
Chapter 2
1D Nanowire Synthesis: Extending
the OWL Toolbox with Semiconductors
to Explore Plasmon-Exciton Interactions
in the Form of Long-Range Optical
Nanoscale Rulers

2.1 Introduction

Förster resonant energy transfer (FRET) between molecular fluorophores has been
commonly used to measure the distance between molecular entities within bio-
logical systems [1, 2]. The technique, however, is limited to the sub-10 nm range
[1, 2]. To access longer distances, “rulers” based upon plasmonic architectures have
been developed. Indeed, techniques that focus on surface-enhanced
Raman-scattering (SERS, surface-to-molecule, sub-20 nm) [3], nanoparticle-based
surface energy transfer (surface-to-molecule, sub-50 nm) [4–6] photoluminescence
(PL) lifetime (surface-to-molecule, sub-50 nm) [6] and optical coupling between
plasmonic dimers (particle-to-particle, sub-100 nm) [7–13] have all been developed
for measuring distances on the nanoscale. These structures are often referred to as
optical rulers and have strengths and weaknesses depending upon intended appli-
cation. They are either limited in terms of distance that can be measured or the
requirement of two metal particles.
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The structures that utilize plasmonic particle-fluorophore pairs are quite inter-
esting because they provide a variety of physical parameters that can be influenced
by the juxtaposition of these two types of materials [14]. For example, because of
their intense and highly localized electromagnetic fields, plasmonic nanostructures
can significantly enhance important processes, including photo- and
electro-luminescence [15], photoelectric response [16–18] and photocatalytic
activity [16, 19–21]. In particular, plasmonic nanoantennas can be used to modulate
the rate [22, 23], intensity [24–26] direction [27], polarization [28–32] and spectral
shape [33–36] of the spontaneous emission of neighboring luminescent emitters.
Since the emission of a strongly-coupled fluorescent/plasmonic pair carries char-
acteristics from both components, such structures are often referred to as plas-
mophores [14]. Since the plasmon-exciton interaction governing the plasmophore
emission is affected by: (i) the overlap of both the absorption and the emission
bands of the fluorescent material with the surface plasmon resonance (SPR) of the
plasmonic structure, (ii) the near-field intensity generated by the plasmonic con-
struct, and (iii) the distance between the two structures, one can therefore design
efficient optical rulers by using specific pairs of plasmonic and luminescent
nanostructures [5, 6, 37]. Indeed, the distance-dependent plasmonic modulations of
both the PL lifetime and intensity of fluorophores have been measured and used to
construct medium-range nanoscale rulers (i.e. sub-50 nm) [5, 6, 37]. However, the
effect of distance on the plasmon-induced modification of the PL spectral shape of
luminescent emitters has never been studied. Herein, we take advantage of the
strong plasmonic fields generated by gold nanorods to develop the first long-range
“plasmophore rulers” (valid up to 100 nm) based on the distance-dependent
modulation of the emission shape of a luminescent object by a resonant plasmonic
nanorod. In addition, we use On-Wire Lithography (OWL) to systematically study
the optical responses of plasmonic nanostructures separated by nanoscopic dis-
tances from fluorescent semiconducting materials. This geometry, easily accessible
by OWL, provides for a test-bed to study the influence of the plasmonic structure on
the PL of the neighboring fluorescent materials. A theoretical model of the results is
presented which both quantitatively describes the results and shows how plasmon
enhancements are responsible for the observed variation of lineshape with gap size,
rod length and other structural parameters.

OWL was invented in 2005 for synthesizing one-dimensional arrays of metal
nanorods with deliberately designed nano- and micronscale gaps (Fig. 2.1) [38–41].
Recently, we developed a strategy for making structures with diameters as small as
35 nm [42]. This technique involves the sequential electrodeposition of conductive
materials within porous anodic aluminum oxide (AAO) membranes to generate
striped nanowires with segment lengths ranging from one nanometer to a few
microns. OWL can be used to generate solution-processable ordered arrays (as
opposed to surface patterning techniques such as e-beam lithography) [43] that are
stable in the solid-state and can be made of different materials. The versatility of
OWL has allowed for the fabrication of a wide variety of structures that have led to
advances in organic electronics [44, 45], SERS, [46–49] plasmonics [42], and
biosensing [46–49]. Thus far, OWL has been primarily used to fabricate metal
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nanostructures (i.e. Pt, Au, Ag and Ni), mostly because they are easily plated from
solution and often form stable nanostructures [38, 41, 42, 47].

This chapter describes the first synthesis of plasmonic metal and luminescent
organic polymer nanorod dimers based upon OWL, and we explore how such
structures can be used to create long range plasmophore rulers. Polythiophene
(PTh) was chosen as the luminescent material for its well-defined emission in the
visible spectrum [50]. For this study, the OWL method is critical as it allows one to
tailor the dimensions of the metal segment and therefore its SPR wavelength (from
visible to near-infrared), as well as the gap separating it from the luminescent
polymer segment (Fig. 2.1 and Fig. 2.2). This control becomes the basis for the
long range plasmophore rulers.

Fig. 2.1 OWLprocess. a (1) Release of themulti-segmented nanorods by etching theAAO template
and the metal backing. (2) Filtration on a porous membrane and sputtering of a thin Si3N4 backing
layer (light blue). (3) Chemical etching of the sacrificial layer (Ni, shown in black). b–e Electron
microscopy images of the structures made using OWL. b SEM image of Ni-Au-Ni-PTh rods (40 nm
diameter) before etching, scale bar: 200 nm. c Z-contrast STEM image of the Au-gap-PTh structure
made by etching the structure shown in B, scale bar: 50 nm. d SEM image of Ni-Au-Ni-PTh rods
(70 nm diameter) before etching, scale bar: 400 nm. e SEM image of the Au-gap-PTh structure made
by etching the structure shown in D, scale bar: 200 nm (Color figure online)
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2.2 Results and Discussion

The modification of the PTh emission by plasmonic antennas was studied by
measuring the solution-averaged PL of AuPTh nanorods (rod diameter: 40 ± 7 nm,
PTh disk length: 30 ± 10 nm, no gap) with various gold segment lengths. The
broad emission of the pure PTh corresponds to one electronic transition that has a
maximum (e1) at λ1 = 622 nm and a shoulder (e2) around λ2 = 660 nm, and which
overlaps well with the SPR of the Au rod (Fig. 2.2e). The Au rod SPR was varied
from 600 to 840 nm, corresponding to gold nanorod lengths ranging from 52 to
123 nm (aspect ratios AR = length/diameter varied from 1.27 to 3.24). The position
of the Au rod SPR strongly affects the shape of the PTh emission: it modifies the
relative intensities of e1 (I1) and e2 (I2) and significantly shifts the position of λ2
(Figs. 2.3). To clearly observe this change, all of the PL spectra were normalized at
e1. We use the ratio R2/1 = I2/I1 between the intensities of e2 and e1 to quantify the
modulation of the PTh PL by the Au antenna. R2/1 increases for SPR ranging from
600 to 695 nm, and decreases as the SPR is further red-shifted from the PTh
emission band (Fig. 2.4). When the SPR is centered at 695 nm (corresponding to a

Fig. 2.2 The long-range plasmophore ruler. a Schematic depiction of the plasmophore ruler
designed via OWL, composed of a gold nanorod and a polythiophene (PTh) nanodisk. The silicon
nitride backing acts as a rigid spacer holding the PTh disk at a fixed distance from the Au nanorod.
Control over the Au and PTh segment lengths (sM and sSC, respectively), the diameter of the rods
(d) and the gap length (g) is demonstrated. (b, SEM) and (c, z-contrast STEM) are electron
microscopy images of the same hybrid structure composed of a Au nanorod and a PTh disk, whose
dimensions (d = 40 ± 7 nm, sM = 82 ± 5 nm and sSC = 30 ± 10 nm) have been optimized to
maximize the plasmophore ruler signal. The gap length of the structure shown in b and c is:
g = 43 ± 12 nm. Scale bars in b and c are 50 nm. d Solution-phase normalized absorbance
spectrum of the hybrid shown in b and c, with λSPR = 695 nm. e Solution-phase normalized
absorbance (dotted line, left axis) and PL (solid line, right axis) spectra of the pure PTh nanorods.
f PL spectra of hybrids excited at 440 nm (same dimensions as the one shown in b and c but with
different gap lengths) showing the distance dependence of the plasmonic modulation of the PTh
emission (red curve no gap, green curve g = 43 ± 12 nm, blue curve g = 140 ± 33 nm, magenta
curve g = 330 ± 31 nm) (Color figure online)
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Fig. 2.3 Modification of the polythiophene (PTh) PL by adjacent Au nanorods as a function of
the SPR wavelength. a PL spectra of Au nanorod/PTh disk structures (no gap, rod diameter:
40 ± 7 nm, PTh length: 30 ± 10 nm) with various gold segment lengths in Nanopure™ water.
Excitation wavelength: 440 nm. The curves were normalized to e1 (λ1 = 624 nm). The black
curve corresponds to the pure PTh emission (no Au rod). As the Au length is increased (curves
from left to right), the SPR red shifts (mentioned in black next to the PL curves) going from 600 to
840 nm. b Top SEM image of AuPTh hybrid—SPR centered at 695 nm corresponding to a Au rod
length of 82 nm. Bottom electric field maps of the simulated AuPTh hybrid (Au rod length: 82 nm
and diameter: 44 nm, PTh length: 30 nm), longitudinal polarization (along x axis). Scale bars:
100 nm. The difference in the strength of the electric field inside the PTh (white dashed lines in the
field maps) between the center and lower panels indicates the difference in coupling strength
between the gold and the PTh and is directly responsible for the increased emission at 681 nm as
compared to 627 nm. c Overlap between the absorbance (blue curve) and the PL spectra (magenta
curve, excitation wavelength: 440 nm) of a AuPTh hybrid (Au rod length: 82 nm)—SPR centered
at 695 nm. The pure PTh PL spectrum is shown as a reference (black curve). The curves were
base-lined and normalized for clarity. d DDA simulations of a AuPTh system similar to the
experimental one shown in Fig. 2.3b and c. Length of the gold segment is 82 nm and the diameter
is 44 nm. The length of the PTh segment is 30 nm. The simulated spectra (PL and absorbance, top
graph) have been obtained by averaging the PL and the absorbance over three different E-field
polarizations (along the three main axes)
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Au rod length of 82 nm), the modification of the emission band shape is the
highest. The position of the shoulder e2 shifts from 660 to 680 nm and R2/1

increases by 1.6 fold (going from ≈0.82 without the Au rod to ≈1.33).
The discrete dipole approximation (DDA) was used to model the AuPTh

nanorods (based on a reciprocity theorem analysis of the PL spectra where emission
enhancement can be directly related to increased radiative rate) [51–53]. The
AuPTh hybrid having an experimental λSPR = 695 nm (Au rod length: 82 ± 5 nm
and diameter: 40 ± 7 nm, PTh length: 30 ± 10 nm) was modeled with a AuPTh
structure having a theoretical λSPR = 695 nm (Au rod length: 82 nm and diameter:
44 nm, PTh length: 30 nm). The simulated emission of this AuPTh hybrid has
λ1 = 627 nm and λ2 = 681 nm, which are close to the experimental values (i.e.
624 nm and 680 nm, respectively). DDA simulations show that when the Au rod
SPR is centered at around 570 nm, the electric field strength integrated over the
volume of the PTh is approximately 1.02 times larger at 627 nm than at 681 nm
(Fig. 2.5). When the SPR band of the simulated AuPTh rod is centered at 695 nm,
it still overlaps with the PTh PL spectra and the electric field at 681 nm is 1.68
times higher than at 627 nm. In this case, R2/1 increases by 1.76 fold due to the
presence of the gold rod, which is similar to our experimental data (i.e. R2/1

increases by 1.6 fold for λSPR = 695 nm). This minor discrepancy between the
experimental and theoretical peak ratios may be explained by very small differences
in quenching between the e1 and e2 band. Overall, quenching is expected to be low
due to the large spatial extent of the electric field outside the nanoparticle, as
quenching is usually only substantive within several nm of the metal surface.
Recent experiments on a similar system, poly(3-hexylthiophene), have shown that

Fig. 2.4 Ratio between the PL intensity at e1 and e2 of the AuPTh nanorods as a function of the
SPR wavelength. The red dotted rectangle highlights the region investigated with the Au/gap/PTh
structures. The SPR of these hybrids was centered at 695 ± 15 nm, corresponding to an initial
value for AuPTh nanorods (without a gap) of R2/1 comprised between 1.33 and 1.25. The y-error
bars are due to the uncertainty in determining the ratio e2/e1 (Color figure online)
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essentially no quenching occurs at gold-dye distances above 10 nm [29]. As the
SPR shifts further to the red, the peak electric field strength increases (Fig. 2.5), but
the overlap between the electric field enhancement and the PL spectrum reduces
leading to a decrease of R2/1. Contours of the local field at λ1 (627 nm) and λ2
(681 nm) for simulated structures with a gold rod length of 82 nm (λSPR = 695 nm)
are presented in Fig. 2.3b, while Fig. 2.3d shows modeled DDA PL and absorbance
spectra analogous to the experimental results in Fig. 2.3c, as well as the breakdown
of the spectra into longitudinal and transverse components. The calculations are in
quantitative agreement with experiments. Therefore, the plasmonic modulation of
AuPTh nanorod PL depends on: (i) the relative value of I2 and I1 (i.e. R2/1) without
the Au rod and (ii) the difference in the electric field within the PTh segment at λ2
and λ1 (directly related to the spectral overlap between the SPR band and the pure
PTh PL spectrum). Recent experiments have demonstrated PL emission from pure
nanorods that follows the far-field scattering pattern of the longitudinal nanorod
SPR upon irradiation of either the transverse SPR, the interband transitions, or the
longitudinal SPR itself [54]. However, the quantum yield of the nanorod emission
is around 2 × 10−6 which is four orders of magnitude lower than the quantum yield
of the emission of polythiophene systems, typically around 10−2–10−1 [55]. We did
not observe any measurable PL from the pure Au nanorod solutions, and as such the
Au nanorod does not contribute significantly to the PL spectrum.

With OWL, we can study the long-range validity of this novel plasmophore ruler
by introducing a gap between the Au nanorod and the PTh segment. We use this
technique to create billions of highly monodisperse rods and obtain statistically

Fig. 2.5 DDA simulation of the effect of increasing the length of the gold segment (diameter:
44 nm) on the volume integrated electric field strength inside the PTh (PTh segment diameter:
44 nm and length: 30 nm). Note that the difference in intensity for the AR = 0.95 (Au
length = 42 nm) nanorod (λSPR = 570 nm) between 627 nm (the approximate location of e1) and
681 nm (the approximate location of e2) is negligible, whereas for AR = 1.86 (Au length = 82 nm)
case (λSPR = 695 nm), the volume integrated field strength increases dramatically between e1 and
e2. When the LSPR shifts past 695 nm, the difference in field strength between e1 and e2 reduces
and R2/1 reduces (see Fig. 2.4)
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significant data by doing solution-phase measurements that are ensemble-averaged
(the sample volume was 500 µL and the concentration of nanostructures was
estimated to be in the high picomolar concentration range).

To maximize the plasmonic modulation of the PTh PL, we studied Au
nanorod/gap/PTh nanodisk dimers having a SPR centered at 695 ± 15 nm (rod
diameter: 40 ± 7 nm, Au length: 82 ± 5 nm, and PTh length: 30 ± 10 nm). The
effect of the Au antenna on the PTh emission decreases as the PTh disk is located
further away from the Au rod (Fig. 2.2f). This is clearly observed when one
examined the dependence of R2/1 on the gap size, which can be fitted with a
single-exponential decay of the form

R2=1 ¼ a�exp(� g=sÞþ b ð2:1Þ

with τ = 42.7 ± 6.0, where g is the gap length (Fig. 2.6, black dotted line). DDA
simulations agree well with experimental data (Fig. 2.6, blue circles), with a decay
constant τ = 28.4 ± 1.8. A long-range interaction, which becomes negligible above

Fig. 2.6 Effect of the gap length on the plasmonic modulation of the polythiophene (PTh) PL.
Black squares (left axis): plot of measured R2/1 = I2/I1 as a function of the gap length, where I1 and
I2 are the PL intensities at e1 and e2, respectively. The Au rod/gap/PTh disk hybrids used for these
measurements had a SPR wavelength centered at 695 ± 15 nm. The diameter of the whole
structure was 40 ± 7 nm. The Au nanorod was 82 ± 5 nm long and the PTh disk was 30 ± 10 nm
long. Each data point corresponds to one solution of nanorods (i.e. one set of structures). The x-error
bars are the standard deviations of the gap lengths based on TEM measurements (more than 150
rods were measured for each sample). The y-error bars are due to the uncertainty in determining R2/1

from the PL curves. The dotted black line is a guide for the eye and corresponds to an exponential
decay fit. The point at x = ∞ corresponds to the pure PTh case (no Au rod). Blue circles (right
axis): DDA simulations of R2/1 for a Au/PTh system having similar absorbance and PL as the
experimental one shown in Fig. 2.3c. The Au segment is 82 nm long, and both the gold and the PTh
have a diameter of 44 nm. The length of the PTh segment is 30 nm. The solid blue curve is a guide
to the eyes and corresponds to an exponential decay fit. The data plots (experimental and
simulation) are fit to a single-exponential decay of the form R2/1 = a*exp(−g/τ) + b, where g is the
gap length. Experimental data: a = 0.46 ± 0.02, τ = 42.7 ± 6.0, b = 0.87 ± 0.02. DDA simula-
tions: a = 0.58 ± 0.01, τ = 28.4 ± 1.8, b = 0.71 ± 0.01 (Color figure online)
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100 nm, is observed. The electric field at the end of the Au nanorod (longitudinal
polarization) decays over a similar length scale (Fig. 2.3b and 2.7).

FDTD simulations performed by Ming et al. suggest that the PL polarization of a
fluorophore located at the end of a gold nanorod follows a similar distance
dependence (Au rod diameter: 30 nm and length: 70 nm) [31]. This result, coupled
with our experimental and theoretical data (Fig. 2.6), suggests that the decay of the
electric field intensity away from the Au nanorod accounts for the decrease of R2/1

as the gap becomes larger, with nearly 60 % of the reduction in the volume inte-
grated electric field at 695 nm occurring when the gap increases from 0 to 20 nm
(Fig. 2.7). By measuring R2/1 for a specific fluorophore/plasmonic structure pair,
we therefore can determine the distance between the two constructs, similar to the
plasmon ruler which provides a measure of the distance between two plasmonic
nanostructures [7, 10, 12, 56–58]. Comparison with previous works suggests that
the plasmophore ruler presented in this manuscript has a longer range (relative to
the nanostructure dimensions) than plasmon rulers based on Au NP dimers [10].

2.3 Conclusions

This work shows how the distance between well-defined plasmonic nanostructures
and fluorescent entities can be used to modulate the emission shape of a particular
plasmophore. That dependence constitutes a new type of long-range ruler that
allows one to probe distances on the 0–100 nm length scale, independently on the
signal intensity. A new theory has been developed to describe the results, and it
confirms the electromagnetic origin of the dependence of the spectral lineshape on
plasmophore structural parameters. It should be noted that these are a
proof-of-concept results that provide valuable information for designing more
functional rulers, such as the ones used for in vivo studies, where a reference signal
cannot practically be incorporated [12].

Fig. 2.7 DDA simulation of
the effect of increasing the
gap between the gold
(diameter: 44 nm, length:
82 nm) and the PTh
(diameter: 44 nm, length:
30 nm) on the volume
integrated electric field
strength inside the PTh. There
is a 60 % reduction in the
field strength when the gap is
increased from 0 nm to
20 nm
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2.4 Methods and Materials

2.4.1 Materials and Instruments

All chemicals and solutions were used as received. The plating solutions named
Cyless, Orotemp 24 Rack and nickel sulfamate were purchased from Technic, Inc.
The anodized aluminum oxide (AAO) membranes used for the nanowire synthesis
were purchased from Synkera Technologies, Inc. with nominal pore diameters of
35, 55, and 73 nm. The membranes used for filtration were purchased from
Whatman (0.2 µm Anodisc 47 membranes). Thiophene (≥99 %), boron trifluoride
diethyl etherate and sodium citrate were purchased from Sigma. Nanopure™ water
was used.

SEM and z-contrast STEM images were acquired using a Hitachi S-4800 and a
Hitachi HD-2300, respectively. Extinction spectra were collected in aqueous
solutions using quartz cuvettes (1 cm path length) and a Varian Cary 5000
UV-Vis-NIR spectrophotometer. Fluorescence spectra were collected in aqueous
solution using quartz cuvettes (1 cm path length) and a HORIBA Jobin Yvon
FluoroLog-3 with excitation and emission slits of 5 mm. Silicon nitride backings
were deposited using an AJA Orion Sputter. Electrochemical deposition was done
using an EC epsilon potentiostat (BASinc) with a classic three-electrode electro-
chemical cell. Platinum foil was used as the counter electrode (CE) and the refer-
ence electrode was a Ag/AgCl electrode.

2.4.2 Nanowire Synthesis

The nanowires were electrochemically synthesized within AAO membranes
(Synkera, Inc.). The general method for producing OWL nanowires made of metal
is described in our previous publications [41, 42]. Briefly, 200 nm of silver was
thermally evaporated on one side of the AAO templates for electrical connection.
Silver was deposited at −940 mV (vs Ag/AgCl) using Cyless plating solution
(Technic, Inc.), Au was deposited at −1100 mV (vs Ag/AgCl) using concentrated
Orotemp 24 Rack plating solution (Technic, Inc.), and Ni was deposited at
−1100 mV (vs Ag/AgCl) using nickel sulfamate plating solution (Technic, Inc.).
Prior to the wire synthesis, the pores of the AAO templates were filled with
1000 mC of silver, followed by 250 mC of nickel. These sacrificial segments are
necessary to ensure that the nanowire segments of interest are deposited in more
uniform and less branched part of the AAO template.

Polythiophene nanorods were grown with a two electrode set-up using a plat-
inum counter electrode (CE), similarly to the synthesis of poly(3-hexylthiophene)
nanorods reported by O’Carroll et al. [26, 29]. Prior to the deposition, the cell and
the CE were immersed in isopropyl alcohol (IPA), dried under N2 and under
vacuum to remove any residual water. 50 µL of thiophene monomer were dissolved
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in 5 mL of boron trifluoride diethyl-etherate (BFEE) and deposited with 0.02 s
pulses at +3 V, followed by 5 s pulses at −600 mV. The template was successively
rinsed with acetonitrile and IPA, and was dried with N2.

The silver backing was dissolved in a 4:1:1 ethanol: ammonium hydroxide:
hydrogen peroxide solution during 20 min. The template was then rinsed thor-
oughly in H2O. The AAO template was dissolved in 2 M NaOH (0.5 % citrate by
weight) aqueous solution (one hour). The nanowires were recovered using cen-
trifugation (4000 RPM 5 min), and were washed four times with 0.1 % (by weight)
citrate aqueous solution. The wires were then dispersed in 24 mL of 0.1 % aqueous
citrate solution using sonication before being vacuum filtered onto 47 mm AAO
membranes (0.2 µm pores, from Whatman, 2 mL/membrane). A total of twelve
membranes were used per nanorod batch in order to avoid aggregation at the
surface of the membrane during the filtration process. The membranes were left to
dry in air before being sputter coated with a thin layer of silicon nitride (support
layer for holding plasmonic Au segment and fluorescent polymer segment after
sacrificial Ni segment removal). Radio frequency sputtering plasma was initiated at
40 mTorr pressure and the deposition proceeded at 5 mTorr. The sputtering time
was 4 min 15 s, 5 min and 5 min 30 s for nanorods with nominal diameters of 35,
55 and 73 nm respectively. The carrier gas was argon, and the power used was
150 W. To recover the rods coated with Si3N4, 20 mL of 3 M NaOH, followed by
100 mL of H2O, were vacuum filtered through the AAO templates to minimize the
interaction between the nanowires and the AAO surface. The nanorods were
recovered back into solution by sonicating each of the nanowire-coated AAO
membranes in H2O (10 mL, 0.1 % citrate) for 30 s. 2 mL of 0.5 M NaOH and
0.1 % citrate aqueous solution were then added to the released nanorods in order to
dissolve the residual AAO. The solution was left 5 min before being centrifuged at
4000 RPM for 10 min. The rods were then washed with H2O (0.1 % citrate) and
centrifuged at 4000 RPM for 5 min three times. The rods were dispersed in 500 μL
of H2O (0.1 % citrate) and etched for 2 h in 5 % H3PO4. Finally they were cen-
trifuged twice and dispersed in 500 μL of H2O (0.1 % citrate) before any further
optical or material characterization.

2.4.3 Discrete Dipole Approximation Simulations

The discrete dipole approximation (DDA) [51, 52] was used to estimate the cou-
pling between the emission of the PTh and the near field of the gold using a model
based on the reciprocity theorem [59] in which the time reverse of the PL process is
modeled to determine the PTh optical constants that are needed in a DDA calcu-
lation of the interaction of a plane wave field with the gold rod/PTh structure. The
enhanced fields in the polymer from the DDA calculation are then used to deter-
mine the plasmon enhanced PL spectrum using the PTh optical constants.
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To implement this theory, the PL spectrum of PTh was modeled as a direct
absorption process by relating the emission profile to the imaginary part of the
dielectric function

eðxÞ ¼ eReðxÞþ ieImðxÞ ð2:2Þ

of an artificial material via

eImðxÞ ¼ aIPL=x
3 ð2:3Þ

where IPL is the normalized PL intensity of the PTh, ω is the outgoing photon
frequency, and α is an artificial constant that is determined via an empirical fit to the
experimental results (here, α = 3.0 eV3). The term ω3 is included to remove the
intrinsic frequency dependence of the PL spectrum (which is related to the Einstein
“A” coefficient) [60] such that eIm is directly proportional to the square of the
transition dipole matrix elements of the emitter.

The real part of the polymer dielectric function is determined by fitting eIm to a
sum of oscillators:

eImðxÞ ¼ Im 1þ
X

i

a
x2

i � x2 � icx

 !
ð2:4Þ

and taking the real part of the resulting fit (which is a version of a Kramers-Kronig
transformation). The gold was modeled using the optical constants of Johnson and
Christy [61], with corrections for surface scattering, surface anomalies and poly-
crystallinity of the OWL structures. The effective electron mean free path was
reduced to 10 nm in the simulations [62].

Once the polymer and gold dielectric functions are known, a DDA calculation is
used to determine the plasmon-enhanced local field E inside the polymer. The
plasmon enhanced PL rate is then given by [63]

QPLðxÞ ¼
Z

PTh

x3ePThIm Ej j2dV ð2:5Þ

where there is a multiplicative ω2 (in addition the original ω in the Landau and
Lifshitz derivation) to account for the fact that this is a spontaneous emission
process. This allows us to relate the rate of energy loss via single particle transitions
directly to the creation of photons. Note that the use of |E|2 associated with a plane
wave source in the local field calculation is equivalent to the well-known
plane-wave approximation in the SERS enhancement factor calculations [64] and is
justified based on a reciprocity theorem analysis as described by Kerker [59]. While
the plane wave approximation works best in the quasistatic (small particle) limit,
the error will be minor for the particle sizes being considered here due to the rapid
decay of |E|2 within the polymer with distance from the gold surface. Also, it is
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likely that PL is quenched in the polymer for the first few nm from the gold surface
due to electron transfer or other relaxation processes, but this is neglected in the
present analysis as a secondary effect as the spatial extent of the enhanced fields is
much larger than this quenching region.
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