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1. Introduction

Collecting photons by eyes is probably one of the most efficient ways for us to perceive
the environment. For centuries, great efforts have been made to extend our visual range
by manipulating the propagation of light, e.g. through a telescope or microscope, we can
see further or smaller into the world. Visualizing optically at micron or submicron length
scales helps to reveal many secrets hidden to our naked eyes, especially in the biological sys-
tems. Recent technical advances in optics have pushed the detection capability down to the
single-molecule level, giving a new access to the unique properties of individual molecules
that usually cannot be distinguished in ensemble experiments[1, 2]. Single-molecule tech-
niques have soon grown into an important field of optics, and spawned a revolution in bio-
physics/chemistry and other fields of nanoscience[3–10].

The challenge of detecting a single molecule optically comes from the mismatch be-
tween the molecular sizes and the wavelength of light, which results in very weak interac-
tions between individual molecules and light[11, 12]. Pioneered by Orrit and Bernard in
1990[13], fluorescence, with the photons emitted at a longer wavelength than the excita-
tion light (Stokes-shifted)[14], has been recognized as one of the most convenient means
of probing single molecules, as the background can be suppressed efficiently by spectral
filtering[15–18]. The fluorescence-based single-molecule technique, however, relies on the
contrast provided by the emission of the target molecules against the background scattering
and the photons from the environmental molecules. Therefore, this technique can only be
applied to strong emitters (e.g. with quantum yields > 10%), which limits its applications
since the majority of molecules only emit weakly. Additionally, low molecular concentra-
tion (pM ∼ nM) is required to get single-molecule sensitivity in conventional microscopy
due to the diffraction limit of excitation beams[19].

Plasmonics nanostructures, well known for their subwavelength light confinements, offer
a versatile solution to improve the detection sensitivity of single weak emitters by enhanc-
ing their fluorescence. The enhanced fluorescence from the molecules of low quantum yield
(10−1 ∼ 10−3) inside the nanoscale near-field region, can easily overcome the total emis-
sion background from all the non-enhanced molecules in the micron-scale focusing volume,
even for concentrations as high as µM[20]. Despite many successes of plasmon enhanced
fluorescence experiments, detecting ultra-weak photon emission at single-molecule level is
still a challenge. Example comes from the molecules with extremely low quantum yields
(e.g. < 10−3)[21], or with very low excitation efficiency, such as the fluorescence under
two-photon excitation[22, 23].

This thesis aims to improve the detection from ultra-weak single emitter by enhancing
their emission properties with plasmonic nanostructures. We exploit the wet-chemically
synthesized single crystalline gold nanorods (GNRs) as our basic frameworks in the whole
studies, simply because of their unique optical properties, such as the intense electromag-
netic fields enhancement near the tips, and the narrow, tunable resonance with light. We
first explore the lower limit of fluorescence quantum yield for single-molecule detection by
enhancing the fluorescence with a single gold nanorod. Later, we develop a method to syn-
thesize end-to-end gold nanorod dimers on glass substrates with the aid of molecular linkers,
and then apply these strong plasmon coupling systems to enhance the single-molecule fluo-
rescence under two-photon excitation.
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1.1. Surface plasmon resonance of gold nanoparticles

1.1. Surface plasmon resonance of gold nanoparticles

Propagating and localized surface plasmons

"Surface plasmons" (SPs) refers to the collective oscillations of conduction electrons that
exists at the metal-dielectric interfaces. While still a hot topic of research, the observations
and applications of SPs has a long history and can be dated back to Roman empire. The fa-
mous example is the Lycurgus cup, which shows different color depending on the location of
the light source. A theoretical description of SPs however came only after Gustav Mie gave
the first full solution to the scattering of light by a spherical metallic particle in 1908[24],
and was explained as the coherent oscillation of electrons at metal surfaces by Rufus Ritchie
in 1957[25].

Surface plasmons can be categorized into two main subclasses: the propagating SP po-
laritons (SPPs) waves that travel along the metal-dielectric interface at a wavelength shorter
than the free light in the dielectric material[25–29], and the localized SPs (LSPs) modes
that are excited in the metal structures with sizes comparable to or smaller than the exciting
light, such as metal nanoparticles[30–32]. Although both the SPPs and LSPs can remark-
ably enhance the electromagnetic fields near the surfaces, the LSPs are more favored for
singe-molecule sensing, primarily because the LSPs are more convenient to excite (no re-
quirement on the momentum of the exciting light), and the near fields of LSPs are more
localized into a small volume, instead of distributed widely around the interfaces as the
propagating modes. Additionally, they also benefit from the cheap but reliable synthesis of
metallic nanoparticles, with their shapes and sizes being adjustable to tune their plasmon
resonances[33].

Localized surface plasmons of gold nanoparticles

Among different types of plasmoics nanoparticles, wet-chemcally systhesized gold nanopar-
ticles have attracted most attention, mainly because of their chemical stability and the ex-
cellent performance in the visible and NIR spectral ranges. As a straightforward example,
a single gold nano-sphere shows a strong plasmon resonance in the visible range around
520 ∼ 580 nm, when its size is smaller than 100 nm (see figure 1.1a)[34]. The strong scat-
tering and absorption of light in this color range by the gold nanoparticles can explain the
secret of the orientation-dependent color change of the Lycurgus cup, which contains tiny
gold nanoparticles dispersing in the glass. The gold nanoparticle also exhibits nanofocusing
ability of electromagnetic fields. As is depicted in figures 1.1c. and 1.1e., the electric field
is localized at the surface of the gold nanosphere at resonance, and the intensity reduces
rapidly in a few nanometers away from the surface, depending on the size of the particles.

The limitation of spherical gold nanoparticles for single-molecule sensing arises from
their small field enhancements. As is shown in Figure 1c., the maximum field enhancement
given by a gold nanosphere only reaches the magnitude of 101, which is usually too low
for enhancing weak signals from single molecules. Additionally, the tunable spectral range,
corresponding to enhancement by the narrow dipole plasmonic mode, covers only small
range of visible light (e.g. 520 ∼ 580 nm for particle size ≤ 100 nm), which further
limits their applications to a few favourable emitters. Extending to longer wavelength can

1
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1. Introduction

Figure 1.1: Surface plasmons of single gold nanospheres and gold nanorods in water. (a, b) Simulated scattering
spectra of the gold nanospheres (a) and nanorods (b) excited by a linear polarized plane wave. In the simulations,
Mie theory was performed for the spherical particles of varied sizes (here, 20, 50, 100, and 150 nm), and the
boundary element method was used for the nanorods with a fixed diameter of 38 nm but with different aspect
ratios. (c, d) The corresponding electric field intensity distributions along the main axis (green dashed in e and f)
of the gold nanoparticles (c) and nanorods (d) at resonance. (e, f) The electric field intensity profile around the
resonant gold nanosphere (e) and gold nanorod (f), corresponding to the size of 100 nm for the nanosphere, and
38 nm× 114nm for the nanorod.
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1.1. Surface plasmon resonance of gold nanoparticles

be done by choosing a larger nanoparticle , yet, increasing the size (e.g. > 150 nm) results
in a smaller near-field enhancement (red dashed in figure 1.1.c.) and larger luminescence
background from the particles as the result of the broad plasmon resonance (red dashed in
figure 1.1a.).

Localized surface plasmons of gold nanorods

Compared to gold nanospheres, the elongated gold nanorods (GNRs) exhibit better optical
performance in nanofocusing[35]. As an anisotropic structure, GNRs support two primary
plasmonic modes, the transverse mode and the longitudinal mode, corresponding to electron
oscillations perpendicular or parallel to the longitudinal axis, respectively[36]. While the
transverse modes display constant resonance at around 514 nm, the longitudinal modes are
more sensitive to the particle shapes, and can be well tuned from visible to near infrared
region by adjusting their aspect ratio. As the resonances are further away from the interband
transition band of gold, the damping effect due to Ohmic loss becomes weaker, resulting
in narrower resonance bands as is shown in figure 1.1b.. The intense plasmon gives rise to
very large near-field enhancement near the tips (see figures 1.1d., and 1.1e.), a feature that
have been widely used to enhance weak signals, such as Raman scattering or fluorescence
from single molecules. The longitudinal plasmon modes of GNRs are also very sensitive
to the surrounding environment[37, 38]. As an example, by monitoring the plasmon shifts
of GNRs, one might even be able to sense the tiny refractive index changes caused by the
approach of a small object, such as a single protein molecule[39].

The applications of GNRs are also inspired by their chemical stability and by the flexi-
bility of tuning their sizes and shapes. The sizes and aspect ratios of GNRs can be readily
controlled during the synthesis process[40, 41], or can be adjusted by overgrowth or oxida-
tion of the GNRs[42]. As a result, the plasmon resonances of GNRs can be tuned to cover
a broader range of molecular absorbance bands, hence extends their applications to more
species of molecules. GNRs are also suitable for biological applications because of their
biocompatibility[43]. They can be conveniently functionalized with different molecules,
including drug- or bio-molecules, though the high affinity of gold towards thiols[44, 45].
Moreover, the molecules can be specifically functionalized to the tips or to side of GNRs, as
a result of the site-dependent reactivity of GNRs. The site-specifically functionalization of
GNRs offers more controllable ways to study the interaction of molecules with the longitu-
dinal plasmon modes. For example, the tip-specific functionalization of GNRs can improve
the detection sensitivity of single molecules as the molecules can specifically be located
inside the nearfield hotspots to get maximum signals enhancements[46, 47].

Plamonic coupling of end-to-end gold nanorod dimers

The plasmon resonance of a plasmonic nanostructure can be significantly modified by cou-
pling with other nanostructures. Inspired by molecular orbital theory, the plasmon reso-
nances resulting from plasmonic coupling can be regarded as the hybridization of the basic
plasmon resonances of each component[48–50]. The hybridized plasmon resonances can
be classified according to the relative oscillating behaviors of all the basic plasmon modes,
or simply categorized into dark modes and bright modes according to their response to the
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1. Introduction

Figure 1.2: Plasmonic hybridization of a v-shaped gold nanorod dimer in the medium water (n = 1.33). (a)
The black dashed line represents the scattering spectrum of the single GNR with the size of 40 nm × 94 nm,
while the blue and red solid lines give the scattering spectra for the v-shaped GNRs dimer excited by light with
the polarization perpendicular (S-polarized) and parallel (P-polarized) to the symmetry axis, respectively. The
structure of the dimer was set as π/2 and the interparticle gap was set as 5 nm. (b, c) The surface charge profile
of the single GNR at the plasmonic resonance, (d, e) give the surface charges and the near-field profiles of the two
hybridized plasmonic modes oscillating symmetrically and anti-symmetrically, respectively. In the simulations,
the scattering spectra were calculated by using the boundary element method (Scuff-Em), while the near-fields and
the surface charges were simulated with COMSOL Multiphysics.
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1.2. Fluorescence and fluorescence enhancement

Figure 1.3: Jablonski diagram illustrating the light emission process under one-photon or two-photon excitation.
σ(1) and σ(2) represent the one- and two-photon absorption cross-sections, respectively, I is the intensity of
excitation photon flux, and knr is the non-radiative rate.

excitation light. The dark plasmon modes are usually hard to excite with plane light waves,
while the bright modes show strong reaction to the incident light, resulting in large interac-
tion cross sections and strong near field enhancements in some of the interparticle gaps[51].

The plasmonic coupling of nanostructures is determined by the materials, shapes, sizes,
and the arrangements of all the coupling components. As a simple example depicted in fig-
ure 3., the plasmon resonance of a symmetric v-shaped GNRs dimer nanostructure splits
into a symmetric (bonding) low-energy mode, and a anti-symmetric (anti-bonding) high-
energy mode. The bonding or anti-bonding modes of the GNRs dimer can be excited by
normal incident plane light with polarization perpendicular or parallel to the symmetry axis,
respectively. Similar to the electron distribution of a covalent bonding molecule, the elec-
tromagnetic field profiles of the v-shaped GNRs dimer are also dependent on the symmetry
of the plasmon oscillations. For the bonding mode, the near-field is strongly confined in
the small gaps of the dimer, while for the anti-bonding mode, the field is localized with
smaller enhancement around the far ends of the GNRs . The plasmon resonances of these
two modes are also dependent on the angle between the long axes of the two GNRs. As the
long axes of two GNRs are aligned along each other, only the bonding mode can be excited,
and the anti-bonding mode at the shorter wavelength is hidden in the spectra, corresponding
respectively to the bright and dark modes mentioned above[52, 53].

1.2. Fluorescence and fluorescence enhancement

One-photon-excited fluorescence

Materials can emit photons as they are excited to high energy levels. If the excitation is due
to the absorption of photons, the emission is called photoluminescence. Fluorescence refers
to the photoluminescence while the photon is emitted subsequently (in the timescale of sub-
nanosecond or nanosecond) after the absorption of one photon[14]. For normal molecules
at room temperature, the emission photons usually have longer wavelength compared to the
excitation, a phenomenon called Stokes shift. The energy loss of the emitted photon is due

1
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1. Introduction

to the nonradiative relaxation of the excited molecule from the higher vibrational sub-levels
to the lowest level of the excited electron state, as is depicted in figure 1.3. After a time of
sub-nanosecond to ∼ 10 ns, the molecule is then dissipated to the ground state by emitting
a photon, or though other nonradiative pathways. Alternatively, the molecule may also be
transferred to the lowest excited triplet state (T1), a dark state where themolecule can stay for
a time scale of microseconds before nonradiatively relaxing to the ground state. The random
switching between the bright state (S1) and the dark state (T1) results in a phenomenon
known as fluorescence blinking, where the molecule enters nonfluorescent state repeatedly
under continuous excitation. Here we should mention that, at low temperature, the molecule
at the triplet state (T1) can also emit photon, a process called phosphorescence.

The excitation rate of one-photon excitation (OPE) k(1)
exc below saturation is proportional

to the photon flux intensity of the excitation Iexc as: k(1)
exc = σ(1)Iexc, where σ(1) is the

one-photon absorption cross section of the molecule. Considering the long lifetime of the
triplet state, the contribution of the intersystem crossing rate (kiSC) to the total relaxing rate
is often negligible, therefore the quantum yield of a fluorophore can be simply expressed as

η = kr/(kr + knr) (1.1)

here, kr is the radiative rate, which is determined by the local density of photon states,
and knr is the nonradiative rate. For a great majority of strongly absorbing molecules, the
nonradiative rate dominates the deactivation process of the excited state to the ground state
(knr � kr), hence inhibits the spontaneous emissions of the molecules, resulting in very
weak emitters that are very difficult to detect.

Two-photon-excited fluorescence

Instead of being excited by only one photon, the fluorophores can also be excited by multi-
ple photons of lower energy. The simplest variant of multi-photon excitation is two-photon
excitation, where the molecule is excited by absorbing two photons of identical frequencies
simultaneously. Two-photon excitation (TPE) is a nonlinear optical process where the excita-
tion rate k(2)

exc is proportional to the square of the incident light intensity k(2)
exc = σ(2)I2

exc[54],
where σ(2) is the two-photon absorption cross section. TPE extends the absorption band
into longer wavelength, usually in the infrared range, by exciting with two photons of the
same wavelength. The excitation wavelength of TPE, however, is not necessary the double
of OPE, as the molecules under TPE may be excited to different excited electron state due
to the different selection rule for TPE. The emission spectra, however, is identical to one-
photon-excited fluorescence, as the molecule only emits from the lowest level of the excited
state S1, according to the Kasha’s rule. As a result, the lifetime and the quantum yield of
the molecules under two-photon-excitation will be similar as those of one-photon-excited
fluorescence.

TPE spectroscopy has attracted significant research interests because of its advantages
over its OPE counterpart: 1), TPE facilities tissue penetration and background suppression
as the result of the longer excitation wavelength, which may fall into the “biological trans-
parency window”[55, 56]; 2), TPE allows inherent optical sectioning without the need of
rejecting the out-of-focus emission, as the excitation under TPE is limited to a small volume,
due to squared dependence of TPE on the incident light[57–59]; 3), for the same reason,

1
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1.2. Fluorescence and fluorescence enhancement

TPE also avoids out-of-focus photobleaching, which allows multiple scanning with reduced
photodamage to the samples[60, 61].

The major obstruction for the application of TPE comes from the extremely low TPE
efficiency which requires very high excitation intensity. Since first predicted by Goppert
Mayer in 1931[54], TPE was only experimentally verified until the invention of lasers in
1960s, which could provide enough coherent photons for TPE[62, 63]. Yet illumination by
light with very high power may also cause unacceptable photodamge to the samples. Ultra-
short-pulsed laser, being able to generate ultra-high pulse intensities while still keeping the
average output power relatively low, have stimulated the rapid growth of TPE’s applications
since its invention in 1990s[57]. Investigation of TPE at single-molecule level, however, is
still a challenge. The TPA cross section for normal dyes is very low due to their small sizes
(1 ∼ 3 nm), typically in the range of 100 ∼ 102 GM (Goppert-Mayer), while 1 GM =
10−50cm4s molecule−1 photon−1[64–66].

Plasmonic enhancement of single-molecule fluorescence

The essential difficulty of detecting a single weak emitter is how to extract the weak signals
from the background. In normal microscopy, limited by the diffraction of light, "selective"
excitation of a particular molecule while keeping the surrounding molecules unexcited is
very difficult, especially when the molecular concentration is high. By utilizing nano plas-
monic lenses, one can create "superemitters" with enhanced fluorescence intensities over-
whelm the brightness of the surrounding molecules. The enhancement of the fluorescence
arises from the enhancement of the exciting electric field and from the enhancement of the
radiative rate by coupling the emitters with the plasmonic nanoparticles. First of all, the
excitation rate kexc can be highly enhanced in the vicinity of the nanoparticle as a result of
the strong electromagnetic field confinement. The enhancement factor ξexc shows different
intensity dependence for OPE and for TPE on the excitation power: for OPE, ξexc is propor-
tional to the enhancement of the near-field intensity, while for TPE, it scales with the square
of the enhancement of the excitation light intensity. Secondly, the spontaneous emission kr

of the fluorophore can also be enhanced by the particle via the Purcell effect, which is related
to the local density of photon states. Associated to the dissipative losses of the metals, how-
ever, coupling with the plasmon modes may also introduce additional non-radiative decay
channels, which may quench the fluorescence of the molecules. The balance between the
enhancement and the quenching strongly depends on the relative position and orientation of
the emitter with respect to the nanoparticles, which may change the spectral shapes of the
emissions and the lifetimes. The enhancement factor can be tuned by adjusting the sizes,
shapes and the configurations of the nanoparticles.

Considering the simple two-level scheme, the overall enhancement under weak excita-
tion can be expressed as[21, 67]

ξtotal =
ξexcξrad

1 + η0(ξrad +Knr/k0
r − 1)

, (1.2)

here, ξexc represents the excitation enhancement, 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
. kr and k0

r are the radiative decay rates with and without the nanoantenna, respectively,

1
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1. Introduction

η0 is the intrinsic quantum yield of the emitter, and Knr is the additional non-radiative
absorption rate due to dissipative losses of the nanoantenna. The lifetime of the fluorescence
is shortened as[22]

τ/τ0 = η−1
0 (ξrad +Knr/k

0
r + 1/η0 − 1)−1 (1.3)

1.3. Outline of the thesis

This thesis examines the single-molecule detection of very weak optical signals enhanced
by gold-nanorod-based plasmonic nanostructures. We first used single gold nanorods to
enhance the conventional one-photon-excited fluorescence from single molecules with ex-
tremely low quantum yield (η ∼ 10−4). Later, we explored single-molecule detection of
the fluorescence under two-photon-excitation enhanced by end-to-end gold nanorod dimer.
Further experiments confirmed that such gold nanorod dimers may also be used to enhance
the anti-Stokes Raman scattering, once the strong plasmon coupling between each rod not
only strongly enhance the nearfield but also heat up the medium around the molecules inside
the gap. The contents of the thesis is organized as follows:

In Chapter 2, we give general evaluation of single-molecule fluorescence with the en-
hancement by gold-nanorod-related plasmonic nanostructures. We performed full-wave
simulations based on the boundary element method to estimate the fluorescence enhance-
ment factor under OPE or TPE, by single gold nanorods, or by end-to-end gold nanorod
dimers. The modification of the emission spectra and of the fluorescence lifetime by the
plasmon modes are also investigated theoretically.

Chapter 3 demonstrates the single-molecule detection of a very weak emitter with a
quantum yield of about 10−4 and a comparatively large Stokes shift of 3000 cm−1, by en-
hancing the fluorescence with single gold nanorods. We optimize the fluorescence rates by
optimizing the excitation wavelength and the plasmon resonance. We further theoretically
estimated that the quantum yield detection limit of a single molecule could be as low as
10−6, provided the dwell time of the molecules in the plasmonic hot spot is long enough.

In Chapter 4, we develop a method to synthesize end-to-end gold nanorod dimers with
the aid of molecular linkers. We controlled the end-to-end assembly in the presence of
CTAB surfactant, which forms a bilayer that coats more compact over the side of the rods,
to favor the attachment of the linker molecules at the tips. The interparticle gaps were kept
open by choosing biomolecule pairs of streptavidin and biotin disulfide as the linkers, which
ensures a separation of around 5 nm between the two nanorods.

InChapter 5, we exploit the end-to-end gold nanorod dimer to enhance the two-photon-
excited fluorescence of a single organic molecule. The strong plasmon coupling between the
rods induces a very intense local field in the gap, with the maximum enhancement factor up
102, resulting in a TPE enhancement of 107 ∼ 108. With such high enhancement factor, we
successfully detected two-photon-excited fluorescence at single-molecule level. Correlated
scanning electron microscope images (SEM) were taken later to examine the configurations
of the gold nanorod dimer structures.
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2
Theoretical investigations of the

single-molecule fluorescence
enhancements by a single gold
nanorod and by an end-to-end

gold nanorod dimer
Single gold nanorod supports the longitudinal plasmon modes that may enhance not only the
near-fields but also the local density of photon states near the tips. As a consequence, single
gold nanorods can be used to enhance the fluorescence of weak emitters, by enhancing both
the excitation and radiative rates. Gold nanorod dimer, arranged in an end-to-end config-
uration, may strengthen both effects inside the gap owing to the strong plasmon coupling.
This provides stronger fluorescence enhancement. We compare the fluorescence enhance-
ment by a single gold nanorod to that of a gold nanorod dimer with interparticle gap of
5 nm. We consider fluorescent dyes with different absorption and emission bands. Our sim-
ulations reveal that, at weak excitation, an enhancement factor of∼ 104 can be achieved by
the dimer for one-photon excited fluorescence, while for two-photon-excited fluorescence,
the enhancement factor by the dimer can be as high as ∼ 108. The influence of plasmon
modes on the fluorescence lifetime and on the spectral shaping is also investigated for all
the dyes. At high excitation intensity, the enhancement factor for both one- or two-photon-
excited fluorescence will be saturated to a limited value of the radiative enhancement by the
plasmonic structures.

17



2. Theoretical investigations of the single-molecule fluorescence enhancements . . .

2.1. Introduction

The most valuable feature of noble metal nanoparticles comes from the collective oscilla-
tion of surface charges, also known as the localized surface plasmon resonance (SPR)[1, 2].
Controlling the SPR of nanoparticles provides an effective way of manipulating the light-
matter interaction on the nanoscale[3–6]. As a straightforward approach, coupling to plas-
monic nanoparticles can strongly influence the fluorescence processes of fluorophores[7–
19]. First of all, the excitation efficiencies of the fluorophores can be largely enhanced due
to the strong light-field confinement near the plasmonic nanoparticles. Secondly, the SPR of
the nanoparticles may also increase the local density of photon states (LDOS) around the sur-
faces, which, in turn, enhances the radiative rate of the excited fluorophore according to the
Purcell effect[20, 21]. The emission rates of the emitters, however, may be quenched via the
additional non-radiative channels induced by the Ohmic absorption of the metal[8, 22, 23].
Consequently, the interplay of these effects may result in an overall enhancement of the flu-
orescence rates, and can modify the fluorescence lifetimes[23–25] and the spectral shapes
of emissions[26–29], which can be controlled by tuning the shapes and sizes of the metal
nanoparticles, as well as the relative position and orientation of the emitter with respect to
the nanoparticles[11].

The impacts of plasmon resonance on the emission properties of a single fluorophore can
be theoretically investigated by solving the classical Maxwell’s equations, involving a radia-
tive dipole coupled to the plasmonic structure[10, 13, 17–19]. In this chapter, we evaluate
theoretically the performance of gold nanorod based SPR on the fluorescence enhancement
of very weak emitters, which are harder to detect at single-molecule level, either because of
the very small quantum yields, or because of the very low excitation efficiencies in certain
cases, for example two-photon excitation[30]. In the following sections, we will examine the
fluorescence enhancement by a single GNR and compare it with the enhancement by a GNR
dimer structure, where the GNRs couple strongly with each other. Moreover, we will also in-
vestigate the influences of the LSPRs of these plasmonic nanostructures on the fluorescence
lifetime and on the shape of the emission spectra. At last, we will investigate the saturation
of the fluorescence of a molecule at high excitation, with or without the enhancement by the
plasmonic structures.

2.2. Theoretical framework

Two-level scheme of fluorescence enhancement by an antenna

In this thesis, we follow the two-level scheme of Khatua et al[13]. to study the single-
molecule fluorescence enhancement by a plasmonic nanoantenna. In this model, the fast
internal vibration relaxation is ignored, and the transition rates of the molecule between
the ground (g) and exited (e) state are represented by the excitation and the two relaxation
rates, as depicted in figure 1. In the absence of the nano-antenna, the time evolution of the
probabilities of the molecule at the excited state (p0

e) and at the ground state (p0
g) can be

2
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Figure 2.1: Schematic of the transition rates of a molecule in a two-level system, with or without a nanoantenna.
Reprinted from Ref[13].

expressed as

dp0
e

dt
= k0

exc · p0
g − (k0

nr + k0
r )p0

e

p0
g = 1− p0

e ,

(2.1)

which, at the steady state condition of
dp0

e

dt
= 0 , gives the equilibrium population of the

excited state,

p0
e =

k0
exc

k0
exc + k0

nr + k0
r

. (2.2)

The photon emission rate from the molecule is given by

I0
f =

k0
exc · k0

r

k0
exc + k0

nr + k0
r

= k0
exc ·

1

k0
exc/k

0
r + 1/η0

. (2.3)

Here, k0
r and k0

nr are the radiative and non-radiative rates of the molecule, k0
exc is the excita-

tion rate, and η0 represents the quantum yield of the molecule. At low excitation power,
where k0

exc/k
0
r � 1/η0, the emission rate is proportional to the excitation rate: I0

f =
k0

exc · η0.
By replacing the transition rates in equation (2.3) with the rates modified by the antenna,

we get the enhanced emission rate in the presence of the antenna

If = ξexc · k0
exc ·

ξrad

ξexc · k0
exc/k

0
r + (ξrad +Knr/k0

r − 1) + 1/η0
, (2.4)

and the overall fluorescence enhancement by the antenna

ξtotal = ξexc · ξrad ·
k0

exc/k
0
r + 1/η0

ξexc · k0
exc/k

0
r + (ξrad +Knr/k0

r − 1) + 1/η0
. (2.5)

Here ξexc and ξrad are the enhancement factors of the excitation and radiative decay rates,
respectively. Knr is the additional non-radiative absorption rate due to the dissipative losses

2

19



2. Theoretical investigations of the single-molecule fluorescence enhancements . . .

of the antenna. Under weak excitation the overall enhancement can be simplified as

ξtotal = ξexc · ξrad ·
1/η0

(ξrad +Knr/k0
r − 1) + 1/η0

. (2.6)

As a result of the modification of the decay rates by the antenna, the fluorescence of the
molecule can be deduced as

τ

τ0
=

k0
r + k0

nr

ξradk0
r + k0

nr +Knr
=

1/η0

(ξrad +Knr/k0
nr − 1) + 1/η0

. (2.7)

Here, for simplicity, we omit the intersystem transitions of the excited molecule to other
energy states, which may cause fluorescence blinking, or phosphorescence of the molecules.

Numerical simulations of fluorescence enhancements

The fluorescence enhancement of a single molecule by the plasmonic antenna can be treated
classically, provided the molecule is not too close to the metal (sub-nanometer away from
the metal surfaces). We consider the molecule as a radiative dipole p0 oscillating with
frequency of ω. As the theoretical absorption rate of the molecule is related to the intensity
of the local field at its position, the excitation enhancement factor by the nanoantenna can
be expressed as

ξ(n)
exc =

|p0 ·E(ωexc)|2n

|p0 ·E0(ωexc)|2n
, (2.8)

where E(ωexc) and E0(ωexc) are the electric fields at the position of the dipole with and
without the nanoantenna, ωexc is the frequency of the illuminating light source, and the
number n = 1 or 2 indicates the excitation with one or two photons, since two-photon
absorption depends on the square of the excitation light intensity[31, 32].

To evaluate the enhancement factor by the nanoantenna numerically, we applied a classi-
cal electrodynamics approach based on boundary element method (SCUFF-EM) to simulate
the excitation and emission enhancements[33, 34].

To get the excitation enhancement, we assumed the antenna is excited by a plane wave
and for the calculation of decay rates, we modeled the excited emitter as a radiating dipole,
whose time-averaged radiated power in a medium without nanoantenna is[4]

Pr0(ω) =
|p0|2

4πε0

nω4

3c3
, (2.9)

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 the radiative rate (ξrad) and the non-radiative
dissipation rate (Knr) by the nanoantenna were derived from

ξrad = kr/k
0
r = Prad/Pr0, (2.10)

and
Knr/k

0
r = Pabs/Pr0. (2.11)
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2.3. Results and discussion

In the simulations, the power absorbed by the antenna Pabs was calculated by integrating
the Poynting vector over the surface, and the radiated power Prad was obtained from[4]

Prad(ω) + Pabs(ω) =
ω3

2c2ε0
|p0|2[n · Im[G(r, r;ω)] · n], (2.12)

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

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>=

∫
ξrad(ω)Fdye(ω)dω, (2.13)

<Knr>=

∫
Knr(ω)Fdye(ω)dω, (2.14)

here, Fdye(ω) is the normalized emission spectra of the molecule.

2.3. Results and discussion

The most valuable feature of gold nanorod (GNR) dimers compared to single GNR, comes
from their outstanding capacity of enhancing ultra-weak signals[35–38]. As an example,
we first compare the fluorescence enhancement by an end-to-end GNR dimer with the en-
hancement by a single GNR.

We start from the strongest coupled dimer configuration, where two identical GNRs are
arranged in end-to-end manner with the long axes along each other, shown in figure 2.3a.
All GNRs were modeled as a cylinder with two hemispheres at the ends, and their diameters
were fixed at a constant value of 40 nm. For the single GNR, the length was set as 115 nm,
which gives a longitudinal plasmon resonance of 765 nm. While for the GNR dimer, we
adjust the length and the interparticle gap to tune the resonance of the longitudinal-coupled
mode to the same plasmon wavelength as the single GNR. In order to have enough space for
the molecule to access the near-field hotspot, the GNRs were separated by a gap of 5 nm,
and their lengths were adjusted to 90 nm, which ensures the longitudinal plasmon resonance
at the wavelength of 765 nm. In the simulations, the dielectric constant for gold was taken
from Johnson and Christy, and the refractive index of the ambient mediumwas taken as 1.33
for water.

For simplicity, the fluorescent molecule was modeled as a point dipole with orientation
to be parallel to the polarization of the excitation light, which was aligned with the long axis
to get the best excitation. For the single GNR, we placed the molecule at varied positions
along the long axis with a certain distance (labeled as ’d’ in figure 2.2a) from the tip of
the GNR. For the GNR dimer, the position of the molecule is represented by the distance d
from the tip of the first GNR (as shown in figure 2.3a) between the two GNRs along the long
axes. For both cases, the minimum distance of the molecule away from the gold surface was
assumed to be 0.75 nm.
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Figure 2.2: Calculated fluorescence enhancement by a single GNR. (a) Scheme of the simulation. (b) Near-field
intensity enhancements as a function of the excitation wavelength at different distances. The distance is represented
by the color of the line, which corresponds to the d-ordinate of the dots of the same color in the inset. Black dashed
line is the normalized scattering spectrum of the GNR. Inset shows the near-field intensity enhancements as a
function of d excited at the wavelengths of 760 nm, 660 nm and 560 nm. (c, d) Additional non-radiative rates
(c) and radiative enhancements (d) as a function of wavelength at different distances. Dashed line in (d) is the
normalized scattering of GNR. (e) Spectral shaping of the spontaneous emissions from three dyes with different
emission bands near a single GNR with different separations (labeled by the values of d). Left to right: the original
(dashed line) and modified (shaded) emission spectra of Alexa Fluor 555 (dark green), Alexa Fluor 633 (orange)
and Alexa Fluor 750 (brown). (f-i) Distance dependence of the averaged additional non-radiative rate (f), radiative
enhancement (g), lifetime shortening (h) and overall enhancement (i) for the molecules of Alexa Fluor 555 (dark
green), Alexa Fluor 633 (orange) and Alexa Fluor 750 (brown).
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Figure 2.3: Calculated fluorescence enhancement by a GNR dimer. (a) Scheme of the simulation. (b) Near-
field intensity enhancements as a function of the excitation wavelength at different positions represented by d,
which corresponds to the d-ordinate of the dot in the inset with respect to the line-color. Black dashed line is the
normalized scattering spectrum of the GNR dimer. Inset shows the near-field intensity enhancements as a function
of d excited at the wavelengths of 760 nm, 660 nm and 560 nm. (c, d) Additional non-radiative rates (c) and
radiative enhancements (d) as a function of wavelength at different positions. Dashed line in (d) is the normalized
scattering of GNR dimer. (e) Spectral shaping of the spontaneous emissions from three dyes with different emission
bands at different positions inside the gap of the GNR dimer (labeled by the values of d). Left to right: the modified
(shaded) and original (dashed line) emission spectra of Alexa Fluor 555 (dark green), Alexa Fluor 633 (orange)
and Alexa Fluor 750 (brown). (f-i) Position dependence of the averaged additional non-radiative rate (f), radiative
enhancement (g), lifetime shortening (h) and overall enhancement (i) for the molecules of Alexa Fluor 555 (dark
green), Alexa Fluor 633 (orange) and Alexa Fluor 750 (brown).
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Enhancement of near-field intensity : Single GNR vs GNR dimer
Under weak excitation, the fluorescence enhancement can be treated as the product of the
excitation enhancement and the emission enhancement. We first discuss the excitation en-
hancement upon one-photon absorption, which can be represented as the near-field intensity
enhancement in the parallel-excited condition. Figure 2.3b shows the intensity enhance-
ment of the near-field by the GNR dimer as a function of the excitation wavelength and of
the molecular position (inset). For comparison, we also calculate the near-field intensity
enhancement by a single GNR for different molecule-tip separations in figure 2.2b. From
the plots, we can see that the intensity enhancement spectra of both structures are slightly
red-shifted compared to the scattering spectra (from 765 nm to 770 nm), and their shapes
show clear asymmetric profiles, with the red wings decreasing slower than the blue wings
as the excitation was detuned away from the resonant excitation. Such differences can be
explained as the results of plasmonic damping and the dephasing between the near-field and
the far-field responses of the structures.

Apparently, the near-field enhancement by a single GNR depends strongly on the posi-
tion of the molecule with respect to the gold surface. As the molecule moves away from
the tip of the GNR, the near-field enhancement decreases rapidly. Therefore, the effective
excitation enhancement by a single GNR is only localized to a small volume near the tip.
The GNR dimer provides a more uniform near-field hotspot with larger enhancement factor
between the gap, which is distributed symmetrically along the long axis. From figure 2.2b,
we can see the enhancement of near-field intensity by a single GNR in resonance drops
monotonically from 7.9 × 102 to 3.6 × 102 as the GNR-molecule distance increases from
0.75 nm to 5 nm. For the GNR dimer, however, the enhancement of the near-field inten-
sity shows little change inside the gap. As shown in figure 2.3b, the enhancement factor
decreases slightly from 1.0× 104 to 0.9× 104 as the molecule moves away from one tip at
the distance of 0.75 nm toward the center of the dimer.

Additionally, GNR dimer performs better for the near-field enhancement excited at the
wavelength out of the plasmon resonance. As an example, we compared the enhancement
of the near-field intensity by the single GNR and by the GNR dimer at different excitation
wavelengths as shown in the insets of figures 2.2a and 2.3a, respectively. We can see that
the near-field intensity enhancement by the single GNR, for d = 0.75 nm, decreased from
730 to 23 and 2.3 as the excitation wavelength was detuned from 760 nm to 660 nm and
560 nm, respectively. On the other hand, for the dimer the relative enhancement factor at
these wavelengths drops from 1.1× 104 to 1.1× 103 and 1.7× 102, respectively.

Non-radiative and radiative rates enhancement : Single GNR vs GNR dimer
Next, we examine the emission enhancement of the fluorescent molecule by the single GNR
and by the GNR dimer. Unlike the excitation enhancement, where the near-field enhance-
ment is due to the plasmon modes excited by a plane wave, the emission enhancement con-
cerns the plasmon oscillation induced by a point-like dipole source, which may introduce
different coupling channels to the plasmon modes. For instance, as the result of symmetry
breaking, it may be easier for the dipole to excite the higher order modes or ’dark’ modes
of the plasmon structures compared to plane waves. As it was mentioned before, the influ-
ence of plasmon resonance on the emission properties of the dipole can be described by the
enhancement of the radiative rates (ξrad) and the additional non-radiative rates (Knr/k

0
r ).
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As shown in figures 2.2c and 2.3c, for both the single GNR and the GNR dimer, two
major additional non-radiative absorption bands exist for the excited molecule. The first
absorption band is due to the excitation of the longitudinal plasmon mode with the peak at
wavelength of 770 nm. The other one is at the high energy range with the peak at 510 nm
which can be viewed as the result of the excitation of high-order modes. The excitation of
the high-order modes and their coupling with far-field or other plasmonic modes, strongly
depend on the excitation wavelength, the curvature of the gold surface and the distance of
the dipole source from the surface. When the molecule is placed very close to the tip of the
GNR (or close to the tip of one GNR in the case of the dimer), the additional dissipation
channels are dominated by the high-order absorption modes. As the molecule moves away
from the tip, the high-order absorption decreases more rapidly than the absorption due to
the SPR, leaving two distinguishable peaks at wavelengths of 510 nm and 770 nm for both
single GNR and GNR dimer.

To investigate the radiative rate enhancement, we need to consider not only the excita-
tion of the plasmon modes by a dipole source, but also the coupling of these modes with the
far fields. Different from the coupling with the point-like dipole source near by, low order
plasmon modes with longer resonant wavelengths couple more efficiently with the far fields.
This statement can be confirmed by the dominant peaks of the radiative enhancements at the
wavelength of 770 nm, as is shown in figures 2.2d and 2.3d, which correspond to the longi-
tudinal plasmon resonances of singe GNR and GNR dimer, respectively. At this wavelength,
due to the strong plasmon coupling between the GNRs, the radiative rate of the molecule
inside the gap of the dimer can be enhanced by a factor of about 104, which is more than one
order higher than the enhancement by a single GNR for the molecule separated by similar
distance from the tip. From the spectra, we also see a small peak at 510 nm for both cases
as the molecule is placed very close to the GNR’s tip. This peak vanishes very quickly as
we increase distance of the molecule from the GNR’s tip. Additionally, for the radiative rate
enhancement by the GNR dimer, we see more features in range between the two main modes
compared to single GNR, which can be viewed intuitively as due to the excitation of other
hybrid modes of the GNR dimer (except the longitudinal SPR) by the molecule.

Specifically, we notice that the high-order modes excited at the short wavelength of
510 nm are strongly localized modes. As a consequence, the excitation of this high-order
modes is not influenced by the length of the GNR. From figure 2.4a, we can see that the
additional non-radiative absorption at the wavelength of 510 nm by single GNR is not de-
pendent on the length of the GNR. As the molecule moves away from the GNR’s tip, the
high-order absorption peaks by the single GNR decrease about two orders faster compared
to the absorption at the SPRs of each GNR shown in figure 2.4b, indicating that the inter-
action length scale of the high order modes is about two-order smaller than the dipole-like
longitudinal plasmon modes. From figure 2.4a, we also see that, for the GNR dimer, as the
molecule inside the gap is placed very close to one of the two GNRs (e.g. d ≤ 1.5 nm), the
existence of the other GNR does not influence the values of additional non-radiative rates,
which confirms the interaction length scales of these high order modes are absolutely short.
Similar behaviour can be seen for the radiative rate enhancements for the single GNR and
GNR dimer at the wavelength of 510 nm, shown in figure 2.4c, where we don’t see signifi-
cant difference in the enhancement factors for all the structures, while the molecule is closer
to GNR’s tip. As a comparison, for radiative rate at SPR’s wavelength, the enhancement
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Figure 2.4: Comparisons of the additional non-radiative rates (a, b) and the radiative enhancements (c, d) at the
wavelengths of 510 nm (a, c) and 770 nm (b, d), with the enhancements by a GNR dimer and by two single GNR
of different lengths. The shorter single GNR (shGNR) with SPR of 670 nm has similar length as the individual
GNR of the dimer, and the longer GNR (lgGNR) and the GNR dimer have same resonant wavelength of 765 nm.
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factor by the GNR dimer can be more than one-order higher than the enhancement by a
single GNR, as is shown in figure 2.4d.

Fluorescence enhancement of the dyes with different emission bands :
Single GNR vs GNR dimer

So far, we have provided a detailed description of the influence of plasmon resonance on
the excitation and radiation of a dipole emitter by exploiting a single GNR and a longi-
tudinally arranged GNR dimer. To investigate the overall fluorescence enhancement of a
dye molecule, we need to involve the influences of the intrinsic non-radiative decay of the
molecule, and of the spectral overlaps of the molecular absorption and emission with the
SPR. For a dye with specific absorption and emission bands, the well known strategy to get
best fluorescence enhancement is to tune the plasmon resonance by adjusting its size to en-
sure best spectral overlaps between the SPR and the absorption and emission bands of the
molecule.

Herein, we will compare the fluorescence enhancements by the aforementioned single
GNR and GNR dimer for three dyes with very different absorption and emission bands: the
Alexa Fluor 555, Alexa Fluor 633 and Alexa Fluor 750. They have similar quantum yield
of 10% and different maximum absorption peaks at the wavelengths of 555 nm, 633 nm
and 750 nm, respectively. Instead of tuning the plasmon resonances to get best fluorescence
enhancements, we will use the same structures to investigate the enhancement of these three
dyes under the excitation wavelengths of 560 nm, 660 and 760 nm, respectively. In the
case of one-photon excitation, we lose both excitation and emission enhancement for the
two dyes Alexa Fluor 555 and Alexa Fluor 633, which are off-resonance with the plasmonic
structures. Yet the discussions about the spectral shaping and lifetime shortening by the
GNR structures will be very valuable for the study of fluorescence enhancement under two-
photon excitation, as the two-photon absorption bands for common dyes are normally in the
infrared region and their excitation rates can be significantly enhanced by our structures,
especially by the GNR dimers.

Spectral shaping of the spontaneous emission
One notable feature of the plasmon-emitter system is that the line-shape of the emission
spectrum of the molecule can be modified, since different spectral components of the emis-
sion will be selectively enhanced according to the plasmonic modes. Here, we illustrate the
modification of the emission spectra of the three dyes with very different emission bands by
the single GNR and by the GNR dimer.

First, we have a look at the dye Alexa Fluor 750, which has the emission peak (brown
dashed lines in figures 2.2e and 2.3e) overlapped with the LSPR. Due to maximum enhance-
ment at the peaks, we see similar sharpened profiles for the enhanced emissions (brown
shaded area) for both single GNR and GNR dimer, as shown in figures 2.2e and 2.3e respec-
tively. Secondly, for Alexa Fluor 633 dye with the emission maximum at 639 nm (orange
dashed lines in figures 2.2e and 2.3e), we see significant red-shift for the emission peaks,
enhanced by the single GNR and by GNR dimer, which can be regard as the enhancement
of the emission tail by the longitudinal SPR modes of the nanostructures. Yet, due to other
enhancement channels according to the hybridized plasmon modes of the GNR dimer, we
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see the maximum peak for GNR dimer is located at 724 nm, which is shorter than the peak
of 746 nm for the single GNR. For the similar reason, we see the other peak with slightly
smaller value at the wavelength of 658 nm for GNR dimer. Finally, for Alexa Fluor 555 with
the emission peak at 568 nm, we see from figure 2.2e that, at short distance (d = 0.75 nm)
from single GNR, the emission enhancement at the longer wavelength is suppressed by the
emission enhancement corresponding to the high-order modes excited at the shorter wave-
length. As the molecule moves away from the tip, the enhancement due to high-order modes
decrease very fast, and we see emission tail is lifted by the enhancement caused by the LSPR
at longer wavelength. For GNR dimer, we see the longer wavelength enhancement for the
emission rise up, which can be attributed to the hybridized modes of GNR dimer.

One-photon excited fluorescence enhancement
Since the plasmonic enhancement of the decay rates of the molecules are highly dependent
on the exact positions of the spectra, we will approximate the radiative rate enhancement
(ξrad) and the additional non-radiative rate (Knr) for each dye by taking the average of the
enhancement factors over the emission spectra of the dyes.

Expectantly, for single GNR, as the dye molecule gets very close to GNR’s tip, the decay
rate is dominated by the additional non-radiative rate. Shown in figure 2.2f, we see large
non-radiative rates (∼ 104) for the three dyes for small separation (d ∼ 1 nm). The rates
drop rapidly as the separation of the dye from the GNR increases. Specifically, at short
distance, we obverse largest < Knr > for Alexa Fluor 555 (green dotted line), which has
the strongest emission overlap with short-wavelength absorption band of the GNR, while at
larger distance (e.g. d > 6 nm), Alexa 750 (brown dotted line), having reddest emission
band, exhibits the largest non-radiative rate, due to its strongest spectral overlap with the
longitudinal SPR. The radiative rate enhancements (< ξrad >) for the dyes, however, are
mainly correlated with the spectral overlaps between their emission bands and the LSPR.
As shown in figure 2.2g, at short distance (d ∼ 1 nm), we see the enhancement factors
of 6 × 102, 1 × 102 and 4 × 101 for the radiative rates of Alexa Fluor 750, 633 and 555,
respectively. For the dimer, as shown in figure 2.3f, the magnitude of non-radiative rates
for the dyes are similar to the case of the single GNR (∼ 104). And, for the radiative decay
rates, we see about one order higher enhancement factors for each dye inside the gap of the
dimer (figure 2.3g), compared to the enhancement factors by the single GNR when the dyes
are very close to the GNR.

The stronger near-field enhancement by the GNR dimer, together with the stronger radia-
tive enhancement, leads to a larger overall enhancement of the fluorescence of the dye inside
the gap of the dimer. As shown in figure 2.3i, for Alexa Fluor 750 dye with emission reso-
nant with the longitudinal SPR, we see a maximum overall fluorescence enhancement factor
of about 2.6 × 104 inside the gap of the GNR dimer. For the other two dyes, Alexa Fluor
633 and 555, both having absorption bands and emission bands out of resonance with lon-
gitudinal SPR, we get enhancement factors of 1.5×103 and 20, excited at the off-resonance
wavelengths of 660 nm and 560 nm, respectively. As a comparison, for single GNR, the
over enhancement factor for the three dyes are 103, 100 and 10−2, respectively, as is depicted
in figure 2.2i.
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Fluorescence lifetime reduction
A direct consequence of the overall enhancements of the radiative decay rate and non-
radiative decay rate of a molecule is the reduction of its fluorescence lifetime. Lifetime
shortening is crucial for the single-molecule study of an emitter with very long fluorescence
lifetime. Here we find that fluorescence lifetime can be strongly reduced in the vicinity
of GNR’s tip. As depicted in figures 2.2h and 2.3h, for single GNR and GNR dimer, re-
spectively, we see about four-order reduction for the lifetimes of all the three dyes, as the
molecule gets close to the GNR’s tip (d ∼ 1nm). For single GNR, the lifetime reduction
of the molecule is mainly due to the additional non-radiative decay rates, hence the strong
lifetime reduction is only restricted to a very tiny region near the GNR’s tip. As can be seen
in figure 2.2h, the lifetime reduction factors for the dyes increase rapidly to the magnitude
of about 10−2 as the molecules move away from the tip by a small distance (at the position:
d ∼ 3 nm). For GNR dimer, however, the strong lifetime reduction factor at different po-
sition inside the gap do not change significantly. As depicted in figure 2.3h, the reduction
factor remains in the range of 10−4 ∼ 10−3 for all the dyes in the center of the gap.

Two-photon-excited fluorescence enhancement
Another potential application of gold-nanorod based plasmonic structures is to enhance two-
photon-excited fluorescence of a molecule. Unlike the one-photon excited fluorescence,
two-photon-excited fluorescence is a nonlinear optical process where the excitation of the
molecule is due to the absorption of two identical photons, hence the excitation rate is pro-
portional to the square of the incident light intensity: k(2)

exc = σ(2)I2
exc. As a consequence,

we would expect higher excitation enhancement for two-photon-excited fluorescence than
one-photon counterpart in the near-field hotspots, since the enhancement factor is depen-
dent on the square of the near-field intensity. Additionally, two-photon excitation extends
the absorption band into longer wavelength, usually in the infrared range, which can be well
overlapped with SPR band of GNR to achieve the maximum enhancement for two-photon-
excited fluorescence.

Here, we compare the two-photon-excited fluorescence enhancement by the aforemen-
tioned single GNR and GNR dimer. We focus on the two dyes, Alexa Fluor 633 and Alexa
Fluor 555, since both have two-photon absorption in the infrared range. In the simulation,
the excitation wavelength was set as 770 nm to ensure best excitation enhancement. The
emission spectra and the quantum yields of the dyes under two-photon excitation are con-
sidered the same as one-photon excited fluorescence.

Figure 2.5 gives the overall fluorescence enhancements for two dyes under two-photon
excitation, by the single GNR and by the GNR dimer. From the plot, we see a maximum
enhancement factor of about 105 for Alexa 633 molecule (orange circles) by a single GNR,
while by GNR dimer, the enhancement factor can be as strong as 108 (orange dots). The
improvement of the overall enhancement by GNR dimer comes from the strong plasmonic
coupling between the two GNRs. This causes stronger enhancement for both the excitation
rate and radiative rate of the dye, compared to the single GNR. For Alexa Fluor 555, which
has shorter wavelength emission band, we see smaller enhancements by GNR dimer (∼ 107,
green dots) and by single GNR (∼ 104, green circles), which can be attributed to the stronger
quenching effects due to additional non-radiative absorption by the gold.
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Figure 2.5: Two-photon-excited fluorescence enhancement by a single GNR and by a GNR dimer for two dyes,
Alexa Fluor 633 and Alexa Fluor 555.

Saturation of one/two-photon-excited fluorescence enhanced by single GNR or byGNR
dimer
In previous discussions, we considered the fluorescence enhancement under very weak exci-
tation, where the processes of excitation and emission can be treated independently. In this
case, the emission rate is proportional to the excitation rate of the molecule. As the excita-
tion continue to increase, we will see saturation behavior for the emission rate[4, 30, 39, 40].
For free dye, as the molecule is excited by very high power (kexc →∞), from Eq (2.3), we
see a limited rate I0

f,∞ → k0
r for the emission rate of the free dye, which means the emission

rate is limited by the intrinsic radiating rate of the dye (k0
r ). Enhanced by the plasmonic

structure, the saturated emission rate of the dye is If,∞ →<ξrad> ·k0
r . Therefore, the satu-

rated overall fluorescence enhancement is<ξrad>, which represents the averaged radiative
enhancement of dye by the plasmon structures.

Following the strategy of the book (Principle of Nano-optics) by Novotny and Hecht [4]),
the saturation behavior of the molecule can be characterized by the parameter Is. For a free
dye, Is = k0

r /η0 = τ−1
0 = k0

D, where k0
D and τ0 are the intrinsic decay rate and intrinsic

lifetime of the dye, respectively. For the dye enhanced by a plasmonic structure,

Is =
<ξrad +Knr/k

0
r − 1> ·η0 + 1

ξexc
· k0

D, (2.15)

where < · · · > represents the average over the emission spectrum. Here, Is characterises
the saturated excitation power, at which the emission rate equals to half of the saturated
emission rate. Obviously, the saturated excitation rate of the molecule, with or without the
plasmonic structure, is proportional to the ratio of the total decay rates over the excitation
rates.

Next, we investigate the saturation of the fluorescence enhanced by a single GNR and by
the GNR dimer. In this study, we represented the enhancements of the decay rates (ξrad and
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Figure 2.6: Fluorescence saturation under one-photon and two-photon excitation. (a, b, c) Schemes of the simula-
tions for one-photon excited fluorescence enhanced by a single GNR (a) and by a GNR dimer (b), for two-photon-
excited fluorescence enhanced by the single GNR and GNR dimer (c). For all cases, the distance from GNR’s tip
was set as 2.5 nm and the excitation wavelength was set as 765 nm. (d, e, g, h, j, k) Saturation of the one-photon
excited fluorescence for single dye molecule with different quantum yields. (d, e, g, h) Excitation power depen-
dence of the one-photon fluorescence with (d, e) or without (e ,h) the enhancement by single GNR (d) or by GNR
dimer (e). (j, k) Overall fluorescence enhancement by single GNR (j) or by the GNR dimer (k). Green dashed lines
in (j, k) represent the dyes that have constant enhancement factor for all excitation powers by single GNR (j) or by
GNR dimer (k), with the quantum yields corresponding to the green dots in the colorbars. Here, for simplicity, we
assumed the dyes with different quantum yields have similar one-photon absorption cross section of σ, and their
emission spectra were all represented by the emission of Alexa Fluor 750 in the simulations. (f, i, l) Saturation of
two-photon-excited fluorescence of a single molecule of Alexa Fluor 633. (f, i) Power dependence of two-photon
fluorescence rates with (f) or without (i) the enhancement by single GNR or by GNR dimer. (l) Power dependence
of two-photon fluorescence enhancement by single GNR or by GNR dimer.
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Knr/k
0
r ) with the averaged enhancement factors for a single molecule of Alexa Fluor 750.

The molecule was placed at the position of d = 2.5 nm from the GNR’s tip, or placed at
the center of the dimer’s gap, as is shown in figures 2.6a, and 2.6b. The excitation enhance-
ment factors were considered as the enhancements of the near-field intensities excited at the
wavelength of 770 nm.

We show the fluorescence rate of the molecule as a function of the excitation rate in
figures 2.6d, 2.6e, 2.6g, and 2.6h, with (d and e) or without (g and h) the enhancement by
single GNR andGNR dimer, respectively. As an assumption, we varied the quantum yield of
the molecule from 10−4 to 1 to investigate the emission saturation for the dyes with different
quantum yield, keeping the intrinsic decay rate (k0

D = 1/τ0) of the dye and the emission
spectrum as constant. As expected and shown in the plots, the fluorescence rate depends
linearly on the excitation rate for small excitation intensities. At high excitation rate, the
emission intensities approach the saturated rates, which could be ether < ξrad > ·k0

D · η0

or k0
D · η0, depending on whether the dye is enhanced or not by the plasmonic structures.

Interestingly, from figures 2.6d and 2.6e, we see that the dye with smaller quantum yield is
easier to be saturated under the enhancement of the single GNR or the dimer, based on the
assumption of similar intrinsic decay rate for all quantum yields.

We compare the overall fluorescence enhancements by the single GNR and by the GNR
dimer for the dyes with different quantum yields in figures 2.6j and 2.6k, respectively. For
each plasmonic structure, below saturation, the fluorescence enhancement factor does not
depend on the excitation power, yet it does depend on the quantum yield of the molecule.
It turns out that the overall fluorescence enhancement is larger for the dye with smaller
quantum yield. Specifically, the enhancement factor ξtotal → ξexc· <ξrad>, as the quantum
yield η0 → 0. Here, ξexc is the excitation enhancement by the plasmon mode. Above
saturation, however, the overall enhancement for all quantum yields approaches to the same
enhancement factor of < ξrad >. By having a closer look at Eq (2.5), we find that for the
dye with the quantum yield of

η0 =
ξexc − 1

<ξrad +Knr/k0
r − 1>

, (2.16)

we see a constant enhancement factor of ξrad for all excitation powers, which can be con-
firmed by the straight lines (green dashed) in figure 2.6j and 2.6k.

Finally, it is also of interest to investigate the saturation of two-photon-excited fluores-
cence, with the enhancement by the single and dimer GNR. As an example, we considered
the Alexa Fluor 633 dye excited at the wavelength of 770 nm. Similar to one-photon case,
the molecule was placed at the position of d = 2.5 nm from the GNR’s tip, or placed at
the center of the dimer’s gap, as shown in figure 2.6c. Due to the stronger excitation en-
hancement, the fluorescence enhanced by the GNR dimer is saturated at smaller excitation
intensity, compared to the single GNR (figure 2.6f). The expected fluorescence rates, ex-
cited at high power, are also limited to the saturated emission rates of < ξrad > ·k0

D · η0

for both structures. At weak excitation, we see much stronger fluorescence enhancement
under two-photon excitation compared to one-photon excitation, which is about 108 by the
GNR dimer, and 105 by the single GNR, as shown in figure 2.6l. The saturated fluorescence
enhancement, however, is the same factor of < ξrad > for both two-photon excitation and
one-photon excitation, which is the averaged enhancement factor of the radiative rate of the
dye by the plasmonic structure.
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2.4. Conclusions

In conclusion, we theoretically investigated the fluorescence enhancement by a single GNR
and by an end-to-end GNR dimer. Compared to single GNR, the GNR dimer with end-to-
end configuration provides stronger enhancements for both near-field intensity and radiative
rate of a dipole. At low excitation power, the stronger near-field enhancement, together with
the stronger radiative enhancement, will introduce much higher overall fluorescence en-
hancement of a single molecule, especially for the two-photon-excited fluorescence, since
two-photon excitation depends quadratically on the excitation intensity. For a GNR dimer
with interparticle gap of 5 nm, we got enhancement factor of 104 for the dye with well
spectral overlapping with the SPR under one photon excitation, which is more than 10 times
higher than the enhancement by the single GNR. For two-photon-excited fluorescence, the
enhancement can reach up to the factor of 108 by GNR dimer, while for single GNR, the
maximum enhancement factor is about 105. Accompanied with the fluorescence enhance-
ment, we also saw significant spectral shaping and lifetime shortening for the fluorescence
of the molecule. Finally, we examined the fluorescence saturation under the enhancement
of single GNR and GNR dimer. Theoretical analysis showed that, at very high excitation
power, the enhanced fluorescence rate from a single molecule will be saturated to a limited
value, which is determined by the intrinsic radiative rate of the molecule, enhanced by the
factor of the radiative enhancement by the plasmonic structure.
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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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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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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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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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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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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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3.2. Results and discussion

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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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

3

49



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

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.

3

56



S3.1. Supporting information

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
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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)

3

61



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

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 .

3

62



S3.1. Supporting information

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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4
Controlled synthesis of gold

nanorod dimers with end-to-end
configurations

End-to-end gold nanorod dimers provide unique plasmonic hotspots with extremely large
near-field enhancements in the gaps. Thereby they are beneficial in a wide range of appli-
cations, such as enhancing the emissions from ultra-weak emitters. For practical purposes,
synthesis of gold nanorod dimers with high yield, especially on the substrates, is essential.
Here, we demonstrate two controllable strategies to synthesize gold nanorod dimers based
on the self-assembly of gold nanorods, either in bulk solution or on the surface of a glass
substrate directly. Both methods can give a high yield of gold nanorod dimers, yet, assem-
bling them directly on the substrate provides more flexibility in controlling the shape and
size of each nanorod within the dimer.
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4.1. Introduction

Plasmonic coupling between metallic nanoparticles can strengthen the near-field enhance-
ment inside the interparticle gaps[1–10], as well as the local density of photon states[6,
11–15], compared to individual nanoparticles. As a consequence, metal nanoparticle ag-
gregates can be applied to enhance ultra-weak signals, such as two-photon-excited (TPE)
fluorescence[16]. These TPE fluorescence signals are normally too weak to be detected at
single-molecule level, particularly when single nanoparticles are used. Nanoparticle dimers
provide single plasmonic hotspots without reducing the overall fluorescence enhancements.
Therefore nanoparticle dimer structures can be considered as the best plasmon-coupling sys-
tems for single-molecule fluorescence enhancement in the sense that, i) they provide single
sites for fluorescence enhancements, and ii) the photoluminescence background from the
nanoparticles can be reduced compared to multimer aggregates.

Among all the metal nanoparticles, chemically synthesised gold nanorods (GNRs) with
elongated shape have proven to be the excellent building blocks for constructing plasmonic
dimers. Compared to spherical nanoparticles, the anisotropy of the GNRs gives rise to
much richer flexibility in tailoring the optical responses of the dimer structures. GNRs
support two surface plasmon modes along their transversal and longitudinal axes[17, 18].
The longitudinal plasmon resonance can be tuned from visible to the near-infrared region
by varying the aspect ratio[17, 19, 20]. While two GNRs are placed adjacent to each other,
the plasmon resonance can be further adjusted by the interparticle gap and by the relative
orientation[21–24]. End-to-endGNRdimers are of particular interest as they produce higher
near-field enhancement than other configurations as a result of the stronger coupling between
the longitudinal modes. Preparation of end-to-end GNR dimers with high yield, especially
on the substrate, is therefore beneficial for various plasmon-mediated applications[24, 25].
With this aim, various approaches have been developed to link the GNRs in an end-to-end
fashion.

DNA origami templates can be used to assemble individual GNRs into well-defined
nanoarchitectures[22, 26–28], including the end-to-end dimer[29–31], yet this approach re-
quires harsh treatments to both the GNR suspensions and the DNA templates. A more
straightforward approach is to link GNRs directly in an end-to-end fashion through elec-
trostactic attraction[32, 33] or through covalent binding viamolecular linkers[34–36]. Chem-
ically synthesised GNRs are highly anisotropic in surface reactivity due to their anisotropic
crystal structures, hence allow site-specific functionalization on the surfaces. For cetyltrimethy-
lammonium bromide (CTAB) stabilized GNRs, for instance, the tips are more accessible to
dithiol groups as the results of smaller population of CTAB[37, 38], which thus can trigger
the end-to-end self-assembly of GNRs in the suspension[17]. For most cases, the dithiol
ligands can serve not only as linkers, but also as spacers that separate the GNRs. Hence,
dithiol ligands with different molecular sizes can be used to control the interparticle gaps of
GNR assemblies[34, 39–41]. Despite the facilitation of end-to-end connections, controlled
synthesis of GNR dimers with high yield in bulk suspension remains challenging because
lack controls to stop the dimers from randomly growing into chain-like morphologies in the
suspensions[34–36, 39–43].

Here, we have applied two strategies to synthesize end-to-end GNR dimers with the aid
of biotinylated streptavidin as molecular linkers. Firstly, we illustrate the assembly in a bulk
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suspension of GNRs in the presence of the biotinylated streptavidin. The biotinylated strep-
tavidin can bind specifically to the tips of the GNRs in the presence of the surfactant CTAB,
hence ensuring the end-to-end assemblies of the GNRs. The assembly was monitored by
recording the extinction spectra of the assembly suspension over time, and a drop of this
suspension was later deposited and dried between two glass slides. Secondly, we performed
the GNR dimer assembly directly on glass slides. We first immobilized single nanorods on
a clean glass slide, and functionalized them with the biotinylated streptavidin specifically
on the tips of the each GNR. The molecular linkers functionalized on the immobilized gold
nanorods have the chance of adsorbing a second GNR in the solution, hence forming dimer
structures. During the assembly, based on the bottom-up flipped strategy, we can separate
the inevitable multimer aggregates in the suspensions. Thereby we can get purified end-to-
end GNR dimer structures on glass.

4.2. Materials and Method

4.2.1. Materials

The following chemicals and materials were used for the synthesis of the GNR dimers: Un-
conjugated streptavidin (SNN1001, invitrogen), N-[6-(biotinamido)hexyl]-3’-(2’-pyridyldithio)
propionamide (EZ-linkHPDP-biotin; Pierce), tris(2-carboxyethyl)phosphine) (TCEP, Pierce),
Cetyltrimethylammonium bromide (CTAB), CTAB-stabilized Gold nanorods with plasmon
resonance of 700 nm (NA-40-700, OD-50, Nanoseedz), Glass slides (Menzel-Gläser, φ =
25 mm).

4.2.2. Methods

Figure 4.1 schematically illustrates the two assembly strategies we applied for the synthesis
of gold nanorod dimers: (a) assembly in solution, which we can call bulk-assembly process;
and (b) step-wise assembly on the surface of the substrate. The processes can be briefly
described as follows.

Preparation of the molecular linkers.
A biotin disulfide solution (20 µM), EZ-link HPDP-biotin, was pretreated with a reducing
agent solution, TCEP (tris(2-carboxyethyl)phosphine), with a 1:10 biotin/TCEP ratio. This
reaction was allowed at room temperature for 15 min to break the disulfide bonds in the
HPDP-biotin molecules. This process can be verified by monitoring the extinction peak at
343 nm [44](see figure S4.1b in Supporting Information). The mixture solution was added
to the streptavidin solution (1 µM) in phosphate-buffered saline solution (PBS, pH=7.4),
with a ratio of 4:1 for biotin/streptavidin. The incubation lasted for 45 min to allow the
binding of streptavidin with at least two biotins. The excess of unbound biotin disulfide and
TCEP was removed by centrifugation in centrifugal filter devices (Ultra-0.5 10K, Amicon).
The residue was dispersed in 100 µL deionized (DI) water.
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Figure 4.1: Assembly schemes for two synthesis approaches of gold nanorod dimers. Blue arrows illustrate the
step-wise assembly approach where two GNRs of the dimer are immobilized sequentially on the glass surface, by
spin-coating and by molecular linking, respectively. Grey arrows show the bulk-assembly approach.
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(a) Step-wise assembly of GNRs on the glass surface.
Step 1. Immobilized GNRs on the glass side: Individual GNRs were immobilized onto
a clean glass slide by spin-coating a suspension of CTAB-stabilized GNRs. These isolated
GNRs can be viewed as the "first" GNRs of the dimers. After spin-coating, UV/Ozone clean-
ing was performed to remove the CTAB around GNRs’ surfaces to ensure proper sticking
of these GNRs on the glass surface. The slide was immersed in a CTAB solution (1 mM)
for about 30 min. This step created a bilayer of CTAB that covered the sides of the GNRs
more compactly, leaving the tips exposed and accessible to the thiolated molecular linkers.
Step 2. Tip-specific functionalization of theGNRs: TheCTAB solutionwas replacedwith
the pretreated biotinylated streptavidin solution (∼ 200 nM). In the presence of ∼ 1 mM
CTAB, the thiolated linkers can bind specifically at the tip of the GNRs. The tip-specific
binding reaction was allowed to proceed for 90 min, and afterward the slide was cleaned
gently with DI water to remove any reactant residues on the surface.
Step 3. Synthesis of GNR dimers on the glass surface: The glass slide was then flipped
and immersed in GNR colloid in an upside-downmanner for 12 hours, with the surface con-
taining tip-functionalized GNRs facing the bottom of the sample chamber (see the scheme
in figure 4.1). This upside-down strategy can significantly reduce the deposition of GNR
monomers or aggregated multimers onto the substrate under the influence of gravity. The
thiol-functionalized GNRs on the glass slide provided binding sites for the GNRs, and had
the chances to "adsorb" the second GNR to form a GNR dimer through gold-thiol bonds.
This step-wise assembly approach allows us to construct high-purity gold nanorod dimers
on the substrate, and provides the flexibility of adjusting the shapes or sizes of each particle
in the dimers.

(b) Assembly of GNRs in bulk suspension.
The assembly of GNRs can also be performed in the bulk suspension. Briefly, a commer-
cially available GNR suspension (NA-40-700, OD-50, Nanoseedz) was diluted to the con-
centration according to its optical density (OD) of∼ 0.3. The GNR suspension had plasmon
absorption at 700 nm, and the average diameter of the GNRs was 40 nm. 40 µL of the pre-
treated biotin-streptavidin solution were added into 500 µL as-prepared GNR solution to
trigger the end-to-end assembly of the GNRs. The assembly of GNRs was monitored by
recording the extinction spectrum of the solution with a Cary 50 UV-Vis spectrometer (Var-
ian Inc. Agilent Technology, USA) every 2 min. After the extinction peak of the longitudinal
plasmonic modes dropped by about 1/4, the GNR assemblies can be immobilized onto the
glass slides through the following two strategies:
i) Deposition of the GNR assemblies between two glass slides. A small amount of the
GNR assembly solution (∼ 10 µL) was deposited onto a clean cover glass slide, and was
immediately covered with a second glass slide. The capillary action between the two slides
squeezed the assembled solution and formed a thin layer. This strategy helps stop further
assembly of GNR, and deposit the GNR assemblies uniformly on the surfaces of the glass
slides. After deposition, the two slides were separated by immersing them in clean water.
ii) Drop-coating deposition of the GNR assemblies. As a comparison, a traditional drop-
coating approach of depositing the GNR assemblies was also examined in this study. Briefly,
a small drop of GNR assembly solution was deposited on a clean glass slide, and blown dry
gently with nitrogen gas.
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Removing of the organic molecules around GNRs.
We performed UV/Ozone cleaning to remove all the organic molecules around the deposited
GNRs to ensure the proper sticking of the GNRs on the glass surface, and to create free gaps
between the GNRs of the assemblies.

4.3. Results and discussion

Figure 4.2: Bulk assembly experiment. (a) Spectral change during the assembly process. (b) Percentage decrease
in the peak value of spectra as time progresses. The orange shaded area shown in (a) is used to calculate the
normalized values. Inset: the resonance wavelenths of the transverse (blue) and longitudinal (orange) plasmon
modes. (c) SEM image of typical gold nanorod dimers on glass slide deposited by using “two-slide” strategy. (d)
The statistics percentages of end-to-end dimers (green), single GNRs (red), side-by-side dimers (blue), and clusters
(orange). The statistics was done by counting 90 nanoparticles.

We begin our discussion with the assembly process of GNRs in the bulk suspension.
As is well known, the formation of nanoparticle aggregates, or nanoparticle assemblies, can
be characterized by the change of their plasmon resonances compared to single particles.
The assembly process in bulk solution can be visualized by the evolution of the visible-
near-infrared (vis-NIR) extinction spectra of the GNR suspension mixed with the linkers.
Specifically, the elongated GNRs can be assembled side-by-side, end-to-side, or end-to-end,
depending on the binding sites of the molecular linkers on the surface of each GNR. In the
bulk-assembly experiments, the formation of these assemblies can be probed by monitoring
the absorption bands corresponding to the transverse or longitudinal SPR of the GNRs: the
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side-by-side and the end-to-side assemblies will induce a red-shift to the initial transverse
SPR band of single GNRs, while the end-to-end assemblies will give rise to a red-shift of
the longitudinal SPR band. The red-shifts of the plasmon modes depend on the sizes of the
individual GNRs and on the gaps between them. Considering the interparticle gap of about
5 nm, determined by the size of streptavidin[39], and the average sizes 40 nm × 97 nm of
the GNRs, we expect a red-shift of about 100 nm for the longitudinal SPR of the end-to-end
and a red-shift of about 30 nm for the transverse SPR of the side-by-side dimer, compared
to the modes of single GNRs (see figure S4.2 in Supporting Information).

Figure 4.2a shows the evolution of the vis-NIR extinction spectra of the GNR suspension
after the addition of the pretreated dithiolated streptavidin-biotin compounds. The spectra
were acquired every 2 min at room temperature. After adding the molecular linkers, the
extinction peak, corresponding to longitudinal SPR band of isolated GNRs, decreases grad-
ually in intensity without shift of its spectral position, while the red-side shoulder became
broader, indicating the formation of the end-to-end assemblies of GNRs in the solution. Af-
ter certain time, we observed a small tail at the longer-wavelength side of the longitudinal
plasmon band, which could be assigned to the increased content of the end-to-end GNR
chains over time. From the spectra, we conclude that the fraction of the longer chain as-
semblies (e.g. the assemblies with more than three GNRs) in the solution is low, as the
extinction at the end of the longer-wavelength tail is relatively small compared to the ex-
tinction at the red-side shoulder at the wavelength of around 800 nm (which corresponds
to the SPR of end-to-end dimer from simulations, see figure S4.2). The ratio of short-chain
assemblies (e.g. GNR dimers) can be further controlled by adjusting the assembly time and
the stoichiometric ratio between GNR and the molecular linker.

From figure 4.2a, we didn’t observe any noticeable change in the shape of the transverse
SPR band except for a reduction of the intensity, which indicated that the GNRs assembled
in the side-by-side configuration were rare in the solution. Here, the facilitation of end-to-
end GNR assembly can be attributed to the rigid structure of the streptavidin and of the
streptavidin-biotin complexes. The relative large size of streptavidin makes it more difficult
for the short thiol-end groups of the compounds to bind with the gold surfaces on the sides
of the GNRs, which are coated with a CTAB layer, favoring the binding of the linkers to the
GNR’s tips, where the CTAB density is lower. We therefore propose that the pre-treatments
of the molecular linkers mentioned earlier make them more robust to assemble the GNRs
into end-to-end configurations. This statement can be confirmed by a control experiment,
where we added the solutions of streptavidin, biotin and TCEP into the GNR suspension
simultaneously to trigger the GNR assembly, instead of using the pre-treated solution that
contained only the streptavidin-biotin compounds. Figure S4.3 shows the time-dependent
extinction spectra of GNRs after the addition of the mixture of streptavidin, HPDP-biotin
and TCEP, with the stoichiometric ratio of 1 : 4 : 8. As shown in the plot, the transverse SPR
bandwas red-shifted slightly as time evolved, accompanied by an increase of the extinction at
the dip of the spectra between the two SPR peaks. Hence it was evident that the GNRs could
also be assembled side-by-side in the presence of free thiolated biotin and unconjugated
streptavidin. Additionally, the assembly rate was faster than the assembly process with only
streptavidin-biotin compouds. More controlled experiments were performed using: i) biotin
and TCEP, ii) streptavidin and TCEP and iii) streptavidin-biotin linker molecules. As is
shown in figure 4.3, we see that biotin-only or streptavidin-only yields negligible spectral

4

77



4. Controlled synthesis of gold nanorod dimers with end-to-end configurations

change as time goes, compared to the case with streptavidin-biotin linker molecules.

Figure 4.3: Control experiments: (a) Schematic showing the different linker molecules used for the experiment.
(b, c d) Time evolution of the extinction spectra when the linker is only biotin and TCEP (b), only streptavidin and
TCEP (c), and when the linker molecule is biotin-streptavidin and TCEP (d). The TCEP concentration for (b) and
(c) was 100 µM. The spectra were acquired every 10 min for 2 hours.

The GNR assemblies were examined via SEM measurements after deposition onto a
clean glass slide. We applied the two-slide-sandwich strategy mentioned in the method sec-
tion to deposit the GNR assemblies onto the glass slides. Compared to other methods, such
as the drop-coating or spin-coating deposition approaches, our strategy is very simple, yet,
very effective in the distribution of the assemblies on the glass surface, and can maintain
the configurations of the assemblies during the deposition process. A typical SEM image of
GNR dimers with well-defined end-to-end configuration is shown in figures 4.2c. More im-
ages taken from the same sample (see figure S4.5, S4.6 and S4.7 in Supporting Information)
indicate that our approaches are very efficient in preparing end-to-end GNR dimers in the
substrate. As shown in figures 4.2d., we obtained a ratio of 47% for the end-to-end dimers
from the total count of 90 particles. More comparisons of different deposition approaches
can be found in the Supporting Information.

So far we have discussed the bulk assembly approach to synthesize the end-to-end GNR
dimers inGNR suspension. Our result shows that suitable treatments of the thiolated streptavidin-
biotin complex facilitate the assembly of the GNRs into end-to-end configurations, which
had earlier been proved by K. K. Caswell et al.[39]. Yet assembly of GNRs in bulk sus-
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pension normally ends up with long chains of GNRs, and the separation of the GNR dimers
from the monomers and multimers could be an issue to prepare the sample with GNR dimers
on the substrate with high yields.

Inspired by the extraordinarily high affinity of streptavidn for biotin and by the chemical
stability of the complex, we developed a step-wise assembly approach to synthesize GNR
dimers directly on a glass surface. Briefly, the first GNR of the dimer was first immobilized
on the glass surface, and later combined with the second GNR through the thiol-gold bond
with the aid of the thiolated streptavidin-biotin compound functionalized at the tip of the
first GNR. Similar step-wise assembly approach had been reported to create gold nanopar-
ticle dimer with high yield by using the alkanedithiol (SH(CH2)nSH) or double-stranded
DNA as the molecular linkers[45–48]. So far, however, this strategy has only be exploited to
the assembly of spherical gold nanoparticles with small sizes (∼ 20 nm), and special func-
tionalizations of the glass surface were needed. Here, we show that the step-wise assembly
method can also be applied to fabricate GNR dimers on the substrate. By using the flipped
upside-down strategy shown in figure 4.1, where the targeted GNRs were in the solution
below the glass surface with tip-functionalized GNRs, we can prevent precipitation of the
monomers or sedimentation of the inevitable aggregated multimers on the substrate, hence
seletively bind dimer structures onto the glass surface.

Figure 4.4 shows a representative SEM image of the GNR dimers assembled using the
step-wise upside-down approach. As shown in the SEM image, we got 8 GNR dimers with
end-to-end configurations (noted with the green dashed circles) out of the 15 nanoparticles
in the area. Meanwhile, we also see 3 particles with GNRs aggregated in the side-by-side
configurations. Interestingly, we don’t see any end-to-end assemblies in this area with more
than three GNRs in the arrangement, which confirms that our method is effective in the
fabrication of end-to-end GNR assemblies of short chains (in principle 3 GNRs at most).

Several factors could affect the efficiency of the fabrication of end-to-end dimers on the
substrate by using our step-wise upside-down strategy: i) the number of the active binding
sites for the targeted GNRs at the tips of the individual GNRs on the glass; ii) the denat-
uration of the dithiolated streptavidin-biotin complex during the assembly process; iii) the
surface conditions of the glass, such as the surface roughness or the surface charge of the
glass, which may influence the sticking of the second GNRs on the glass surface; iv) after
taking away the glass from the GNR suspension after the assembly, there might also be some
GNR suspension left on the glass surface, which might stick on the glass or even aggregate
into clusters during the drying process.

We examined the SEM images in 12 different areas recorded on three different sam-
ples (including the area shown in figure 4.4) using the same method of step-wise assembly.
Shown in figure S4.8 and figure S4.9, we see that the ratios of end-to-end GNR dimers can be
very different in different areas. The non-uniform distribution of GNR dimers on the glass
surface might be due to the non-uniform surface conditions of the glasses, which might af-
fect the tip functionalization of each GNR, or might affect the binding efficiency of the linker
with the second GNR. The random distribution of the GNR residues on the glass surface
after the assembly might also affect the ratio of GNR dimer in different areas, as they will
add more single GNRs on the surface. Nonetheless, we got a total of 50 end-to-end GNR
dimers out of the 140 particles in all areas, which yields a ratio of 36% for end-to-end GNR
dimers, as can be seen in figure 4.5 (green bar).
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Figure 4.4: SEM image of the assembly sample prepared by using the step-wise assembly method. We see a total
of 8 end-to-end GNR dimers out of 15 nanoparticles (green dashed circles) in this area. The blue and red circles
represent the side-by-side assemblies and single GNRs, respectively. Below shows the zoomed in configurations
of the assemblies.
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Figure 4.5: Yields of the nanoparticles with different configurations. The statistics was done by counting 140
nanoparticles from different areas of three samples, all of which were prepared by using the step-wise assembly
approach.

4.4. Conclusions

In conclusion, we have demonstrated two different approaches for the fabrication of end-
to-end GNR dimers based on the self-assembly of GNRs. Our results showed that pre-
conjugation of streptavidin with thiolated-biotin as molecular linkers will facilitate GNR
assembly into end-to-end dimers in the suspension. In this work, we illustrated a simple
but very efficient way of depositing the GNR assemblies onto glass slide by sandwiching a
small amount of GNR assembly between two glass slides. This approach helps us to deposit
the GNR assemblies uniformly onto the glass slides, and maintain the configurations of the
GNR assemblies during the deposition process.

We further developed a step-wise assembly method to synthesize GNR dimers directly
on the glass. In this method, the two GNRs of the dimer were immobilized sequentially
on the glass surface. Briefly, the first GNR of the dimer was immobilized by spin-coating,
and adsorbed the second GNR in the suspension with the aid of the molecular linker. By
applying a simple upside-down flipping strategy, where the targeted GNRs were in the solu-
tion below the glass surface with tip-functionalized GNRs, we ended up with a high yield of
end-to-end GNR dimers. Our step-wise assembly method can be readily applied to different
nanoparticles, providing the flexibility of controlling the shapes, sizes or materials of each
nanoparticle in the assembly.
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S4.1. Supporting information

GNR assembly in bulk suspension.

Figure S4.1: (a) Cleavage of the disulfide bond in HPDP-biotin molecule by the reducing agent TCEP. (b) Spectral
evolution for HPDP-biotin at the concentration of 40 µM after the addition of 40 µM TCEP. The disulfide-bond
cleavage of HPDP-biotin molecules is verified by monitoring the release of pyridine-2-thione, which has a maxi-
mum absorption at 343 nm. The spectra were acquired every 2 min. (b) Time evolution for the percentage of the
peak at 343 nm.
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Figure S4.2: Simulated extinction spectra for GNR of different morphologies. (a) The extinction spectra excited
transversely for a single GNR (blue), a side-by-side GNR dimer (orange), and a side-by-side trimer(green). (b) The
extinction spectra excited longitudinally for a single GNR (blue), a end-to-end GNR dimer (orange), and a end-to-
end trimer(green). Each GNRwas modeled as a spherically capped clinder with the shape of 40 nm×97 nm. The
interparticle gap was set as 5 nm. The simulations were performed by using boundary element method[49, 50].The
dielectric permitivity for gold was taken from Johnson and Christy[51], and the refractive index of ambient medium
was taken as 1.33.

Figure S4.3: (a) Spectral evolution for GNRs in the presence of the HPDP-biotin, streptavidn, and TCEP. The
assembly was triggered by adding the mixture without centrifugal filtering. (b) Time evolution of the pectcentage
of the longitudinal plasmon peaks (orange line with dots), and the pectcentage of the dips (green line with dots) in
the special window indicated by the green shadow in (a). The spectra were acquired every 2 min.
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Drop-coating deposition of the GNR assemblies

Figure S4.4: SEM images of GNR assemblies on a glass slide. The assemblywas triggered by adding the dithiolated
streptavidin-biotin compounds to the GNR suspension. The assemblies were deposited onto the glass slide by drop-
coasting.
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Deposition of the GNR assemblies between two cover slides

Figure S4.5: SEM images of GNR assemblies on a glass slide. The assemblywas triggered by adding the dithiolated
streptavidin-biotin compounds to the GNR suspension. The assemblies were deposited onto the glass slides and
dried between two cover slides. The assemblies of different morphologies are highlighted by the colored circles:
end-to-end GNR-dimer: green, single GNR: red, side-by-side GNR dimer: blue, and clusters: orange.
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Figure S4.6: SEM images of GNR assemblies on the same glass slide as figure S4.5. The assemblies of different
morphologies are highlighted by the colored circles: end-to-end GNR-dimer: green, single GNR: red, side-by-side
GNR dimer: blue, and clusters: orange.
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Figure S4.7: SEM images of GNR assemblies on the same glass slide as figure S4.5. (a-h) These SEM images are
of different areas from the same sample. The assemblies of different morphologies are highlighted by the colored
circles: end-to-end GNR-dimer: green, single GNR: red, side-by-side GNR dimer: blue, and clusters: orange.
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Step-wise assembly of GNRs on the glass surface.

Figure S4.8: SEM images of GNR assemblies on a glass slide. The sample was prepared using the step-wise
assembly method. (a-f) These SEM images are of different areas from the same sample. The assemblies of different
morphologies are highlighted by the colored circles: end-to-end GNR-dimer: green, single GNR: red, side-by-side
GNR dimer: blue, and clusters: orange.
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Figure S4.9: SEM images from two different samples prepared by using the step-wise assembly method. (a, c, e)
Assemblies of different areas from the first sample. (b, d, f) SEM images from the second sample. The assemblies
of different morphologies are highlighted by the colored circles: end-to-end GNR-dimer: green, single GNR: red,
side-by-side GNR dimer: blue, and clusters: orange.
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5
Two-photon-excited

single-molecule fluorescence
enhanced by gold nanorod dimers
In this chapter, we demonstrate for the first time two-photon-excited single-molecule fluo-
rescence enhancement by end-to-end self-assembled gold nanorods dimers. We developed
a controllable method to create end-to-end gold nanorod dimer structures based on the spe-
cific molecular recognition of biotin and streptavidin. The typical size of streptavidin of
around 5 nm separates the gold nanorods with gaps suitable for the access of fresh dyes
in aqueous solution, yet give very high two-photon fluorescence enhancement. Simulations
show that enhancements of more than seven orders of magnitude can be achieved for two-
photon-excited fluorescence in the plasmonic hotspots. With such high enhancements, we
successfully detect two-photon-excited fluorescence for a common organic dye (ATTO 610)
at the single-molecule level.
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5. Two-photon-excited single-molecule fluorescence enhanced by gold nanorod dimers

5.1. Introduction

Two-photon-excited fluorescence is a nonlinear optical process, where a fluorophore simul-
taneously absorbs two photons of identical frequency, leading to the emission of a pho-
ton with higher energy[1, 2]. Ever since its first prediction by Maria Goeppert-Mayer in
1931[3], and its experimental demonstration by Frank et al in the 1960s[4, 5], two-photon
excitation has attracted significant interest for several advantages, such as strong background
suppression[1], deeper tissue penetration[6, 7], less photodamage to the samples[8, 9], and
intrinsic optical sectioning[10–12]. Practical applications of two-photon excitation, how-
ever, are limited by the requirement of extremely high photon density. The invention of
ultrashort-pulse lasers, has led to a rapid growth of two-photon-based techniques in vari-
ous scientific fields[10], such as imaging[6, 7, 10–12], microfabrication[13–17] or optical
storage[18–21].

Recent progress in nano-optics has made it possible to enhance the two-photon excita-
tion process through near-field confinement by plasmonic nanostructures[22, 23]. The local
electromagnetic field around the plasmonic structures can be enhanced by one or more or-
ders of magnitude, depending on their shapes, sizes and the materials. Among all kinds
of plasmonic structures, wet-chemically synthesized gold nanorods have been widely ex-
ploited in the context of field-enhanced spectroscopy for their facile synthesis and narrow
tunable plasmon resonances[24, 25]. In the past few years, gold nanorods have been applied
to enhance the fluorescence of single weak emitters[26–29]. Fluorescence enhancements
by 3 ∼ 4 orders of magnitude have been reported with single nanorods (GNRs) of suitable
plasmon resonances, through enhancement of both the excitation and radiative rates of the
emitters[26–29]. Higher enhancement factors of about 105 ∼ 106 have also been achieved
in strongly coupled gold nanosphere dimers[30].

Fluorescence upon two-photon excitation is expected to give rise tomuch larger enhance-
ment than one-photon excited fluorescence due to the quadratic dependence of this process
on the excitation intensity[31–35]. The effective enhancing volume under two-photon ex-
citation is restricted to much smaller regions, which improves the sensitivity of detecting
the enhanced two-photon-excited fluorescence signals. Single-molecule or single-particle
detection of two-photon-excited fluorescence opens up the door to reveal the intrinsic na-
ture of nonlinear interaction between photons and molecules[36], which usually hidden in
ensemble experiments. By using a single GNR, we have earlier reported strong two-photon-
excited photoluminescence enhancement of single colloidal quantum dots (Qdots), with en-
hancement factors larger than 10,000-fold[34]. Such high enhancement, however, is still
not enough to distinguish the enhanced two-photon-excited fluorescence of single organic
molecules from background molecules, which usually have much lower two-photon absorp-
tion cross-section than Qdots (about 1000 times smaller). A few other plasmonic structures,
such as nanofabricated bow-tie antennas[33], have also been reported to give two-photon en-
hancement, yet the enhancement factors were even lower than those of GNRs. Oluwafemi
et al. have recently demonstrated that two-photon absorption of Rubpy molecules can be
enhanced by 108 inside the nanoparticle-on-mirror (NPoM) sub-nm cavities[35]. Despite
the extremely large enhancement factor, in order to enhance single-molecule two-photon-
excited fluorescence, the NPoM structures are limited by i) the requirement of large illu-
mination angles to efficiently excite the cavity modes; ii) photobleaching of the molecules,
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5.2. Results and discussion

Figure 5.1: Scheme for end-to-end assembly of gold nanorod dimers. (a) Pretreated molecular linkers based on bi-
otin disulfides-streptavidin biomolecular pairs were added to the GNRs solution to trigger the end-to-end assembly
of GNRs. (b,d) The assembled GNR dimers were deposited onto a clean glass, which was covered by other glass
sides to stop the assembling of GNRs. (c) UV/Ozone cleanning was performed to remove the organic molecules
around the GNRs.

which leads to signal loss, as the cavities are not accessible to fresh molecules.
In this work, we demonstrate the first two-photon-excited fluorescence enhancement ex-

periments on single organic fluorophores using end-to-end assembled GNR dimers. The
end-to-end assemblywas achieved by tip-specific functionalization of the GNRswithmolec-
ular linkers. We employed the molecular linkers based on biomolecule pairs consisting of
two biotin disulfides bridged by a streptavidin, which ensured an open cavity for single-
molecule detection with an interparticle gap of around 5 nm[37]. We applied the GNR
dimers to enhance the two-photon-excited fluorescence of commercial organic dyes, which
have a broad two-photon absorption band in the infrared range. Theoretical results indicate
that two-photon-excited fluorescence enhancement of these molecules can reach 107 in the
gaps between the GNRs. With such high enhancement factors, we successfully detected
enhanced two-photon-excited fluorescence from single molecules.

5.2. Results and discussion

Fig 5.1 schematically illustrates our approach of GNR dimers synthesis. Briefly, a GNR
colloid solution (simplified as GNR solution in following) was mixed with the pretreated
biomolecular linkers that consisted of at least two biotin disulfides linked with one strepta-
vidin. These molecular linkers were bound to the tips of the GNR through thiol attachment
in the present of cetyl(trimethyl)ammonium bromide (CTAB), which occupied more com-
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5. Two-photon-excited single-molecule fluorescence enhanced by gold nanorod dimers

Figure 5.2: Optical characterization of ATTO 610. (a) The blue- and yellow-shaded bands with dashed outline
represent the normalized one-photon absorption (blue-shaded) and emission (yellow-shaded) spectra of ATTO
610 , respectively. The solid lines give the emission spectra of 4 µM ATTO 610 excited by ∼ 220 fs laser pulses
at 760 nm with different powers. The integrating time for recording the spectra was set as 120 s. The inset shows
the chemical structure of ATTO 610. (b) Power dependence of the emission integrated over wavelengths ranging
from 555 nm to 728 nm, excited at the wavelength of 760 nm (red dots) and 785 nm (green dots). The power
law fits (solid lines) show perfect quadratic dependence of the emission on the excitation power for both excitation
wavelengths.

pactly the sides of GNRs, leaving only the tips reactive for the linkers. Therefore, the GNRs
were linked by the molecular linker at the ends, leading to the end-to-end assembly of GNRs
in the solution (figure 5.1a). We monitored the assembly process by measuring the real-time
absorption spectrum of the mixture to ensure most assembled structures to be the end-to-end
dimers. A small amount (10 µL) of the assemblies of GNRs were deposited from the solu-
tion onto a clean cover glass slide. We stop the assembling by covering the slide with the
assembly solution with an other clean slide (see figures 5.1b and d). By using this strategy,
a very thin film of the assembly solution is formed between the two slides, which dry very
quickly, leaving every assembled GNRs sticking on one of the glass slides. We performed
UV/Ozone cleaning to remove all the organic molecules around the GNRs to ensure the
proper sticking of the GNRs on the glass surface, and to create free gaps between the GNRs
of the assemblies.

We performed two-photon-excited single-molecule fluorescence experiments on a com-
mercial dye called ATTO 610 (ATTO-TEC) enhanced by the GNR dimer structures. ATTO
610 is a bright dye with high photostability under one-photon excitation. It has a one-photon
absorption maximum at 616 nm and an emission maximum at 633 nm. ATTO 610 also ex-
hibits two-photon absorption in the infrared range under illumination with ultrashort pulses.
In our experiment, a mode-locked Ti:Sapphire laser (Coherent Mira 900) with a pulse width
of∼ 220 fswas used as the two-photon excitation source. The experiment was performed on
a home-built confocal microscope. Circular polarization was used to enable the excitation
of all the GNR dimers irrespective of their random orientations in the focal plane.

By illuminating the aqueous solution of ATTO 610 with the fs laser at different wave-
lengths in the infrared, we got very faint fluorescence signals with spectral shape similar
to the fluorescence of ATTO 610 under one-photon excitation. To verify that the emission
stems from TPA, we collected the emission spectra with respect to the excitation intensity.
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5.2. Results and discussion

Fig 5.2a illustrates the power dependence of the emission spectra at the excitation wave-
length of 760 nm. As is shown in Fig 5.2a, the emission spectra show little change in the
shape but the intensities decrease dramatically as we reduce the excitation power. As is de-
picted in Fig 5.2b, the integrated intensities over the emission spectra, for both the excitation
wavelengths of 760 nm and 785 nm, show a perfect quadratic dependence on the excitation
power, confirming that the observed fluorescence arose from two-photon excitation for both
excitation wavelengths. The broad TPA band of ATTO 610 offers us the flexibility of opti-
mizing the collected signals by tuning the excitation wavelength and the plasmon resonance
of the GNR dimers.

We performed single-molecule experiments on the assembled GNR dimers immobilized
on a clean glass cover slide. The GNRs were immobilized on the glass by strong Van der
Waals force after removal of all organic moleclules through ozone/UV cleaning. A cross
was scratched on the slide as the alignment mark to locate the positions of the observed
particles for further studies. In the experiments, we chose commercial GNRs (NR-40-700,
NanoSeedz) as the building blocks of the assemblies. These rods have an average diameter
of 40 nm and a longitudinal plasmon mode at the wavelength of 700 nm. Simulations
predict the bright plasmon mode of the end-to-end gold nanorod redshifted to ∼ 760 nm
after removing all the organic molecules, if we assume the interparticle separation of the
dimer to be ∼ 5 nm, considering the molecular size of streptavidin. Thereafter the laser
wavelength of 760 nm was used as the excitation to ensure maximum enhancement. After
the optical measurements, SEM images were taken to examine the structural details of the
measured assemblies.

Fig 5.3 illustrates a typical single-molecule measurement of the two-photon-excited flu-
orescence enhanced by a GNR assembly. We first recorded the photoluminescence of each
particle under excitation with the femtosecond laser, in the presence of 20 nM ATTO 610
molecules. A short-pass filter (≤ 725 nm,) was used to remove intrinsic luminescence back-
ground from the gold particles. The particles showing intensity bursts in these luminescence
time traces were supposed to be the assembled structures. Indeed simulations and further
experiments both show that, with enhancement by a single GNR, it is very difficult to extract
single molecule fluorescence from the luminescence background of the nanorod under two
photon excitation. After rinsing the sample with clean water several times, we measured the
one-photon excited luminescence spectra of the particles to determine their plasmon reso-
nances. With the help of the masked cross, we further identified the structures of these gold
nanorod assemblies by comparing the SEM image with the scatter image, as one can see
from the example in Fig 5.3a.

We first compared two-photon-excited fluorescence enhancement on two typical GNR
dimers, assembled in either the end-to-end or the side-by-side configuration. As is shown in
Fig 5.3b, for the end-to-end dimers, the plasmon resonance was red-shifted to wavelengths
around 760 nm as a result of the longitudinal plamonic coupling of each rod, while for the
side-by-side structure, the plasmon resonance showed little change compared to the single
GNRs. As is depicted in Fig 5.3b, for both side-by-side and end-to-end dimers, we ob-
served the intensity bursts in the luminescence time traces. From Fig 5.3b, we can see for
the maximum intensity of the bursts from the end-to-end dimer was significantly greater
than those from the side-by-side structure, indicating the much larger two-photon fluores-
cence enhancement within the plasmonic hotspot of the end-to-end dimers. By analyzing the
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5. Two-photon-excited single-molecule fluorescence enhanced by gold nanorod dimers

Figure 5.3: Two-photon-excited single molecule fluorescence enhancement. (a) One-photon-excited luminescence
spectrum taken on three different structures made of gold nanorods: end-to-end dimer, side-by-side dimer, and
a single gold nanorod, acquired under the excitation by a circular polarized 532 nm CW laser. Inset shows the
SEM images of the structures. (b) The respective intensity traces taken in the presence of 20 nM ATTO 610 dyes,
excited by a femtosecond laser at the wavelength of 760 nm and at the power of ∼ 2 µW.
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5.2. Results and discussion

Figure 5.4: Two-photon-excited fluorescence enhancement in the plasmonic hotspot of an end-to-end gold nanorod
dimer. (a) and (d) Real-time spectra on gold nanorod dimer with (a) and without (d) the presence of 100 nMATTO
610 in solution. (b) Comparison of the measured spectrum (orange, corresponding to the recorded time of orange
dashed in a) with the spectrum of free ATTO 610 dye in solution (green solid), and the simulated enhanced spectra
(blue dashed, corresponding the positions of blue dashed in e) in the hotspot. Red solid line is the scattering
spectrum of the nanoparticle. (e) Simulated emission spectra of the ATTO 610 molecules at different positions
along the main axis of the gold nanorod dimer in the gap. (c) Calculated radiative (blue) and non-radiative (red)
enhancement factor as functions of the position in the hotspot, and (f) the respective excitation (blue) and total
emission (red) enhancements. The vetical red dashed lines in (b, e) represent the wavelength of the fs laser.

highest bursts in the fluorescence time trace enhanced by the end-to-end dimer (figure 5.3b,
inset), we see typical single-step single-molecule bursts with a time duration in the order
of 10 ms, which confirm that the enhanced fluorescence signals are stemming form single
molecules. We also notice that, as a result of the plasmon red shift, the remaining lumi-
nescence backgrounds of the end-to-end dimers, after passing through the short-pass filter,
were reduced more obviously than the background of the side-by-side structure, which may
further improve the single-molecule detection sensitivity of the two-photon-excited fluores-
cence.

Before attributing the intensity bursts to the fluorescence from singleATTO610molecules
enhanced inside the plasmonics hotspot, we monitored the real-time spectra on the particle
excited by the femtosecond laser, with/without the presence of 100 nM ATTO 610 in so-
lution. Fig 5.4a shows one case of the real-time recording of the plasmon-enhanced two-
photon-excited single-molecule emission spectra. The spectra were recorded in a time series
of 10 minutes with spectral acquisition time of 10 s for each step. In the measurement, we
kept the excitation power as low as possible (∼ 0.5 µW) to exclude the influence of the lumi-
nescence backgrounds from gold particles. From Fig 5.4a, we can see clearly the emission
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pattern between 620 nm and 690 nm, with the intensities fluctuating over the time. Such
emission pattern can be removed by replacing the ATTO 610 solution with clean water, as
is shown in Fig 5.4d, which implies the signals were from ATTO 610 molecules near the
particle. The spectral range, shown in figure 5.4a, was noticeably wider compared to the
emission of free dyes in solution (green solided line), which was mainly due to coupling of
the molecules with the plasmonic modes.

Specifically, we compare one recorded spectrum (corresponding to the dashed line in
figure 5.4a) with the spectrum of the free dye (green dashed line) in figure 5.4b. The result
shows drastic spectral shaping for the emission enhanced by the plasmoic nanoresonator,
as we can clearly see a second peak at the wavelength around 730 nm in the enhanced
spectrum (orange line). This spectral shaping can be explained by the the well-known ef-
fect that the far-field emission of an emitter can be modified by coupling with a plasmonic
structure[38, 39], through i) the Purcell effect that enhances the spontaneous emission rate;
ii) the nonradiative dissipation loss inside the metal that quenches the emission. Here, we
employed a simple radiative dipole model to investigate the influence of the emission of
ATTO 610 molecules by the GNR dimer. For the sake of simplicity, we considered the
dimer consisting of two identical GNRs with the longitudinal axes oriented in parallel, and
separated by a gap of 5 nm. More details about the simulations are given in the Supporting
Information.

From Fig 5.4b, we see a good agreement between the spectral shapes of the measured
emission and the simulated emission calculated at two different positions showing in Fig 5.4e
(the green and blue dashed). The increase of the emission rates in the band of longer wave-
length, therefore, can be attributed to the selective enhancement of the vibrational subbands
in resonance with the plasmon modes. From the simulations, we also notice that the non-
radiative dissipation dominates the decay rates of the excited molecule inside the gap (fig-
ure 5.4c), which quench the emission rates by a factor of about 2 in the center of the dimer
(figure 5.4f). As the molecule moves closer to the gold surface, the non-radiative rate in-
creases more than the excitation and radiative enhancements, which further reduce the flu-
orescence enhancement, as is shown in Figs. 5.4e and 5.4f. As a consequence, we see a
maximum enhancement factor of about 5× 107 for the two-photon-excited fluorescence at
the center of the dimer.

To confirm the observed emission indeed steams from two-photon excitation, we per-
formed a power dependence measurement on an individual GNR self-assembled nanostruc-
ture that gave single-molecule bursts. Time traces with intensity bursts excited at different
powers are displayed in figure 5.5a. At the lower excitation power, as expected, we see
the increase of intensity bursts as the excitation power increases. After the burst intensities
reach values of about 102 counts/ms, we see the recorded intensity bursts is saturated as
the excitation power is continually increased. This saturation might come from saturation
of the molecules, or due to the plasmon damping as the result of hot electron generation,
which might reduce the enhancement factor. Nonetheless, we find a quadratic dependence
of the maximum fluorescence bursts on the excitation power (blue line in figure 5.5b) for
the intensities below 105 counts/s. These maximum intensity bursts could be attributed to
the signals from the molecules at the best position for enhancement. As the molecules can
approach or stick to glass surface at any position inside plasmonic hotspot, with random
orientations, the enhancement factor for the molecules can vary very randomly, resulting in
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5.2. Results and discussion

Figure 5.5: Power dependence of the emission. (a) Emission time trace (1ms/bin) as a function of excitation power
recorded on a gold nanorod self-assembled nanostructure. The particle was immersed in a solution of ATTO 610
with the concentration of 30 nM. (b) Power dependence of the maximum fluorescence burst intensity (blue), the
averaged burst intensity (red), and the averaged unenhanced fluorescence per molecule.
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a random distribution of intensity bursts in each time trace. This random effect can be con-
sidered by taking the average of the burst intensities for each trace. As shown in figure 5.5b,
we see an approximated quadratic dependence of the averaged intensity on the excitation
power with the fitted slope of 1.7 (red line).

In order to calculate the enhancement factor of the two-photon-excited fluorescence,
we compared the enhanced burst intensities with the unenhanced signals from a molecule
in solution. We performed power-dependent measurements for ATTO 610 molecules in
the solution (3 µM) to estimate the two-photon-excited fluorescence signals excited at low
power, especially for excitation below the saturation power, where the unenhanced signal in
the solution is too weak to be detected. Shown in figure S5.2b, the averaged intensity of the
fluorescence time trace measured in the solution (figure S5.2a) also scales quadratically with
the excitation power. By taking account of the number of molecules in the focus volume, we
show the quadratic dependence of the averaged fluorescence per molecule on the excitation
power (green line) in figure 5.5b. By scaling the unenhanced fluorescence quadratically
with the excitation power, we can estimate an enhancement factor of up to ∼ 108 for the
two-photon-excited fluorescence below saturation.

5.3. Conclusion

In summary, we have demonstrated the single-molecule detection of two-photon-excited
fluorescence via the enhancement of self-assembled GNR dimers. In the experiment, we
control the interparticle gaps by exploring the streptavidin-biotion disulfides as molecular
linkers, which separate the nanorods by a distance of about 5 nm. Theoretical results indicate
that two-photon-excited fluorescence rates can be enhanced by factor of up to 107 ∼ 108.
With such high enhancement factor, we were able to detect the two-photon-excited fluores-
cence from single ATTO 610 dyes. Correlated scanning electron microscope images (SEM)
were taken later to examine the configurations of the GNR dimer structures.

S5.1. Supporting Information

Assembly of gold nanorods

TheGNRswere self-assembled in an end-to-end fashion through themolecular linkers based
on the specific molecular recognition of biotin and streptavidin. For the assembly, a biotin
disulfide solution (20µM), EZ-link Biotin HPDP (Pierce), was pretreated with a reducing
agent solution, TCEP (tris(2-carboxyethyl)phosphine), with a 1:10 biotin/TCEP ratio. This
reaction was allowed at room temperature for 15 min to break the disulfide bonds in the Bi-
otin HPDPmolecules. Themixture solution was added to the streptavidin solution (1 µM) in
phosphate buffered saline solution (PBS, pH = 7.4), with a ratio of 4:1 for biotin/streptavidin.
The incubation lasted for 45 min to allow the binding of streptavidin with at least two biotin.
The excess unbound biotin disulfide and TCEP were removed by centrifugation in centrifu-
gal filter devices (Ultra-0.5 10K, Amicon). The residue was dispersed in 100 µL deionized
water. A commercially available GNR solution (NA-40-700, OD-50, Nanoseedz) was di-
luted to the concentration according to its optical density (OD) of∼ 0.3. The GNR solution
had plasmon absorption at 700 nm, and the average diameter of the GNRs were 40 nm.
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40 µL of a biotin-streptavidin solution was added into 500 µL as-prepared GNR solution to
trigger the end-to-end assembly of the GNRs. The assembly of GNRs was monitored and
recorded by a Cary 50 UV-Vis spectrometer (Varian Inc. Agilent Technology, USA) every
2 min (see figure S5.1).

Deposition of gold nanorod assemblies

When the extinction peak of the solution dropped by a ratio of 1/4, 10 µL of the GNR
assembly solution was deposited onto a clean cover glass slide (Menzel-Gläser, φ = 25 mm,
No. 1) with a scratched cross, and was immediately covered with a second glass slide. The
capillary action between the two slides squeezed the assembled solution and formed a thin
layer. This strategy helps stop further assembly of GNR, and deposit the GNR assemblies
uniformly on the surfaces of the glass slides. After deposition, the two slides were separated
by immersing in clean water. After that, we performed UV/Ozone cleaning to remove all
the organic molecules around the GNRs to ensure the proper sticking of the GNRs on the
glass surface, and to create free gaps between the GNRs of the assemblies.

Figure S5.1: Extinction spectral evolution for gold nanorods in the presence of biotinylated streptavidin. The
spectra were recorded every 2 min.

Two-photon microscopy

We performed two-photon-excited fluorescence measurements on a home-built confocal mi-
croscopy. A mode-locked titanium-sapphire laser (Coherent Mira 900), with the pulse rep-
etition rate of 76 MHz and pulse width of ∼ 220 fs, was used as the two-photon excitation
source. Circular polarization was in the whole study, as it can efficiently excite all gold
nanorod assemblies, regardless of their random orientations in the focal plane. The light
source was focused by an oil immersion objective with a numerical aperture (NA) of 1.4. A
short-pass filter (Fluorescence Edge Filter 745/SP, BrightLine) was used to separate the flu-
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orescence signal from the background of scattered laser. To get the one-photon excited pho-
toluminescence spectrum of each gold nanorod assembly, a 532 nm continuous-wave laser
was used as the excitation source, and the spectrum was recorded with a liquid-nitrogen-
cooled spectrometer (Acton SP-500i, Princeton Instruments). Fluorescence time traces were
recorded with an avalanche photodiode (SPCM-AQRH-16, Excelitas) and processed with a
time-correlated single-photon counting (TCSPC) card (TimeHarp 200, PicoQuant GmbH).

Figure S5.2: Power dependence of the emission measured in ATTO 610 solution (3 µM). (a) Fluorescence time
traces excited with different laser powers. (b) Averaged fluorescence intensity as a function of the excitation power.

Two-photon-excited fluorescence of ATTO 610 in solution

We first recorded the emission spectra from the ATTO 610 solution (∼ 5 µM) excited at dif-
ferent laser powers. The exposure time was set as 120 s for each spectrum. In the study, we
compared the power-dependent emission of ATTO 610 for two different excitation wave-
lengths 760 nm and 785 nm, while keeping the width and repetition rate of the pulse as
constant. For both wavelengths, the integrated intensity (wavelength range from 555 nm to
728 nm) depends quadratically on the excitation power.

To estimate the average fluorescence rate of individual ATTO 610 molecules without
enhancement, we performed power-dependent measurements on an ATTO 610 solution with
the concentration of 3 µM. Due to the extremely weak two-photon excitation efficiency
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of these molecules, much higher laser power was required to get enough signal from the
solution, compared to enhanced experiments. To get rid of the unavoidable background of
the scattered laser at high power, we first performed power-dependent measurements in a
blank solution without any dyes in it. Time traces were recorded again after replacing the
water with an ATTO 610 solution at the same conditions of the blank experiments. The
fluorescence signals from the molecules, therefore, can be represented by intensity time
traces with molecules after subtraction of the mean intensity recorded in the blank solution
(see figure S5.2a).

Figure S5.3: xz section of the two-photon excitation point spread function measured with a gold nanorod. Left,
the xz section of the square of one-photon excited photoluminescence exited by pulse laser. Right two-dimensional
Gaussian fit of the PFS, from which we get width of PSF, ωx = 0.14 µm and ωz = 0.42 µm and the PSF volume
of 0.02± 0.01 fL.

Figure S5.2b shows the quadratic dependence of the average fluorescence intensity mea-
sured in solution on the excitation laser power, indicating the fluorescence arose from TPA.
The overall recorded signals can be simply considered as coming from the contributions of
the molecules in the confocal volume.

We calculated the size of the confocal volume for two-photon excitation by measuring
the confocal point spread function (PSF) of the setup. We first scanned sectional one-photon
excited luminescence images of a single GNR immersed in water excited with the pulse laser.
The PSF of the setup for two-photon excitation can expressed as the square of the PSF for
one photon. Shown in figure S5.3, we estimated the two-photon excitation confocal volume
to be 0.02± 0.01 fL, hence we estimate that about 20 molecules are in the upper half of the
confocal volume for dye concentration of 3 µM.

Numerical simulations of two-photon-excited fluorescence enhancement

We performed numerical simulations for the two-photon-excited fluorescence enhancement
under weak excitation, where the excitation enhancement and the emission enhancement
can be treated separately[27]. The scheme for the simulations is illustrated in figure S5.4.
For the sake of simplicity, we considered the dimer consisting of two identical GNRs with
the longitudinal axes oriented in parallel, and separated by a gap of 5 nm. The size of each
GNR was set as 40 nm × 88 nm to guarantee a resonance at 760 nm. The ATTO 610
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Figure S5.4: Scheme for the numerical simulations.

molecule was modeled as a radiative dipole with the position and dipole moment aligned
along the longitudinal axis of the GNR dimer inside the gap. In the simulations, each GNR
was modeled a spherically capped cylinder. The dielectric permitivity for gold was taken
from Johnson and Chiristy[40], and the refractive index of the ambient medium was taken
as 1.33.

For two-photon-excited fluorescence, the excitation enhancement is related to near-field
enhancement as

ξ(2)
exc = |E|4/|E0|4, (S5.1)

where (E) and E0 is the (near-)field (with) and without the gold nanorod dimer.
To evaluate the enhancement factor by the GNR dimer numerically, we applied a classi-

cal electrodynamics approach based on a boundary element method (SCUFF-EM) [41, 42]
to simulate the excitation and emission enhancement, respectively. To calculate the excita-
tion enhancement, we excited the dimer structure with a plane wave with the polarization
along the longitudinal axis of the dimer. The enhancement factor of the radiative rate (ξrad)
and the additional non-radiative rate (Knr/k

0
r ) were calculated following [29, 34], where k0

r

is the intrinsic radiative rate of the dye. The expected emission spectrum enhanced by the
dimer can expressed as[38]

F (ω) = ξ(2)
exc · f(ω) · ξrad(ω) · 1/η0

<ξrad +Knr/k0
r − 1> +1/η0

, (S5.2)

where f(ω) is the normalized emission spectrum of ATTO 610 in solution, < · · ·> repre-
sents the averaging over the emission spectrum of f(ω), η0 is the intrinsic quantum yield of
the molecule, which is 0.7 for ATTO 610. The overall enhancement can be written as

ξtotal = ξ(2)
exc· <ξrad> ·

1/η0

<ξrad +Knr/k0
r − 1> +1/η0

. (S5.3)
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6
Summary

This thesis provides a general strategy to handle the major obstacle in single-molecule de-
tection, that the optical signals from common molecules are normally too weak compared to
the background. Based on fluorescence, we can suppress the background efficiently by spec-
tral filtering as the photons are emitted at longer wavelength than excitation light (Stokes-
shifted); based on the plasmonic enhancement, we are able to enhance the brightnesses of
the emitters, hence to improve the signal-to-noise ratio in the single-molecule detection.
We exploit the single-crystalline gold nanorods (GNRs) as our basic frameworks in the
studies because of their strong near-field enhancement and because of their tunable plas-
mon resonance. In the whole study, we investigate theoretically and experimentally single-
molecule detection with the fluorescence enhancement by a single GNR or by a GNR dimer
for the ultra-weak emitters, which can either be molecules with extremely low quantum yield
(∼ 10−4), or molecules under two-photon excitation.

One/two-photon-excited fluorescence enhancement: singleGNRvsGNR
dimer

Wefirst theoretically investigate single-molecule fluorescence enhancement by a singleGNR
and by a GNR dimer. As an example, we kept the diameters of all GNRs constant 40 nm,
and their plasmon resonances were tuned to the same wavelength of 765 nm. In our study,
three dyes with very different absorption and emission bands were examined. Under weak
excitation, the fluorescence enhancement can be considered as the product of excitation en-
hancement and emission enhancement. Simulations showed that the GNR dimer exhibits
better performance on enhancing both the excitation and radiative rates of an emitter, hence
provides stronger fluorescence enhancement compared to the single GNR. Most interest-
ingly, a GNR dimer offers much stronger enhancement for the nonlinear optical processes,
e.g two-photon-excited fluorescence. As is shown in chapter 2, our simulations reveal that,
for a GNR dimer with gap of 5 nm, the enhancement factor for two-photon-excited fluores-
cence can be as high as ∼ 108. The influence of plasmon resonances on the fluorescence
lifetime and on the spectral shape is also investigated for all dyes. At last, we show that at
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6. Summary

high excitation intensity, the enhancement factor for both one- or two-photon-excited fluo-
rescence will be saturated to a limited value of the radiative enhancement by the plasmonic
structures.

Quantum yield limits for the detection of single molecule enhanced by a
single gold nanrod

Single-molecule techniques based on fluorescence depend strongly on the emission from the
target molecules against the background noise, therefore suffer from the limitations imposed
by weak emitting properties of most molecules. By enhancing the fluorescence with plas-
monic nanostructures, such as GNRs, we can extend the application of these techniques to a
wider range of species. Theoretical analysis indicates that emitter with lower quantum yield
will experience stronger fluorescence enhancement because of larger emission enhancement,
yet, the emitted photons will be less. In this work, we explore the lower limit of fluorescence
quantum yield for single-molecule detection with the fluorescence enhanced by a single
GNR. 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 demonstrate single-molecule
detection by fluorescence enhancement. For molecule with such large Stokes-shifts, both
the excitation rate and the overall fluorescence enhancement need to be considered to get
best single-to-noise ratio for single molecule detection. Based on the theoretical optimized
conditions, we 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.

Controlled synthesis of gold nanorod dimers with end-to-end configura-
tions

Plasmonic coupling between metallic nanoparticles can strengthen the near-field enhance-
ment inside the interparticle gaps, as well as the local density of photon states, compared
to the individual nanoparticles. As a consequence, metal nanoparticle aggregates can be
applied to enhance ultra-weak signals, such as two-photon-excited fluorescence, the signals
of which are normally too weak to detect at the single-molecule level. Nanoparticle dimers
provide single plasmonic hotspots without reducing the enhancement factors for both exci-
tation and emission rates. Therefore nanoparticle dimer structures can be considered as the
best plasmon-coupling system for single-molecule fluorescence enhancement in the sense
that i) they provide single sites for fluorescence enhancement; ii) the photoluminescence
backgrounds from the nanoparticles can be reduced compared to multimer aggregates.

Among all kinds of nanoparticles, the elongated GNRs may be among the best building
blocks for the plasmonic dimer nanostructures, simply because of their narrow, intense, and
tunable plasmon resonance with light. Here, we applied two strategies to synthesize the end-
to-end GNR dimers with the aid of biotinylated streptavidin as the molecular linkers. Firstly,
we illustrate the assembly in bulk of GNRs in the presence of the biotinylated streptavidin.
The biotinylated streptavidin can bind specifically to the tips of the GNRs in the presence of
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the surfactant cetyltrimethylammonium bromide (CTAB), hence can ensure the end-to-end
assembly of the GNRs. The assembly was monitored by recording the extinction spectra
of the assembly solution. The constructs were later deposited and keep to dry between
glass slides. Secondly, we illustrate the GNR dimer assembly directly on glass sildes. We
first immobilized the single nanorods on a clean glass slide, and functionalized them with
the biotinylated streptavidin specifically on the tips of the each GNR. The molecular linkers
functionalized on the immobilized gold nanrods have the chance of absorbing a second GNR
in the solution, hence forming dimer structures. During the assembly, based on the bottom-
up flipped strategy, we can separate the inevitable multimer aggregates. Therefore, we can
get purified dimer structures on the glass. More details can be seen in chapter 4.

Two-photon-excited single-molecule fluorescence enhancement

Two-photon-excited fluorescence refers to the nonlinear optical process where the emis-
sion of a fluorophore is due to the absorption of two photons of identical frequency. Com-
pared to one-photon excitation, two-photon-excited spectroscopy offers reduced scattering,
deep sample penetration and intrinsic optical sectioning. Single-molecule detection of two-
photon-excited fluorescence, however, is challenging because of the extremely low two-
photon absorption cross section of most molecules. Here we applied the end-to-end GNR
assemblies to enhance the single-molecule fluorescence under two-photon excitation. Sim-
ulations show that for an end-to-end GNR dimer with interparticle separation of 5 nm, the
overall fluorescence enhancement can reach 107 in the gap between the GNRs. With such
high enhancement factors, we successfully detected enhanced two-photon-excited fluores-
cence from single ATTO 610 molecules.
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Samenvatting

Dit proefschrift levert een algemene strategie voor de omgang met het voornaamste obsta-
kel voor optische detectie van een enkelmolecuul, namelijk dat het signaal van demeestemo-
leculen te zwak is in verhouding tot de achtergrond. Wanneer de detectiemethode is geba-
seerd op fluorescentie kan de achtergrond efficiënt worden onderdrukt door spectrale filte-
ring omdat de fotonen van de emissie een langere golflengte hebben dan die van de excitatie
(ook wel “Stokes-shifted” emissie). Met detectie gebaseerd op plasmonische versterking
zijn wij in staat om de helderheid van de fluorescente emissie te vergroten en daardoor de
signaal tot ruis verhouding te verbeteren bij enkele molecuul detectie. Hiervoor maken wij
gebruik van een enkel kristallijn goud nano staafje (GNS), omdat die een sterke nabij veld
versterking heeft en een afstembare plasmonen resonantie. In deze studies onderzoeken wij
theoretisch en experimenteel de detectie van fluorescentie versterkt door een enkel GNS of
een GNS dimeer. Dit met als doel de detectie van moleculen met ultra zwakke emissie door
lage kwantum opbrengst, tot zo laag als 10−4, of van moleculen onder twee-foton excitatie.

Een- en twee-foton geëxciteerde fluorescentie versterking: individueel
GNS versus GNS dimeren

Wij beginnen met een theoretische studie van de enkel-molecuul fluorescentie versterking
door een individueel GNS en door een GNS-dimeer. Als voorbeeld gebruiken wij altijd
staafjes met een diameter van 40 nm en een plasmonen resonantie van 765 nm. In deze stu-
dies onderzoeken wij drie verschillende kleurstof moleculen met heel verschillende absorp-
tie en emissie banden. Onder zwakke excitatie kan de fluorescente versterking beschouwd
worden als het product van de excitatie en emissie versterking. De simulaties laten zien
dat de GNS-dimeer beter presteert, in verhouding tot een enkel GNS, voor zowel de mate
van versterking van de excitatie als verkorting van de radiative levensduur. Het is interes-
sant dat de GNS-dimeer ook een veel grotere versterking creëert in de niet-lineaire optische
processen zoals bijvoorbeeld twee-foton geëxciteerde fluorescentie. Zoals gepresenteerd in
hoofdstuk 2, laten onze simulaties zien dat voor een GNS-dimeer met een tussenruimte van
5 nm de versterkingsfactor voor twee-foton excitatie kan oplopen tot maar liefst 108. De
invloed van de plasmonen resonantie op de fluorescentie levensduur en de spectrale vorm is
vervolgens bestudeerd, voor elke van drie verschillende kleurstofmoleculen. Tot slot laten
wij zien dat bij hoge excitatie intensiteit voor zowel een-foton als twee-foton geëxciteerde
fluorescentie de versterkingsfactor een gelimiteerd saturatie niveau bereikt in verhouding tot
de radiatie versterking die de plasmonische structuren anders kunnen leveren.
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Kwantum opbrengst limieten voor de detectie van een enkel molecuul
versterkt door een individueel GNS

Enkel-molecuul detectie technieken gebaseerd op fluorescentie zijn sterk afhankelijk van de
emissie van het te onderscheiden molecuul ten opzichte van de achtergrond ruis. Dit werpt
limitaties op voor de detectie van moleculen die zwakke emissie eigenschappen bezitten.
Door versterking van de fluorescentie, gebruik makend van plamonische nano structuren,
zoals een GNS, kan de enkel-molecuul techniek uitgebreid worden naar meer soorten mo-
leculen. Theoretische analyse geeft de indicatie dat moleculen met een lagere kwantum
opbrengst, relatief grotere fluorescentie versterking ondergaan door de grotere emissie ver-
sterking. Echter zal het aantal emissie fotonenminder zijn dan bij eenmolecuul met een hoge
kwantum opbrengst. In dit werk onderzoeken wij wat de lagere limiet is van de fluorescen-
tie kwantum opbrengst waarbij enkel-molecuul detectie nog mogelijk is met plasmonisch
versterkte fluorescentie door een enkel GNS. Hiervoor hebben we een special kleurstof mo-
lecuul ontworpen met een extreem lage kwantum opbrengst van 10−4 en een vergelijkbaar
grote Stokes-shift van 3000 cm−1. Dit is om enkel-molecuul detectie te demonstreren bij
fluorescentie versterking. Voor een molecuul met zulke grote Stokes-shift moeten zowel
de excitatie als de fluorescentie versterking in beschouwing genomen worden om de beste
signaal tot ruis verhouding voor enkel-molecuul detectie te vinden. Gebaseerd op de theo-
retisch optimale condities wordt experimenteel bevestigd dat enkel-molecuul detectie, van
een molecuul met een kwantum opbrengst van 10−4, mogelijk is bij een versterkingsfactor
van drie orde grotes. Theoretische voorspellingen geven aan dat het signaal van een enkel
molecuul met een lage kwantum opbrengst tot wel 10−6 detecteerbaar zou kunnen zijn, mits
het molecuul lang genoeg in het lokale plasmonische veld verblijft.

Gecontroleerde synthese van GNS dimeren met uiteinde-aan-uiteinde
configuraties

In vergelijking met een enkel metalen nanodeeltje kan de plasmonische koppeling tussen
metaal nanodeeltjes de nabij veld versterking in de tussenruimte tussen de deeltjes vergro-
ten, evenals de lokale dichtheid van foton toestanden. Door deze eigenschappen kan een
aggregatie van nano deeltjes toegepast worden voor de versterking van ultra zwakke signa-
len, zoals twee-foton geëxciteerde fluorescentie. Deze signalen zijn normaal te zwak om op
enkel molecuul niveau te detecteren, zelfs bij versterking met een enkel GNS. GNS-dimeren
genereren enkele geconcentreerde plasmonische gebiedjes zonder dat daar de fluorescencie
versterkings factor wordt verkleind. Hierdoor kunnen GNS-dimeer structuren beschouwd
worden als de beste plasmon gekoppelde systemen, voor enkel-molecuul fluorescentie ver-
sterking. Dit is omdat ze ten eerste voorzien in een enkele locatie voor de fluorescentie
versterking, en ten tweede omdat de fotoluminescentie achtergrond bijdrage van een GNS-
dimeer klein is in vergelijking met die van multimeer aggregaties van goud deeltjes.

Van alle soorten nanodeeltjes ziet het er naar uit dat het GNS als een van de beste bouw-
stenen gezien kan worden voor het maken van plasmonische dimeer structuren. Simpelweg
vanwege de smalle, intense en afstelbare plasmonen resonantie met licht. Wij passen hier
twee strategieën toe voor de synthese van uiteinde-aan-uiteinde GNS-dimeren, waarbij ge-
bruik wordt gemaakt van biotinyleerd streptavidin, als moleculaire verbinder. Eerst wordt
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een assemblage methode geïllustreerd waarbij goud nano-staafjes en gebiotinyleerde strep-
tavidin in bulk vloeistof samen komen. De gebiotinyleerde streptavidin kan specifiek aan
de uiteinden van een GNS binden in de aanwezigheid van de surfactant cetyltrimethylam-
monium bromide (CTAB) en daardoor er voor zorgen dat er een monster van uiteinde-aan-
uiteinde geassembleerde goud nano-staafjes wordt gevormd. De assemblage wordt gemo-
nitord door het extinctie spectrum te meten van de vloeistof waarin de assemblage plaats-
vindt. Daarna worden de geassembleerde structuren gedeponeerd op een dekglas en droog
bewaard tussen twee glaasjes. Als tweede strategie presenteren wij GNS-dimeer assemblage
direct op een dekglas. Op een schoon dekglas werden eerst individuele goud nano-staafjes
geïmmobiliseerd en vervolgens, specifiek aan het uiteinde, gefunctionaliseerd met gebioti-
nyleerde streptavidin. Daarna hebben de linkers aan de uiteinden van de geïmmobiliseerde
goud nano-staafjes de kans om een tweede GNS uit de oplossing te binden, om een dimeer
structuur te vormen. Door gedurende de assemblage de twee glaasjes, waartussen het proces
plaats vindt, ondersteboven te draaien, kunnen de dimeren worden gescheiden van de on-
ontkoombare multimeer assemblages in de oplossing. Zo verkrijgen wij gezuiverde dimeer
structuren op het dekglas. Meer details zijn te vinden in hoofdstuk 4.

Twee-foton geëxciteerde enkele molecuul fluorescentie versterking

Twee-foton geëxciteerde fluorescentie verwijst naar het niet-lineaire optische proces waarbij
de emissie van een fluorescent molecuul voort komt uit de absorptie van twee fotonen van
identieke frequentie. In vergelijking met een-foton excitatie heeft twee-foton geëxciteerde
spectroscopie de voordelen van gereduceerde licht verstrooiing, diepere monster penetratie
en intrinsieke optische diepte scheiding. Enkele molecuul detectie van twee-foton geëxci-
teerde fluorescentie is echter uitdagend door de extreem kleine twee-foton absorptie cross
sectie van de meeste moleculen. Hier hebben wij de uiteinde-aan-uiteinde geassembleerde
GNS structuren toegepast voor het versterken van enkele molecuul fluorescentie bij twee-
foton excitatie. Simulaties laten zien dat voor uiteinde-aan-uiteinde GNS-dimeren met een
tussenruimte van 5 nm een totale fluorescentie versterking van 107 bereikt kan worden in
de kleine ruimte tussen de twee goud nano-staafjes. Met behulp van deze versterkingsfactor
hebben we succesvol twee-foton geëxciteerde fluorescentie gemeten van een enkel ATTO
610 molecuul.
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