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3
Quantum yield limits for the
detection of single-molecule

fluorescence enhanced by a gold
nanorod

Fluorescence-based single-molecule optical detection techniques are widely chosen over
other methods owing to the ease of background screening and better signal-to-noise through-
put. Nonetheless, the methodology still suffers from limitations imposed by weak emitting
properties of most molecules. Plasmonic nanostructures, such as gold nanorods, can signif-
icantly enhance the fluorescence signal of a weak emitter, extending the application of these
techniques to a wider range of species. In this work, we explore the lower limit of fluores-
cence quantum yield for single-molecule detection, using a single gold nanorod to enhance
molecular fluorescence. We specifically designed an infrared dye with the extremely low
quantum yield of 10−4 and a comparatively large Stokes shift of 3, 000 cm−1 to demon-
strate single-molecule detection by fluorescence enhancement. This example allows us to
discuss more general cases. We estimate theoretically the optimal excitation wavelength
and the plasmon resonance of the rod which maximize the fluorescence signals. We then
confirm experimentally the detection of single-molecule fluorescence with an enhancement
factor of 3 orders of magnitude for the quantum yield 10−4. Theoretical simulations indicate
that single-molecule signals should be detectable for molecules with quantum yield as low
as 10−6, provided the dwell time of the molecules in the plasmonic hot spot is long enough.
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3. Quantum yield limits for the dectection of single-molecule fluorescence . . .

3.1. Introduction

Optical detection of single molecules lies at the core of numerous biochemical studies as
it opens up the possibility of investigating individual molecular behaviour usually hidden
in the ensemble measurements[1–5]. The key to successful single-molecule detection is to
optimize and extract a weak signal from a high background[6–9]. Over the past decades,
fluorescence-based single-molecule techniques have been widely applied due to the easy
but efficient background suppression and their high sensitivity[9–14]. In this method, the
photons emitted at longer wavelength than the excitation light (Stokes-shifted), can easily be
discriminated from the background by spectral filtering, providing exceptional contrast and
thereby enabling the detection and study of weak single-molecule signals [14, 15]. Notwith-
standing the many successes of fluorescence-based single-molecule techniques, it would be
important to extend them to a broader range of absorbing molecules with weak emission,
especially those emitting in the near-infrared. Chen et.al.[16] have designed deep-red low
quantum yield dyes (quantum yield≈0.002) with large Stokes shift that prove to be bet-
ter in staining mitochondria than normal MitoTrackers. In another work, water-soluble low
quantum yield rylene derivative dyes (quantum yield≈0.01) were studied for the application
of membrane labelling[17]. They prove to be more photostable than other well-established
dyes. While dealing with low-quantum-yield dyes, conventional spectrofluorimeters can not
be effectively used to study single-molecule fluorescence mainly because impurities become
dominant. The decrease in quantum efficiency for red and NIR dyes is usually attributed to
the energy gap law[18]. Recently, the low quantum yield of red fluorescent proteins has been
attributed to the presence of dark chromophores[19], which limit their sensing applications
[20, 21]. One way to improve these weak emitters is to minimise their nonradiative decay.
Another promising strategy to improve the fluorescence efficiency of single-molecule fluo-
rescence is to enhance the radiative emission rate by coupling the fluorophores to plasmonic
structures, which can enhance the local field by confining the electromagnetic energy to
volumes well below the diffraction limit[2, 13, 22–26].

Compared to strong emitters, poor emitters with low quantum yields benefit from a
stronger fluorescence enhancement by plasmonic structures. They are easier to detect at the
single-molecule level because of reduced background from unenhanced molecules. This
has led researchers in previous studies to employ quenching agents such as methyl violo-
gen [27–29] and nickel chloride[30] to reduce the quantum yield of the emitter. The plas-
monic structures in those experiments were fabricated by various top-down and bottom-up
approaches. Fluorescence enhancement of emitters with quantum yield down to 1 × 10−3

has been experimentally demonstrated with nano-fabricated bow-tie antennas[31, 32]. More
convenient alternative plasmonic structures are wet-chemically synthesized gold nanorods
(GNRs), which have attracted significant interest for their facile synthesis and unique optical
properties [25, 33–35]. The collective oscillations of the GNR’s free electrons, known as
localized surface plasmons, strongly confine the electromagnetic field into a sub-wavelength
region near the tips, thereby enhancing the excitation rates of the molecules nearby[24]. The
plasmonic resonance of GNRs can easily be tuned from the red to the near-infrared range
by adjusting their aspect ratio, making them a good single-molecule detection platform for a
wide range of fluorescent species[25]. In addition to the excitation enhancement, GNR can
enhance radiative channels by increasing the local density of photon states. However, this
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3.2. Results and discussion

enhancement of spontaneous emission is generally accompanied by enhanced non-radiative
decay channels. Going closer to the metal will generally increase the excitation and radiative
enhancements, but at the same time it will also increase the non-radiative processes respon-
sible for fluorescence quenching, leading to an optimal range for the total enhancement [36–
38]. Overlapping the excitation wavelength and the plasmon resonance with the emission
spectra of a particular emitter can enhance both the excitation and emission rates, thereby
improving the fluorescence enhancement. By using this strategy, we have earlier reported the
detection of gold-nanorod-enhanced single-molecule fluorescence from dyes with a quan-
tum yield of 10−3, with an enhancement factor of up to 1000[25]. In the present work, we
explore the possibility to enhance the fluorescence of dyes with even lower quantum yield,
while keeping the fluorescence observable against background, the strongest source of which
is the intrinsic photoluminescence of gold, also enhanced by the plasmon resonance. When
going to weaker quantum yields, it is not enough to consider the enhancement factor alone.
Indeed, the quantity determining the detection limit is the signal-to-noise ratio, which de-
pends in a complex manner on the plasmon enhancement, the molecular absorption cross
section and the fluorescence quantum yield. Therefore, we undertook careful theoretical and
experimental investigations of fluorescence enhancement for weak quantum yields in view
of optimizing the enhanced fluorescence signal and of extending single-molecule techniques
to a much broader range of emitting species.

In this study, we explore single-molecule detection of very weak emitters with quan-
tum yields as low as 1× 10−4, by enhancing their fluorescence with a single gold nanorod.
To optimize the signal, we need to consider the molecule’s Stokes shift (about 150 nm or
3000 cm−1). Indeed, we have a trade-off between molecular excitation rate and the fluores-
cence enhancement. Using theoretical simulations, we optimize the excitation wavelength
and the plasmon resonance of the rod. We then apply these parameters to detect single-
molecule fluorescence experimentally with enhancement factors of three orders of magni-
tude. We further investigate the quantum yield dependence of the signal-to-noise ratio of
the plasmon-emitter coupled system and estimate the lowest quantum yield for which single
emitters can be detected in the near field of a single gold nanorod. Although we consider
only single nanorods here because of their ease of synthesis, modeling, and manipulation,
our results can easily be extended to more complicated nanostructures with much higher
near-field enhancement, such as strongly coupled gold nanoparticle dimers or clusters.

3.2. Results and discussion

In this work, instead of selecting molecules with small Stokes shifts (i.e., separation be-
tween the maxima of absorption and emission) as done in previous studies[25], we focus on
the case of low-quantum-yield dyes, which often have much larger Stokes shifts. For large
Stokes shifts (i.e., for small overlaps between the absorption and emission spectra), enhanc-
ing both the excitation and the radiation processes with the same narrow-band GNR antenna
is very difficult. As a consequence, detection of such single molecules becomes harder than
those with small Stokes shifts. To get maximum signals, we will have to sacrifice a fraction
of the enhancement factor. In a simple coupled system of a single gold nanorod and an emit-
ter, we can optimize emission by balancing excitation and radiative enhancements, through
adjustment of the excitation wavelength and of the aspect ratio of the gold nanorod.
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3. Quantum yield limits for the dectection of single-molecule fluorescence . . .

For our study, we selected a molecule of the donor-acceptor type based on Naphthalene
Diimide-terthiophene (NDI-2TEG-3T) because it is a very weak emitter. It has a measured
quantum yield of about 1.3×10−4 and has a large Stokes shift between the emission and the
absorption bands. The structure of the molecule is shown in the inset of Figure 3.2.c and the
synthesis details are given in the Supporting Information. The low fluorescence efficiency
of NDI-2TEG-3T is due to its typical donor-acceptor structure. The introduction of terthio-
phene units as donors provides an energy level which is suitable for the photoinduced elec-
tron transfer process. This extra channel for nonradiative exciton relaxation consequently
quenches the fluorescence[39, 40]. When measured in toluene, the NDI-2TEG-3Tmolecule
shows two distinct absorption bands. One of these two bands is assigned to a high-energy
π − π∗ transition in the range of 300 to 400 nm. The second one is a low-energy broad
intramolecular charge-transfer transition in the range of 500 to 700 nm with its maximum
at 590 nm. It originates from the electron-rich terthiophene group to the electron-deficient
NDI unit. We focus on the second band with the maximum at 590 nm as it overlaps bet-
ter with typical gold nanorod resonances. The fluorescence band lies in the near-infrared
range with its maximum at about 740 nm. Both bands can be overlapped with the plasmon
resonance of gold nanorods, opening possibilities of very large fluorescence enhancements
through the combination of excitation and emission enhancements. However, as mentioned
before, we need to explore the dependence of the enhanced fluorescence signal on excitation
wavelength and on plasmon resonance in order to optimize it.

We begin our discussion with the simulation of fluorescence enhancement of NDI-
2TEG-3T by a single gold nanorod. For simplicity, we consider the molecule to lie on the
long symmetry axis of the rod, at a variable distance from the tip (we call this distance the
‘gap’ as represented in the inset of Figure 3.1.b). Considering the small quantum yield and
the short lifetime of NDI-2TEG-3T molecules, we apply the simplified two-level scheme
model for the calculation of the fluorescence enhancement factor, which neglects the exci-
tation saturation (see Supporting Information for more details). Moreover, we assume both
the excitation wave polarization and the molecular dipole to be oriented along the same
longitudinal nanorod axis. This simulation therefore applies to the configuration providing
maximum enhancement. The plasmon wavelength of the nanorod was tuned by changing its
length while keeping its diameter constant at 25 nm, which is the average rod diameter in our
experiments. The dielectric permittivity of gold was taken from Johnson and Christy[41],
and the refractive index of the medium was set to 1.496 for toluene.

Figure 3.1.b shows the dependence of the excitation and emission enhancements on the
gap, with the excitation and plasmon wavelengths at 671 nm and 673 nm, respectively. The
excitation enhancement increases monotonously as the gap decreases. The emission en-
hancement, however, presents a maximum, found here at the gap of about dm = 1.5 nm.
The maximum emission enhancement reaches about 200, leading to a maximum total en-
hancement of five orders of magnitude. The value of dm depends on the dye quantum yield.
For quantum yields such as 1 × 10−2, the optimal gap is about 4 nm (See Figure. S3.11.),
whereas for very low quantum yields, the optimal gap shifts to values of 1.5 nm or less
(1.5 nm for a yield of 1.3 × 10−4 in Figure 3.1b.). This is because, by reducing the gap,
we can benefit from higher excitation and radiative enhancements, while quenching by the
metal is still dominated by non-radiative relaxation within the molecule.

Next, we optimized the fluorescence intensity of the nanorod-molecule system, by vary-
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3.2. Results and discussion

Figure 3.1: (a) Absorption (blue) and emission (red) spectra of NDI-2TEG-3T in toluene. The shaded band is
the gold nanorod scattering spectrum calculated for the aspect ratio corresponding to the optimum normalized
intensity (see (c)), at excitation wavelength 671 nm (vertical red dashed line). (b) Calculated excitation (red)
and emission (blue) enhancements as functions of the gap, i.e., the separation of the molecule from the tip of the
gold nanorod. [Inset: schematic of the simulated molecule-nanorod system.] (c) Estimated enhanced fluorescence
intensity as a function of the excitation wavelength and of the plasmon resonance wavelength of the gold nanorod.
The fluorescence intensity was normalized by the non-enhanced intensity of the fluorescence excited at 671 nm.
The red dashed straight line corresponds to the molecule being excited at the wavelength of the plasmon resonance.
All values are obtained by varying the gap and selecting the gap value providing maximum enhancement.

ing both the excitation wavelength and the aspect ratio of the gold nanorod. Figure 3.1.c
gives the normalized fluorescence intensity as a function of the excitation wavelength and
of the resonance wavelength of the gold nanorod. To obtain this plot, we have varied the
gap value to optimize the intensity, for each excitation and plasmon wavelength. The plot is
given for a fixed quantum yield of 1.3× 10−4, corresponding to NDI-2TEG-3T in toluene.
As can be seen on Figure 3.1.c, the maximum fluorescence intensity enhanced by each rod
is obtained for excitation nearly in resonance with the plasmon, i.e., (ωexc ∼ ωsp), because
most of the enhancement arises from the excitation. Here ωexc is the frequency of the ex-
citation light source and ωsp is the frequency of the surface plasmon resonance. Next, we
note an intensity maximum (sweet spot) at the plasmon wavelength of about 674 nm, which
balances the enhancement of both excitation and radiative processes. The total fluorescence
enhancement value at this spot is 50,000 times. Here, we can see in Figure 3.1.a that the
plasmon resonance at the sweet spot (yellow shaded band) does not overlap exactly with
the emission maximum of the molecule, as had been postulated in previous studies to give
maximum total fluorescence enhancement (see Supporting Information.), but corresponds
to the maximum overlap with both the dye absorption (blue line) and emission (red line)
spectrum.

We can interpret the results of simulations in Figure 3.1.c in a very simpleway. We notice
that the total intensity in Eq (S3.10) is a product of the molecular absorption cross setion
Cabs, the excitation enhancement factor, and the emission enhancement which is nearly
equal to the radiative enhancement factor in the limit of very weak quantum yields. As the
excitation and radiation processes are both enhanced by the same narrow plasmon resonance
(Lorentzian form), we can approximate the enhanced intensity as:

I(ωexc) ∝ Cabs(ωexc) · Fdye(ωexc) · f(ωexc), (3.1)

which means we tune the plasmon resonance and the excitation wavelength to the maxi-
mum overlap between absorption and emission of the molecule (see extensive mathematical
justification in the Supporting Information).
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3. Quantum yield limits for the dectection of single-molecule fluorescence . . .

Figure 3.2: (a), Photoluminescence spectra of the gold nanorod deposited on a glass surface and immersed in
toluene, which was used to enhance the fluorescence of NDI-2TEG-3T, (b), Photoluminescence time trace from
the single gold nanorod immersed in a solution of NDI-2TEG-3T in toluene with different concentrations. (c),
The measured (red dashed line) autocorrelation curve of the fluorescence bursts shown in (b) for molecular con-
centration of 1 µM, and the single exponential fitting of the curve (red solid line). Inset: chemical structure of
NDI-2TEG-3T.

We performed fluorescence enhancement experiments on NDI-2TEG-3T molecules un-
der the theoretically derived optimum conditions. Gold nanorods, with average plasmon
wavelength of 614 nm, were immobilized on the surface of clean coverslips and immersed
in toluene containing different concentrations of NDI-2TEG-3T. The plasmon wavelength
of the gold nanorod red-shifts to about 680 nm in toluene due to its high refractive index
of 1.496. The measurements were performed on a home-built confocal microscope setup.
A circularly polarized continuous-wave (CW) laser with the wavelength of 671 nm was
chosen as the excitation source, and was focused by an oil immersion objective with a nu-
merical aperture (NA) of 1.4 to a diffraction-limited spot (about half-a-µm in diameter).
A long-pass filter (≥ 675 nm LongPass U-Grade 671/RazorEdge, Semrock) was used to
separate the fluorescence signal from the background of scattered laser light. Before adding
the NDI-2TEG-3T solution, we recorded photoluminescence (PL) spectra of each bright
spot to make sure that the nanoparticle under study had the single Lorentzian lineshape of
a single gold nanorod. Time traces were taken for each nanorod under different concentra-
tions of the molecules while keeping the excitation power constant. In each step, the con-
centration of the molecules was adjusted by adding a certain amount of high concentrated
NDI-2TEG-3T solution (50 µM) sequentially, followed by some 10 minutes for diffusion to
homogenize the concentration. As confirmed by bulk measurements of the concentration-
dependent absorbance, NDI-2TEG-3T is very well dissolved in toluene in our experimental
range of molecular concentration (see Figure S3.5). The absence of spectral signatures from
dimers and higher clusters confirms that the molecules are well separated from each other,
and hence access the plasmonic hot spot independently of each other.

Figure 3.2 shows typical experimental measurements of single-molecule fluorescence
enhanced by a single gold nanorod. We first identify single nanorods among spots in the
optical image from their photoluminescence spectrum which has a Lorentzian shape and
is relatively narrow. Figure 3.2.a indicates a single nanorod with its plasmon resonance at
667 nm. In the intensity time traces as shown in Figure 3.2.b, the background arises from
gold nanorod photoluminescence and from the very weak non-enhanced fluorescence of all
the molecules in the volume of the excitation focal spot, while the bursts are due to the en-
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3.2. Results and discussion

hanced fluorescence of the molecules within the hot spots near the tips of the rod. To verify
that the bursts indeed arise from single molecules, we compared the time traces taken at
different NDI-2TEG-3T concentrations. As shown in Figure 3.2.b, in pure toluene solvent,
we do not see any strong bursts in the fluorescence time-trace. Bursts appear more and
more frequently in the time traces as we increase the NDI-2TEG-3T concentration, while
the background remains at a similar level. This observation confirms that the signal from all
the non-enhanced molecules in the focal spot (about 52 molecules) is negligible compared
to the photoluminescence of the rod, even though the molecular concentration is as high as
1.0 µM, because the quantum yield of NDI-2TEG-3T is exceedingly weak. The bursts arise
from molecules diffusing through, or being transiently stuck in the tiny hot spots near the
tips of the nanorods. The probability of such bursts increases as the molecular concentra-
tion increases. By analyzing the highest bursts in the fluorescence time trace, we see the
typical single-step single molecule bursts with the time duration in the order of 10 ms (Fig-
ure S3.9), which confirms that only a single molecule was present in the hotspot during the
burst, and indicated that it was transiently immobilized. The autocorrelation curve for the
fluorescence bursts corresponding to molar concentration of 1 µM is shown in Figure 3.2.c.
By fitting the autocorrelation curve to a single exponential, we obtained an average correla-
tion time of 27 ms, which is obviously too long to be due to the free diffusion of molecules
through the near field of a nanorod according to the previous works[24–26], where passiva-
tion of the glass surface completely suppressed the long-lived bursts. The correlation time
results from an interplay between sticking time and bleaching time in the experimental con-
ditions. Here, it can most likely be considered as the result of the transient sticking of dye
molecules. Noting that sticking to the metal surface would lead to complete quenching of
the fluorescence[42–44], we assign the long bursts to sticking onto the glass substrate. The
intensities of the bursts in the time traces depend on the orientation and spatial position of
the molecules with respect to the gold nanorods during their residence within the hot spot.
As an approximation, we represented the maximum enhanced fluorescence as the largest
intensity of the bursts in the time trace, subtracting the background[45]. Those maximum
bursts are around 55 counts/ms, whereas the background is 16 counts/ms. To get the en-
hancement factor, we evaluated the fluorescence signal of one NDI-2TEG-3Tmolecule from
a high-concentration solution (50 µM), by recording the fluorescence signal under the same
experimental conditions but on an area without a nanorod. Figure S3.7 (of the Supporting
Information) shows such a trace with an average count of 36 per 1 ms bin time, when the
excitation power is 3.3 times larger than the power we used for single molecules measure-
ments. We estimate the number of molecules in the focal volume (about 0.061 fL), at the
given concentration of 50 µM, to be about 1, 800 at any given time. From this, we get an
estimate of the average intensity of about 6 ± 1 counts/s per molecule. This corresponds
to an enhancement factor of about 13, 000, taking the circularly polarized excitation into
account. Note that the enhanced signal being stochastic, we estimate it by the largest ob-
served signal, which entails an error of roughly a factor 2. The obtained enhancement value
is significantly lower than the best enhancement factor expected for this low quantum yield
(more than 100, 000, see Fig 3.3a. hereafter). Various factors can explain the difference:
i) the plasmon resonance was not perfectly tuned to the laser and dye wavelengths; ii) the
orientation of the molecule was probably not optimal as chosen in the calculation; and, most
importantly, iii) the position of the dye was probably on the glass slide and not along the
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3. Quantum yield limits for the dectection of single-molecule fluorescence . . .

Figure 3.3: (a, c) Simulated fluorescence enhancement (a) and the estimated photon counts (c) from emitters with
different quantum yields as functions of the plasmon resonance of the gold nanorod. The excitation wavelength
was set as 671 nm. (b, d) Corresponding enhancement factor and emitted intensity enhanced by gold nanorod with
the optimized plasmon wavelength of 673 nm (dashed red lines in a and c) as functions of the quantum yield of
the molecule. In this plot, we kept the molecular absorption cross section and the excitation intensity constant, i.e.,
equal to the intensity used in the NDI-2TEG-3T measurements.

rod axis, which is the best position for enhancement. The latter factor can lead to significant
reduction of the enhancement factor[46].

To illustrate how the enhancement factor can been tuned by the plasmon resonance of
gold nanorods, we examined the fluorescence time traces recorded on gold nanorods with
different plasmon wavelengths (see figure. S3.10.). From figure. S3.10. we can see that, as
the SPR of the gold nanorods is detuned from the laser (blue shift from 667 nm to 638 nm),
the strongest fluorescence bursts in the time traces also decreasing, with the enhancement
factors decreasing from about 13, 000 to about 4, 000, respectively.

According to the aforementioned studies, we learn that by properly choosing the wave-
lengths of the excitation light and the plasmon resonance, we are able to detect single-
molecule fluorescence enhanced by a single gold nanorod with high signal-to-background
ratio, even though the molecular quantum yield is as low as 1.3 × 10−4. To gain further
insight into the possibility of fluorescence enhancement of single molecules with a sim-
ple individual gold nanorod, we performed numerical simulations of the detection limit for
molecules with very low quantum yields, keeping the same molecular absorption cross sec-
tion as NDI-2TEG-3T. In this study, we must consider which background sources will com-
pete with enhanced fluorescence and prevent the detection of single events. Neglecting ex-
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perimental imperfections, two sources of background as intrinsic to the sample under study:
i) Fluorescence of molecules out of the hot spot. Although the concentration of molecules
can exceed a micromolar, their fluorescence is negligible (less than 300 cps) because of the
dye’s low quantum yield. ii) Photoluminescence of the gold nanorod itself. Although in-
trinsic gold photoluminescence is very weak (10−10)[47], the photoluminescence signal is
also enhanced by the plasmon resonance and cannot be separated from the enhanced fluo-
rescence. A typical PL rate for the NRs in this study was 10 kcps. We therefore base our
discussion of the signal-to-background ratio on this value.

Figure 3.3 gives the simulated single-molecule fluorescence enhancement by a single
gold nanorod as a function of molecular quantum yield. For the sake of comparison, we used
the same excitation wavelength 671 nm, the same absorption cross section, and the same
fluorescence spectrum as those of NDI-2TEG-3T we used in our measurements. Therefore,
the enhanced radiative and metal-induced non-radiative rates are independent of the quan-
tum yields, and they share the same spectral dependence on the plasmon resonance. Because
the spectral dependence of the plasmon-dependent emission enhancement is not changed,
the spectral position of the plasmon resonance with maximum enhancement is conserved,
independently of the quantum yield (see Eq. (S3.9)). As shown in Figure 3.3.a,c, the spectral
position of the maximum enhancement factor and of the maximum enhanced fluorescence
intensity do not change for different quantum yields. All are located at 674 nm (dashed red
line in Figure 3.3.a,c). At the optimal plasmon wavelength of 674 nm, the total enhance-
ment factor increases dramatically at first, as the quantum yield of the emitter decreases (see
Figure. 3.3.d), until it approaches the constant value of 2× 105, which confirms the simple
expression in Eq. (S3.9) for the emission enhancement limit. To understand this result, we
approximate the product of excitation and radiative enhancements ξexc · ξrad (i.e., the total
fluorescence enhancement factor expected for vanishing quantum yield) as the fourth power
of the field enhancement factor: ξtotal

η0→0−−−−→ ξexc · ξrad ∝ |E/E0|2 · |E/E0|2 ∼ |E/E0|4,
the value of which is (27)4 ∼ 5×105. The enhanced fluorescence intensity, however, drops
with the quantum yield as can be seen by substituting Eq.(S3.9) into Eq.(S3.10). The en-
hanced intensity (see Figure 3.3.d) at first is approximately constant down to a quantum yield
of about 10−3, as the decrease in molecular quantum yield is roughly compensated by an
associated increase in enhancement. However, when the molecular quantum yield becomes
lower than 10−3, the enhancement factor saturates, causing the intensity to drop with the
molecular quantum yield. As shown in Figure 3.3.d, the estimated photon intensity from a
single emitter drops from 2 × 106 counts/s to 4 × 103 counts/s when its quantum yield
η0 decreases from 100% to 10−6. Such a signal would still be detectable above the photo-
luminescence background of the nanorod, even for an integration time as short as 10 ms.
From the above discussion, we find that by enhancing the fluorescence with a single gold
nanorod, one can expect photon intensities of thousands of counts/s from a single molecule
even though its quantum yield is as low as 10−6, a single-molecule fluorescence compara-
ble with the background from the luminescence of a single gold nanorod (∼ 104 counts/s),
under typical excitation laser power in the experiments. However, sufficiently long integra-
tion times are needed (about 10 ms), which requires a high medium viscosity, or transient
sticking of the molecules. In principle, this contrast allows us to detect the signal from
a single molecule. By looking at the signal-to-noise ratio in Figure 3.4, we can see that
SNR ∼ 10 for molecules with the quantum yield of 10−6 (green dashed), and even though
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3. Quantum yield limits for the dectection of single-molecule fluorescence . . .

Figure 3.4: (a) Signal-to-noise ratio of the coupled nanorod-molecule system with different plamsonic resonance
as functions of the molecular quantum yields. (b) Corresponding signal-to-noise ratio with the the excitation wave-
length at 671 nm and the plasmon resonance of the gold nanorod optimizing for the properties of NDI-2TEG-3T
(dashed orange line in (a)). We assumed a typical experimental background of nanorod photoluminescence (104
cps) at the plasmonic wavelengh of 673 nm, and the photoluminescence of other plasmonic wavelengths were
normalized by their scattering cross sections. Integration time was set as 0.1 s. The green dashed line corresponds
to molecule of quantum yield 10−6 and the red dashed line corresponds to the quantum yield of NDI-2TEG-3T
molecule (1.3× 10−4).
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Figure 3.5: Color plots of the calculated fluorescence enhancement (a) and of the estimated photon intensity (b) as
functions of the separation of the rod tip to emitter distance (gap) and of the emitter’s quantum yield. The green
dashed lines in each figure are contours of equal enhancements and intensities. All molecular parameters except
the yield were kept constant, as above.

it is one hundred times smaller than that of the measured NDI-2TEG-3T molecules with the
quantum yield of 1.3 × 10−4 (red dashed), it still provides enough contrast to distinguish
single-molecule signals from background noise.

Following the above discussion, one should keep in mind that as the quantum yield de-
creases, the volume for the single-molecule fluorescence to be effectively enhanced will
also decrease. This can be understood intuitively. As we reduce the quantum yield of the
molecule, internal conversion will outcompete quenching by the metal at shorter and shorter
distance, so that the molecules can get closer to the gold nanorod and reach larger fluores-
cence enhancement. This increase of the enhancement can mitigate, to some extent, the
strong fluorescence reduction due to the decreasing quantum yield. This partial compensa-
tion is seen clearly on the green dashed lines in Figure 3.5, which scales more favorably than
quantum yield for small gaps. Therefore, the molecules with smaller quantum yield can get
closer to the tips of the nanorod to emit more photons. As a consequence, because diffu-
sion time scales as the squared distance, successful detection of single molecules with very
small quantum yield requires slower diffusion or longer binding events than molecule with
high quantum yields. Moreover, the reduced effective near-field volume leads to a lower
number of detected events, which can be compensated by increasing the concentration of
the molecules. We made use of this compensation in our experiment, as we used molecu-
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3. Quantum yield limits for the dectection of single-molecule fluorescence . . .

lar concentrations in the µM range instead of nM, as was done in the previous work with
quantum yield of 10−2. Additionally, we could also make sure to keep the molecules for
longer times in the vicinity of the nanorod tips. This can be done either by slowing down
the molecular diffusion in a more viscous solvent, or by transient binding of the molecules
within the effective near-field volume, for example through DNA-transient binding[48].

In conclusion, we have provided a detailed study of single-molecule fluorescence en-
hancement by wet-chemically synthesized single gold nanorods, for extremely weak emit-
ters. The molecule we studied, NDI-2TEG-3T, was specifically designed to emit in the
near-infrared range, but with a very low quantum yield of 1× 10−4, and a large Stokes shift
of 150 nm. Our work provides a suitable demonstration of single-molecule fluorescence
enhancement by a single gold nanorod. Our numerical simulations show that, in order to
optimize count rates frommolecules with low quantum yield and large Stokes shift, we need
to optimize the excitation wavelength and the plasmon resonance of the gold nanorod. Based
on our theoretical study, we successfully detected single-molecule fluorescence bursts with
enhancement factors of up to 104 with a simple gold nanorod. The squeezing of the ef-
fective near-field volume for enhancement of low-quantum-yield dyes allows us to detect
single-molecule signals from solutions of high molecular concentrations, in the range of
µM, with high contrast. Theoretical analysis further shows that even for quantum yields as
low as 10−6, we will still be able to detect single molecules by fluorescence enhancement by
a single gold nanorod, provided the residence time in the effective near-field is longer than
tens of ms. The experimental method and the theoretical model presented in this work can
be readily extended to other plasmonic nanostructures, which may promote single-molecule
techniques based on fluorescence enhancement to a wider range of applications.

S3.1. Supporting information

S3.1.1. Experimental Details

Synthesis and Characterization
Reagents
All reagents and solvents were commercial andwere used as received. [2,2’:5’,2”-terthiophen]-
5-yltributylstannane and 2-(2-(2-ethoxyethoxy)ethoxy)ethanaminewere synthesized accord-
ing to literature procedures[49, 50]
Characterization
1HNMR and 13CNMR were performed on a Varian Unity Plus (400 MHz) instrument at
25 oC, using tetramethylsilane (TMS) as an internal standard. NMR shifts are reported in
ppm, relative to the residual protonated solvent signals of CDCl3 (δ= 7.26 ppm) or at the
carbon absorption in CDCl3 (δ = 77.23 ppm). Multiplicities are denoted as: singlet (s),
doublet (d), triplet (t) and multiplet (m). High Resolution Mass Spectroscopy (HRMS) was
performed on a JEOL JMS 600 spectrometer. FT-IR spectra were recorded on a Nicolet
Nexus FT-IR fitted with a Thermo Scientific Smart iTR sampler.
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Synthesis of NDI-2TEG-3T

Figure S3.1: Synthetic route for NDI-2TEG-3T

4,9-dibromo-2,7-bis(2-(2-(2-ethoxyethoxy)ethoxy)ethyl)benzo[lmn][3,8]phenanthroline-1,3,6,8(2H,7H)-
tetraone (NDI-2TEG) was synthesized according to literature procedures[51].
Synthesis of NDI-2TEG-3T
To a dry three-neck flask, NDI based monomer (NDI-2TEG) (20 mg, 0.027 mmol) and
thiophene based monomer (3T) (60 mg, 0.1 mmol) were added under N2 followed by cat-
alyst Tetra(triphenylphosphine) palladium [Pd(PPh3)4] (8 mg). The flask and its contents
were subjected to 3 pump/purge cycles with N2 followed by addition of anhydrous, degassed
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Toluene (5 mL) via syringe. The reaction mixture was stirred at 120 ◦C for overnight. After
cooling to room temperature, the deeply colored reaction mixture was poured into 100 mL
water, then extracted with CH2Cl2. The organic phase was washed with brine, dried over
anhydrous sodium sulfate and removed solvent by rotary evaporator. The crude product
was purified by silica gel column chromatography with CH2Cl2/acetone (20:1) as the eluent
afforded 10 mg (34 % yield) target compound as solid.
1HNMR (400 MHz, CDCl3) δ: 8.78 (s, 2H), 7.30 (d, J = 3.7 Hz, 2H), 7.24 − 7.23 (m, 4H),
7.23 − 7.19 (m, 2H), 7.17 (d, J = 3.7 Hz, 2H), 7.12 (d, J = 3.7 Hz, 2H), 7.06 − 7.01 (m,
2H), 4.42 (t, J = 3.6 Hz, 4H), 3.91 − 3.77 (m, 4H), 3.77 − 3.65 (m, 4H), 3.65 − 3.56 (m,
8H), 3.54 − 3.42 (m, 8H), 1.15 (t, J = 3.6 Hz, 6H).
13CNMR (100 MHz, CDCl3) δ: 164.86, 164.84, 143.03, 142.07, 141.83, 139.80, 139.59,
139.18, 138.07, 132.90, 130.60, 130.27, 128.07, 127.76, 127.42, 127.11, 126.60, 126.54,
125.35, 73.34, 73.29, 72.79, 72.44, 70.54, 69.27, 42.42, 17.81.
HRMS(ESI) Calcd. for C54H51N2O10S6 [M+H]+: 1079.18625, found: 1079.18744; Calcd.
for C54H54N3O10S6 [M+NH4]+: 1096.21280, found: 1096.21404; Calcd. for C54H50N2O10S6Na1

[M+Na]+: 1101.16819, found: 1101.16896.
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Figure S3.2: 1HNMR spectrum of NDI-2TEG-3T.
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Figure S3.3: 13CNMR spectrum of NDI-2TEG-3T.
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A

B

C

D

Figure S3.4: HRMS spectrum of NDI-2TEG-3T.
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Figure S3.5: Absorption spectrum of NDI-2TEG-3T as a function of molecular concentration. The concentration
of NDI-2TEG-3T was reduced by half at each step from top (40 µM ) to the bottom. Blue and red dashed lines
represent the absorption peaks of the high-energy π − π∗ transition (P1) band and the low-energy intramolecular
charge-transfer band (P2), respectively. (b) The two measured (dot) absorption peak intensities (P1 blue, P2 red)
and their corresponding linear fits (solid lines) as functions of molecular concentration.

Fluorescence of NDI-2TEG-3T in Bulk
Quantum yield measurements of NDI-2TEG-3T

We estimated the quantum yield of NDI-2TEG-3Tmolecules by comparing their absorp-
tion and emission properties with commercial Alexa Fluor 647 dye, which has the quantum
yield of 33%. Figure S3.6 gives the absorption and emission spectra of NDI-2TEG-3T
(a) and Alexa Fluor 647 (b) in bulk solutions, respectively. The absorption spectra were
recorded using a Cary 50 UV-Vis spectrometer (Varian Inc. Agilent Technology, USA), and
the emission spectra were measured on a Cary Eclipse fluorescence spectrometer (Varian
Inc. Agilent Technology, USA). The spectra for both NDI-2TEG-T3 and Alexa Fluor 647
were taken in the same experimental conditions, except that the solvent and molecular con-
centration were different. For Alexa Fluor 647, the molecular concentration was 290 nM in
water, while for NDI-2TEG-T3, the molecules were dissolved in toluene with the concen-
tration of 50 µM. In the plots, the spectra were normalized by the molecular concentration.
As an approximation, we estimated the quantum yield of the NDI-2TEG-3T as,

QNDI = QAlexa647 ·
CAlexa647(ωexc) < fNDI >

CNDI(ωexc) < fAlexa647 >
· n

2
toluene

n2
water

, (S3.1)

from which we got the quantum yield of NDI-2TEG-3T, QNDI ≈ 1.3 × 10−4. Here, the
subscripts “Alexa647" and “NDI" represent the Alexa Fluor 647 dye and NDI-2TEG-3T,
respectively. C denotes the molecular absorption cross section. fNDI and fAlexa647 are the
corresponding measured emission spectra, and < · · · > represents the averaging over the
frequency. ntoluene and nwater are the refractive indices of toluene and water, respectively.

Average fluorescence intensity of an individual NDI-2TEG-3T molecule
To get the fluorescence enhancement factor, wemeasured the average brightness of NDI-

2TEG-3T molecules in the focal volume without gold nanorods. The experimental condi-
tions were the same as in the single-molecule enhancement measurement, except that the ex-
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Figure S3.6: Fluorescence characterization of NDI-2TEG-3T. (a) Molecular absorption (blue) and emission (red)
spectra of the commercial standard dye Alexa Fluor 647. (b)Molecular absorption (blue) and emission (red) spectra
of NDI-2TEG-3T. The emission intensities were normalized with the corresponding molecular concentrations.

3

55



3. Quantum yield limits for the dectection of single-molecule fluorescence . . .

Figure S3.7: Non-enhanced fluorescence of NDI-2TEG-3T in the focal volume of the microscope. (a) Photolumi-
nescence spectrum of NDI-2TEG-3T. (b) Photoluminescence time trace of non-enhanced molecules in the focal
volume.(c) Lifetime histogram curve of NDI-2TEG-3T molecules (orange) in bulk solution. The lifetime of NDI-
2TEG-3T is much shorter than the time resolution of our setup, as the curve is completely indistinguishable from
the instrument response function (IRF, blue), which has an exponential decay with a time of about 0.38 ns.The
molecular concentration of NDI-2TEG-3T was kept equal to 50 µM.

Figure S3.8: Left, XZ cross section of the scattering point spread function (PSF) with a gold nanorod. Right, two-
dimensional Gaussian fit of the PSF, fromwhich we get the widths of the PSF,wx = 0.24µm andwz = 0.58µm,
and the PSF volume of 0.061 fL.
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citation power was 3.3 times larger, and the concentration of molecules was higher. A 50 µM
solution of NDI-2TEG-3T was excited with a 671 nm continuous wave (CW) laser (circu-
larly polarized), and the fluorescence signal was separated from the background of scattered
light by means of a long-pass filter (≥ 675 nm, LongPass U-Grade 671/RazorEdge, Sem-
rock). The fluorescence intensity collected from the focal volume is depicted as time trace
in Figure S3.7.b, and the corresponding emission spectrum of the non-enhanced molecules
is shown in Figure S3.7.a. From the time trace, we got the average fluorescence intensity
of about 36 ± 6 counts/ms. By considering that all the photoluminescence photons were
due to the contribution of molecules in the focal volume, we got an estimated value of about
20 ± 3 counts/s for the average intensity of each molecule. The focal volume is approxi-
mated by the volume of the point spread function of the microscope, which is about 0.061 fL
(see Figure S3.8). Considering the difference in power, we estimated 6 ± 1 counts/s the
rate detected counts per molecule for the calculation of the enhancement factors.
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Figure S3.9: Single-molecule fluorescence enhancement by a gold nanorod. (c) Photoluminescence time trace
with the binning time of 10 ms. (a, b) The zoomed views of the two highest bursts of the time trace in (a) with the
binning time of 200 µs. The single-step intensity changes of these bursts confirm that the enhanced fluorescence
signals are stemming from single molecules.

Single-molecule Fluorescence of NDI-2TEG-3T Enhanced by a Gold Nanorod.
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Figure S3.10: (a) Photoluminescence spectra of gold nanorods with different plasmon resonances. The red dashed
line represents the excitation laser’s wavelength of 671 nm. (b) The corresponding fluorescence time traces
recorded on these gold nanorods, and (c) the maximum fluorescence enhancement as a function of the plasmon
wavelength. The data recorded on every gold nanorod are indicated by their color in the plots. All time traces were
recorded at the same molecular concentration of 1 µM.

S3.1.2. Theoretical Framework

Fluorescence enhancement simulations
In this paper, we follow the notations and definitions of Khatua et al. [24]. We consider the
single molecule as a dipole p0 oscillating with frequency ω. As the theoretical absorption
rate of the molecule is proportional to the intensity of the local field at its position, the
excitation enhancement factor by a nanoantenna can be expressed as

ξexc =
I(ωexc)

I0(ωexc)
=
|E(ωexc)|2

|E0(ωexc)|2
, (S3.2)

where E(ωexc) and E0(ωexc) are the electric fields at the position of the dipole with and
without the nanoantenna, and ωexc is the frequency of the illuminating light source. In the
vicinity of the nanoantenna, the decay rate of the excited molecule is modified by coupling
to the plasmon mode. On the basis of a simple two-level scheme, the emission factor can
been expressed as[24]

ξem = ξrad
η0CabsIexc/k

0
r + 1

ξexc · η0CabsIexc/k0
r + 1 + η0(ξrad +Knr/k0

r − 1)
, (S3.3)

here, Iexc is the intensity of the excitation wave, Cabs is the absorption cross section of the
molecules, and ξrad = kr/k

0
r is the radiative enhancement factor, which accounts for the

increased local density of states in the vicinity of the antenna (Purcell effect [2, 52]). kr and
k0
r are the radiative decay rates with and without the nanoantenna, respectively, η0 is the

3

59



3. Quantum yield limits for the dectection of single-molecule fluorescence . . .

intrinsic quantum yield of the emitter, and Knr is the additional non-radiative absorption
rate due to dissipative losses of the nanoantenna.

In Eq (S3.3), η0CabsIexc accounts for the non-enhanced fluorescence rates of single
molecules, which in our experiment is less than 10 counts/s (see previous section). From
the simulations (see figure S3.11a.), the maximum radiative enhancement factor (ξrad,max)
and the additional non-radiative absorption rate (Knr,max/k

0
r ) are

ξrad,max ∼ 330, (S3.4)

and
Knr,max/k

0
r ∼ 4300. (S3.5)

The intrinsic radiative rate of the molecules can be deduced from the quantum yield η0

and the fluorescence lifetime τ0 as k0
r = η0/τ0. For NDI-2TEG-3T, η0 ∼ 1 × 10−4 and

τ0 < 0.5 ns. Therefore, we have

k0
r > 2× 105 s−1. (S3.6)

From the discussion above, we find that, in our experiment conditions,

η0CabsIexc/k
0
r < 5× 10−5 � 1, (S3.7)

and
ξexcη0CabsIexc/k

0
r < 0.04� η0(ξrad +Knr/k

0
r − 1) ∼ 0.46, (S3.8)

which means that the saturation of excitation is negligible. Therefore, the emission enhance-
ment factor can been expressed as

ξem =
ξrad

1 + η0(ξrad +Knr/k0
r − 1)

. (S3.9)

In the discussions above, we have taken 0.5 ns as an upper bound for the NDI-2TEG-3T
lifetime, which is in fact much shorter than the time resolution of our setup, as can be seen
from the lifetime measurement in Figure S3.7.c. Therefore, in our experiment, we will be
even further away from saturation than indicated by conditions of (S3.8), further supporting
the simplified model of the emission enhancement factor in Eq (S3.9).

Consequently, the fluorescence intensity coming from the enhanced emitter is

Ifluo = Iexc · Cabs · η0 · ξexc · ξem. (S3.10)

Considering the photoluminescence signal IGNR of the gold nanorod as the only source
of background, we can define the signal-to-noise ratio of the coupled system between the
emitter and the gold nanorod as

S/N = Ifluo ·∆t/
√
IGNR ·∆t, (S3.11)

where ∆t is the binning time for single-photon counting, supposing the signal to remain
constant during the acquisition time.

To evaluate the enhancement factor by a single gold nanorod numerically, we applied
a classical electrodynamics approach based on a boundary element method (SCUFF-EM)
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to simulate the excitation and emission enhancement, respectively [53, 54]. To get the ex-
citation enhancement, we assumed the gold nanorod is excited by a plane wave, while for
the decay rates, we modeled the excited emitter as a radiating dipole, whose time-averaged
radiated power in a medium without nanorod is

Pr0(ω) =
|p0|2

4πε0

nω4

3c3
, (S3.12)

where n is the refractive index of the medium, c is the speed of light and ε0 is the vac-
uum permittivity. The enhancement factor of radiative rates (ξrad) and the non-radiative
dissipation rate (Knr) by the nanoantenna were derived from

ξrad = kr/k
0
r = Prad/Pr0, (S3.13)

and
Knr/k

0
r = Pabs/Pr0. (S3.14)

In the simulations, the power absorbed by the gold nanorod Pabs was calculated by inte-
grating the Poynting vector over the nanorod surface, which was modeled as a spherically
capped cylinder, and the radiated power Prad was obtained from

Prad(ω) + Pabs(ω) =
ω3

2c2ε0
|p0|2[n · Im[G(r, r;ω)] · n], (S3.15)

whereG(r, r;ω) is the Green tensor at the emitter’s position r andn represents the direction
of the dipole moment[55].

From Eqs. (S3.12) and (S3.15), we can clearly see that the radiative rate enhancement
(ξωrad) and the non-radiative relaxation rate Kω

nr(ω) both depend on the frequency of the
emitted photons (ω). To get the emission enhancement for all the photons, we calculate the
average radiative rate enhancement and non-radiative relaxation rate:

ξrad =

∫
ξωrad(ω)Fdye(ω)dω, (S3.16)

Knr =

∫
Kω

nr(ω)Fdye(ω)dω, (S3.17)

here, Fdye(ω) is the normalized emission spectra of the molecule and
∫
Fdye(ω)dω = 1.

Dependence of the Emission Enhancement on the Gap and on the Quantum Yield
The simple cube root dependence of the optimal gap on the quantum yield (Fig S3.11c.)
can be explained briefly as followed. At a given quantum yield, considering the emission
enhancement factor as a function of the gap, the derivative of Eq (S3.9) at the optimal gap
dm gives

dξem

d(gap)

∣∣
gap=dm

=
d

d(gap)

[
ξrad

1 + η0(ξrad +Knr/k0
r − 1)

] ∣∣∣∣
gap=dm

= 0, (S3.18)
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from which we can get a relationship between the quantum yield and the optimal gaps as,

η0 =
1

ξrad

ξ
′
rad

K ′
nr/k

0
r −Knr/k0

r + 1

, (S3.19)

here, ξ′

rad = d
d(gap)ξrad(gap)

∣∣
gap=dm

andK ′

nr = d
d(gap)Knr(gap)

∣∣
gap=dm

.
Considering the simplest power dependence of the enhanced radiative and nonradiative

rates on the gap: ξrad(gap) ∝ gap−α and Knr(gap)/k0
r ∝ gap−β , Eq (S3.19) can be

expressed as

η0 =
1

(β/α− 1)Knr/k0
r + 1

≈ 1

(β/α− 1)
(Knr/k

0
r )−1 ∝ dm

β , (S3.20)

from this, we get the power law approximation for the optimal gap: dm ∝ η1/β
0 . Here β > α,

because the enhanced non-radiative rates decreases more rapidly than the radiative rates as
the molecules move away from the metal surface(Figure S3.11.a). The decay rate β can vary
from 3 to 6[56], depending on the geometric configuration of the coupling system, such as
the surface curvature of the particle, the position and orientation of the molecules et al. In
our case, for the typical size of gold nanorod, we find that β ∼ 3 gives a good approximation
(Figure S3.11), therefore dm ∝ η1/3

0 .
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Figure S3.11: (a) Radiative rate enhancement factor (red) and additional non-radiative rate (blue) as functions of
the gap. (b) Emission enhancement as a function of the gap for the molecules with different quantum yields. Red
dashed line indicates the maximum emissions of different quantum yields. (c) The corresponding positions (dm) of
maximum emission enhancements for different quantum yields. Here, we find that the quantum yield dependence
of the optimal distance can be approximated by a very simple power law as dm ∝ η

1
3 .
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Dual-Lorentzian Model for Fluorescence Enhancement by a Gold Nanorod
In order to quickly optimize plasmon enhanced fluorescence without performing time con-
suming fullwave-simulation, we can apply a dual-Lorentzian model to the gold nanorod-
emitter system for themoleculeswith very low quantum yields. Aswe can see fromEq (S3.9),
the emission enhancement ξem reduces to the radiative enhancement ξrad for vanishing quan-
tum yields:

ξem ∼ ξrad[1− η0(ξrad +Knr/k
0
r − 1)]

η0→0−−−−→ ξrad, (S3.21)

The emission enhancement factor ξrad depends on the frequency (ω) of the emitted photon
and on the plasmon frequency (ωsp) of the nanorod and can be expressed as an integral over
all emitted photons (as in Eq. (S3.16)):

ξem,avg(ωsp) ∼
∫
ξωrad(ωsp, ω)Fdye(ω)dω. (S3.22)

Substituting this Eq. (S3.22) into the Eq. (S3.10), we can estimate the enhanced fluores-
cence intensity from the molecule, which is linearly dependent on the molecular absorption
spectrum and emission, and the plasmon response of the gold nanorod (represented by the
enhancement factors of excitation and radiative rates),

Ifluo(ωexc, ωsp) = Iexc · Cabs(ωexc) · η0 · ξexc(ωexc, ωsp) · ξem,avg(ωsp)

∼ Iexc · η0 ·
∫
Cabs(ωexc) · [ξexc(ωexc, ωsp) · ξωrad(ωsp, ω)︸ ︷︷ ︸

plasmon response

] · Fdye(ω)dω.

(S3.23)

As a result of the square dependence on the near-field, both the enhanced excitation and
emission rates, ξext(ωexc, ωsp) and ξrad(ωsp, ω), have similar lineshapes as the spectra of
the the gold nanorod plasmon resonance, all of which can be expressed by using the same
Lorentzian lineshape

ξ[exc,rad](ωi, ωsp) ∼ L[exc,rad](ωsp) · Γ/2

(ωi − ωsp)2 + (Γ/2)2
, (S3.24)

where, Γ is the width of the plasmon resonance, ωi represents the frequencies of excitation,
emission, or scattering photons by the nanorod. L[exc,rad](ωsp) is the normalization factor,
which depends on plasmon wavelengths of the nanorods. Simply, we can set Lrad(ωsp) as a
constant, and Lexc(ωsp) ∝ Csca(ωsp). Here Csca(ωsp) is the scattering cross section of the
nanorod at resonance wavelength, which can be easily calculated by using Mie-Gans theory
(green dashed line in Figure S3.12)[57].

From Eq. (S3.23) and Eq. (S3.24), we can get a quick estimation of the dependence
of the enhancement factors and the fluorescence intensity on wavelengths of the excitation
and of the plasmon resonance, by simply considering the spectral overlap of the molecular
absorption and emission and the square of Lorentzian lineshape of the plasmon resonance.
This simplified form allows us to select the best experimental condition to get maximum
intensity without the need for time-consuming fullwave-simulations. As an example, in our
case we got ωexc = 669 nm and ωsp = 674 nm, which is very close to the full-wave
simulation result as shown in Figure 1.c in the main text. The detailed comparison of the
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Figure S3.12: Scattering cross section of gold nanorods with the same diameter but with different aspect ratios. The
green dashed line gives the values at the resonance wavelengths, which are proportional to normalization factors
Lexc(ωsp) in Eq. (S3.24). The cross sections were calculated by using Mie-Gans theory, where the diameter of
the gold nanorods was a constant set as 25 nm.

Figure S3.13: Dual-Lorentzian model for gold nanorod-emitter system. (a, b, c) are the total fluorescence en-
hancement as a function of excitation wavelength and plasmon wavelength of the gold nanorod, (d, e, f) are the
corresponding fluorescence intensities. Here, (a, d) correspond to the Lorentzian model with the FWHMof 20 nm,
(b, e) correspond to FWHM of 40 nm, and (c, f) were calculated with full-wave simulations.
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full-wave simulation and the models with different full width at half maximum (FWHM) of
the gold nanorod plasmon is shown in Figure S3.13. From the Figure S3.13.(e, f), we can see
that the “sweet spot" for the optimized fluorescence is the same for the wavelengths of the
excitation and plasmon. We should mention here, as we can see in Figure S3.13.(b,c), that
the optimized wavelengths of excitation and plasmon to get maximum total enhancement
are much red-shifted compared to the fluorescence intensity, due to the large Stokes shift
(3, 000 cm−1) of the molecule.
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