for molecules that are resonant with the nanorod longitudinal LSP 

mode. Either constructive or destructive interference can dominate depending on the molecule 

orientation and location relative to the nanorod.  
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Significantly, the emission polarization is a more sensitive measure of coupling than 

fluorescent intensity enhancement because, even for weakly coupled Cy3 where no apparent 

fluorescent enhancement is observed, the emission polarization change is appreciable. The 

complex relationship between ϕapparent and the configuration-dependent electromagnetic 

interaction between molecule and nanorod facilitates simultaneous extraction of molecule 

orientation and location by fitting an analytical model of the coupled-dipole image to 

experimental data. The model developed exceeds the accuracy of the best fits achieved through 

standard Gaussian localization as well as PBD-based determination of the in-plane polarization 

angle for simulated molecule-nanorod images. Future work will use this model fit to extract the 

true molecule location and orientation from experimental images. 

Associated Content 

The Supporting Information is available free of charge on the ACS Publications website 

at DOI: …  

Details of the experimental and computational methods, description of experimental 

corrections, dark field scattering spectra of the nanorods, measured emission polarization angle 

distributions of all Cy5.5 and Cy3 molecules, simulated apparent emission polarization 

distributions, single-molecule fluorescence enhancement measurements, apparent emission 

polarizations from electrodynamics simulations at the Cy3 and Cy5.5 wavelengths and in two 

orthogonal directions, detailed description of the analytical model: the two coupled dipole model, 

the polarizability, and the diffraction-limited dipole image fields, supplementary references. 
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