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Summary

Metal nanoparticles are used in a wide range of applications, from catalysis, to advanced so-
lar cells, photothermal cancer therapy, and medical imaging. One of the most striking features
of metal nanoparticles is their unique interaction with light, leading to strong absorption and
scattering in the ultraviolet, visible, and infrared parts of the electromagnetic spectrum. These
so-called plasmon resonances are responsible for a variety of interesting effects, ranging from the
ability to focus electromagnetic fields into sub-wavelength hot spots, called plasmonic near-fields,
to the generation of highly energetic charge carriers and high temperature gradients at the surface
of the nanostructures.

Despite our current understanding of optical resonances in metallic nanoparticles and their ap-
plications, several challenges remain. First, the typical size of a plasmonic nanoparticle is much
smaller than the features we can observe with conventional optical microscopy techniques. There-
fore, we need other, more advanced, methods to study optical properties at the sub-particle level.
Second, since plasmon resonances can drive chemistry via a variety of activation pathways, there
is debate over which physical mechanism is dominant. Third, with an ever-expanding catalog of
colloidal nanoparticles, establishing clear relationships between structural and optical properties
is currently a challenge. Overcoming these three issues would allows us to rationally design opti-
cal devices and photocatalysts based on plasmonic nanoparticles.

In this thesis we will address these challenges with a wide variety of studies, in which we use plas-
monic nanoparticles as antennas, photocatalysts, and electrodes. As we will see, in all chapters
plasmonic near-fields play an important role. Furthermore, in all chapters we are motivated by
the work that can be performed by these fields. Therefore, to give a title to - and to encompass
the full contents of - this thesis, we can say we will discuss “plasmonic fields at work”.

In chapter 2 we first discuss the physics relevant to this thesis. In chapter 3 we describe super-
resolution fluorescence microscopy, the technique that will be used in the first two results chapters.
We show how this technique can break the limits of conventional microscopy by performing mea-
surements on single fluorescent molecules.

In the first results chapter, chapter 4, we study the interaction between light-emitting materials
and periodic arrays of plasmonic nanoparticles. The improved optical properties of these arrays,
such as enhanced plasmonic near-fields, can modify the intensity and directionality of nearby
light emitters. However, the resonances in such arrays occur at wavelengths comparable to the
interparticle distance. Therefore, mapping the interaction between light emitters and plasmonic
particle arrays cannot be done with conventional microscopy methods. In this chapter, we map
the enhanced emission of single fluorescent molecules coupled to a plasmonic particle array with
∼20 nm in-plane resolution by using super-resolution microscopy. Combined with numerical mod-
eling, this approach allows us to pinpoint which physical mechanism is driving the light emission
enhancement. These results can guide the rational design of future optical devices based on plas-
monic particle arrays.
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In chapter 5, we study how plasmon resonances drive chemical reactions at the single particle
level. In this chapter, we report a study of a chemical reaction driven solely by plasmonic near-
fields. Using super-resolution fluorescence microscopy, we map the position of individual product
molecules and demonstrate a clear spatial correlation between the electric field distribution around
individual nanoparticles and their super-resolved catalytic activity maps. These results can be
extended to systems with more complex electric field distributions, thereby guiding the design of
future advanced photocatalysts.

In chapter 6, we study how plasmon resonances drive chemical reactions at the ensemble level. In
this chapter, we develop a synthesis of silver shells around gold nanorods in which each plasmon
activation mechanism can be independently assessed. Using different illumination wavelengths
combined with optical spectroscopy, transmission electron microscopy, thermal characterization,
and numerical modeling, we unequivocally identify which physical mechanism is the main driving
force behind the silver shell growth. Our strategy to discern between plasmon activation mecha-
nisms can be extended to a variety of light-driven processes, including photocatalysis, nanoparticle
syntheses, and drug delivery.

In chapter 7, we study the optical properties of silver nanowires. Their performance often relies
on their unique optical properties that emerge from plasmon resonances in the ultraviolet part of
the electromagnetic spectrum. In order to tailor the nanowire geometry for a specific application,
a correct understanding of the relationship between the wire’s structure and its optical properties
is therefore necessary. However, while the synthesis of silver nanowires typically leads to struc-
tures with pentagonally-twinned geometries, their optical properties are often modeled assuming
a cylindrical cross section. In this chapter, we highlight the strengths and limitations of such
an approximation by numerically calculating the optical and electrical response of pentagonally-
twinned silver nanowires and nanowire networks. We find that our accurate modeling is crucial to
deduce structural information from the extinction spectra of nanowire suspensions and to predict
the performance of nanowire-based near-field sensors. These results can help assess the quality
of nanowire syntheses and guide in the design of optimized silver nanowire-based devices.

Finally, in chapter 8 we summarize the contents of this thesis. We also provide perspective
for future work in the field of plasmon-driven chemistry. We suggest specific experiments in
which super-resolution microscopy can be used to map the spatial distribution of charge carriers
resulting from plasmon decay. Finally, we comment on the mechanism of charge transfer from
metallic nanoparticles to adjacent species, such as semiconductors or adsorbed molecules, which is
relevant for applications in photocatalysis and photodetection. Here, we believe further research
is required.
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Chapter 1

Introduction

Figure 1.1: Pictures of (a) a Gothic stained glass rose window of Notre-Dame de Paris and (b)
the Lycurgus cup. Images are taken from Refs. 1,2.

1.1 The plasmon

Colloidal solutions of noble metal nanoparticles have long been used for their vivid colors. Well-
known examples include stained glass windows, such those in the cathedral Notre-Dame de Paris,
and, perhaps most famously, the Lycurgus Cup, a 4th century Roman glass cage cup (Figure 1.1).
In Roman times, the process used to obtain this glass was probably not understood or controlled
and the presence of silver and gold nanoparticles with diameters around 50 - 100 nm was likely
due to an accidental contamination.3,4

Much later, from the 1850s through to the 1870s James Clark Maxwell formulated a set equations
that describe how electric and magnetic fields behave, now known as Maxwell’s equations.5,6 In
1908, Gustav Mie solved these equations for a system with spherical symmetry, which gives us
the physical framework to calculate and understand many of the optical properties of metallic
nanoparticles.7 The strong interaction between these particles and visible light is due to the exis-
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Figure 1.2: Electron microscopy images of (a) gold spheres, (b) gold triangles, and (c) gold rods
synthesized during this thesis work and (d) their corresponding extinction spectra. All scalebars
are 200 nm.

tence of the so-called localized surface plasmon resonance (LSPR).8,9 This resonance arises due to
the fact that the free electrons inside the metal follow the oscillation of the electric field of light.
Similar to a harmonic oscillator, when the driving force is at the right frequency, i.e. when the
light is of the right color, the oscillation is resonant. These oscillations in the electron density of
a metal are also known as plasma oscillations, hence the use of the word “plasmon” in “localized
surface plasmon resonance”.

The unique optical properties of metallic nanoparticles can be attributed to the existence of
this resonance. At the LSPR wavelength, the ability of a particle to scatter and absorb light is
enhanced to the point where the corresponding scattering and absorption cross sections can be
larger than their geometrical counterpart. Colloidal suspensions of metallic nanoparticles owe
their vivid color to these high cross sections and to the fact that the LSPR appears at a distinct
wavelength that can be tuned via the shape, size, and composition of the particles (Figure 1.2).

Beyond their decorative proposes, LSPRs also became of technological interest due to their scat-
tering and absorption properties. The scattering properties of plasmonics nanoparticles allow
them to focus light into sub-wavelength volumes, resulting in intense enhancements of the elec-
tromagnetic fields at the nanoparticle surface. These so-called plasmonic near-fields allow metallic
nanoparticles to be used as nanoscale antennas for light10,11 and to accelerate light-driven pro-
cesses. For example, plasmonic near-fields can drive photosensitive chemical reactions12 or en-
hance the fluorescence intensity of dyes.13 They are also the driving force behind surface-enhanced
Raman spectroscopy,14–16 which allows us to identify reaction intermediates and reaction prod-
ucts generated during a catalytic process with a sensitivity down to the single molecule.17,18

The absorptive properties of plasmonic nanoparticles were initially deemed detrimental to nano-
photonic applications, as they limit the quality factor of the resonance.19 However, light ab-
sorption can also be used advantageously, as it results in the formation of non-equilibrium charge
carriers and elevated surface temperatures.20 Due to their high energy, these so-called ‘hot’ charge
carriers can be used to drive and change the energy landscape of chemical reactions happening
on the nanoparticle surface.21–24 Furthermore, they can be injected into an adjacent semicon-
ductor, allowing plasmonic nanoparticles to be used as sub-bandgap photodetectors.25,26 The
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photothermal effect of the increased nanoparticle surface temperature has also been used advan-
tageously. The accurate spatial control over where heat is applied has been used, for example, for
photothermal cancer therapy and for driving chemical reactions selectively at the nanoparticle
surface.27–29

1.2 Current challenges and scope of this thesis

Despite the above advances in the understanding of optical resonances in metallic nanoparticles
and their applications, several challenges remain. The typical size of a plasmonic nanoparticle is
of the order of 10 - 100 nm, whereas the wavelengths of their resonances typically lie in the visible
to near-infrared part of the electromagnetic spectrum, roughly from a few hundred nm to a few
µm, see for example again Figure 1.2. As the resolution of optical techniques such as conven-
tional microscopy is limited to roughly half of the resonance wavelength due to light diffraction,
we can immediately recognize a disparity in length scales: when using conventional microscopy,
we cannot study the properties of these nanoparticles with sub-particle spatial resolution. In this
thesis we will use an extension of fluorescence microscopy, stochastic super-resolution microscopy,
which allows us to reach a resolution of 20 - 30 nm. We will use this technique to study the
interaction between light-emitting materials and arrays of plasmonic nanoparticles and to map
chemical reactions driven by plasmonic near-fields.

The mechanisms by which plasmon resonances can drive chemical reactions is also currently an
open question. LSPRs are characterized by i) their ability to focus light into nanoscale regions
of high electromagnetic fields, ii) the generation of highly energetic charge carriers, and iii) pho-
tothermal nanoparticle heating. As all of these processes happen simultaneously and on ultrafast
timescales, it has proven challenging to disentangle these mechanisms experimentally.30–39 In this
thesis we will see how a light-driven synthesis of silver shells around gold nanoparticles, combined
with accurate numerical modeling of the electromagnetic fields and of the light propagation inside
the reaction volume, allows us to individually assess each of these plasmon activation pathways.
Furthermore, we will use super-resolution fluorescence microscopy to map chemical reactions with
nanometer spatial resolution driven by one specific plasmon activation mechanism, namely plas-
monic near-fields.

Lastly, with the ever-expanding catalog of colloidal nanoparticles, the relationship between struc-
tural and optical properties is currently a challenge. A detailed understanding of the structural
underpinning of optical resonances is crucial to the characterization of nanoparticle syntheses.
In this thesis we study two systems for which the structure-optics relationship is particularly
relevant. First, we show how the structural changes that occur during a light-driven synthesis of
silver shells around gold nanoparticles influence the particle’s resonance wavelength, the intensity
of its plasmonic near-fields, and its ability to eject non-equilibrium charge carriers. Second, we
study the relationship between the structure and the optical properties of silver nanowires. The
polyol synthesis of these nanowires leads to wires with pentagonal cross sections, giving them
unique optical properties, such as enhanced near-fields, that can only be fully described when
accurately modeling the wire’s shape.

1.3 Outline of this thesis

In this thesis we will see a wide variety of studies on the optical properties of metallic nanoparti-
cles. In two chapters we employ super-resolution microscopy to perform studies with nanometer
spatial resolution at the single molecule level, one chapter focuses on a plasmon-driven synthe-
sis at the ensemble level, and one chapter focuses on modeling the optical properties of silver
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nanowires. As we will see, in all chapters plasmonic near-fields play an important role. Further-
more, in all chapters we are motivated by the work that can be performed by these fields, such
as driving chemistry or enhancing Raman signals. Therefore, to encompass the full contents of
this thesis, we can say we will discuss “plasmonic fields at work”.

In chapter 2 we first discuss the physics relevant to this thesis. We derive the existence of the
plasmon resonance by considering a small sphere illuminated by a harmonically oscillating electric
field. This approach allows us to calculate experimentally relevant parameters such as scattering
and absorption cross sections and electric field enhancements. We also discuss how the dielectric
function of a metal can be understood in the framework of a free electron gas that oscillates due
to an externally applied electric field. We then extend our framework for modeling the optical
properties of metallic nanoparticles by discussing Mie theory, which allows us to model spheres of
any size, and the finite-difference time-domain method, which allows us to model arbitrary shapes.
We conclude by describing how plasmon decay can drive chemical reactions via the generation
of highly energetic charge carriers, elevated surface temperatures, and enhanced electromagnetic
fields.

Since the first two main results chapters in this thesis employ super-resolution fluorescence mi-
croscopy, we dedicate chapter 3 to discussing this technique. We first describe the working
principles of the optical microscope and the fluorescence microscope. We identify a resolution
limit of ∼250 nm in the visible part of the electromagnetic spectrum due to the diffraction of
light and show how this limit can be broken by performing single molecule localization, allowing
us to reach a resolution of several (tens of) nanometers. We show how this technique can be used
to study catalytic conversions and fluorescence enhancement at the nanoscale level. Finally, we
describe the image processing that is performed on the fluorescence microscopy data.

In the first results chapter, chapter 4, we study the interaction between light-emitting materials
and periodic arrays of plasmonic nanoparticles. These two-dimensional arrays have remarkable
optical properties originating from their collective behavior, which results in resonances with
narrow linewidths and enhanced electric fields extending far into the surrounding medium. The
improved properties of these so-called surface lattice resonances can enhance the intensity of
nearby light emitters by modifying their absorption and spontaneous decay rates, and the direc-
tivity of their emission. These resonances occur at wavelengths comparable to the interparticle
distance in the array. Therefore, mapping the interaction between light emitters and plasmonic
particle arrays cannot be done with diffraction-limited conventional microscopy methods. In this
chapter, we map the enhanced emission of single fluorescent molecules coupled to a plasmonic
particle array with ∼20 nm in-plane resolution by using super-resolution microscopy. We find
that extended lattice resonances have minimal influence on the spontaneous decay rate of an
emitter, but instead can be exploited to enhance the outcoupling and directivity of the emission.
These results can guide the rational design of future optical devices based on plasmonic particle
arrays.

In chapter 5, we study how plasmon resonances drive chemical reactions at the single particle
level. In this chapter, we report an in-situ study of a fluorogenic chemical reaction driven solely
by plasmonic near-fields. Using super-resolution fluorescence microscopy, we map the position of
individual product molecules with ∼30 nm spatial resolution and demonstrate a clear correlation
between the electric field distribution around individual nanoparticles and their super-resolved
catalytic activity maps. These results can be extended to systems with more complex electric
field distributions, thereby guiding the design of future advanced photocatalysts.
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In chapter 6, we study how plasmon resonances drive chemical reactions at the ensemble level.
The driving forces of plasmon-driven chemistry, photothermal heating, plasmonic near-fields, and
the ejection of highly energetic charge carriers, all typically occur simultaneously and on ultrafast
timescales, making them hard to disentangle. In this chapter, we develop a plasmon-assisted
synthesis of silver shells around gold nanorods in which each plasmon decay mechanism can be
independently assessed. Using different illumination wavelengths combined with extinction spec-
troscopy, transmission electron microscopy, thermal characterization, and numerical modeling, we
unequivocally identify interband holes as the main driving force behind the silver shell growth.
Our conclusion is corroborated by single particle studies on gold nanospheres that display isotropic
reactivity, consistent with interband hole-driven nanoparticle syntheses. Our strategy to discern
between plasmon activation mechanisms can be extended to a variety of light-driven processes,
including photocatalysis, nanoparticle syntheses, and drug delivery.

In chapter 7, we study the optical properties of silver nanowires. Their performance often relies
on their unique optical properties that emerge from localized surface plasmon resonances in the
ultraviolet part of the electromagnetic spectrum. In order to tailor the nanowire geometry for
a specific application, a correct understanding of the relationship between the wire’s structure
and its optical properties is therefore necessary. However, while the colloidal synthesis of silver
nanowires typically leads to structures with pentagonally-twinned geometries, their optical prop-
erties are often modeled assuming a cylindrical cross section. In this chapter, we highlight the
strengths and limitations of such an approximation by numerically calculating the optical and
electrical response of pentagonally-twinned silver nanowires and nanowire networks. We find that
our accurate modeling is crucial to deduce structural information from the extinction spectra of
nanowire suspensions and to predict the performance of nanowire-based near-field sensors. These
results can help assess the quality of nanowire syntheses and guide in the design of optimized
silver nanowire-based devices.

Finally, in chapter 8 we summarize the contents of this thesis. We also provide perspective for
future work in the field of plasmon-driven chemistry. We suggest specific experiments in which
super-resolution microscopy can be used to map the spatial distribution of non-equilibrium charge
carriers resulting from plasmon decay. Finally, we comment on the mechanism of charge transfer
from metallic nanoparticles to adjacent species, such as semiconductors or adsorbed molecules,
where we believe further research is required.
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Chapter 2

Fundamentals of plasmonics

Abstract

The studies in this thesis all involve optical resonances in metallic nanoparticles. In this chapter we
discuss the underlying physics of these resonances. We derive the existence of the localized surface
plasmon resonance from Maxwell’s equations by considering a metallic sphere in a harmonically
oscillating electric field. We use the quasi-static approximation for particles much smaller than
the wavelength to show the basic physics behind the plasmon resonance. We also discuss how
the dielectric function of a metal can be understood in the framework of a free electron gas
that oscillates due to an externally applied electric field. We then extend our framework for
modeling the optical properties of metallic nanoparticles by discussing Mie theory, which allows
us to model spheres of any size, and the finite-difference time-domain method, which allows us
to model arbitrary shapes. We conclude by describing how plasmon decay can drive chemical
reactions via the generation of highly energetic charge carriers, elevated surface temperatures,
and enhanced electromagnetic fields.

2.1 The quasi-static approximation

We can derive the existence of an LSPR by considering a metallic sphere in a harmonically oscil-
lating electric field. If we first assume that the particle is much smaller than the wavelength, the
phase of the electric field is practically constant over the whole volume of the nanoparticle and,
therefore, the problem can be treated electrostatically (Figure 2.1a). This approximation is also
known as the quasi-static approximation.

In general, electromagnetic fields are described by Maxwell’s equations:

∇ · ~D = ρf , (2.1a)

∇ · ~B = 0, (2.1b)

∇ × ~E = −∂ ~B

∂t
, (2.1c)

∇ × ~H = ~Jf +
∂ ~D

∂t
, (2.1d)

This chapter is partially based on Ref. 40: Super-Resolution Mapping of Plasmonic Hot Electrons,

Ruben F. Hamans, Eindhoven University of Technology: Eindhoven, 2017 and Ref. 41: Single Particle Ap-

proaches to Plasmon-Driven Catalysis, Ruben F. Hamans, Rifat Kamarudheen, and Andrea Baldi, Nanoma-

terials, 2020, 10, 12, 2377
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Figure 2.1: (a) Illustration of a sphere with a radius much smaller than the wavelength. (b) A
sphere with a radius R subjected to an incident field ~E0 = E0ẑ. The dielectric function of the
sphere is described by the complex function ε = ε(ω) and the surrounding medium has a dielectric
constant εm.

where ~E is the electric field, ~D the dielectric displacement, ~B the magnetic induction, ~H the
magnetic field, ρf the free electric charge density, and ~Jf the free electric current density. ~E & ~D

and ~B & ~H are related via

~D = ε0
~E + ~P , (2.2a)

~H =
1

µ0

~B − ~M, (2.2b)

where ε0 is the permittivity of free space, ~P the polarization field, µ0 the permeability of free
space, and ~M the magnetization field. For linear media the polarization and magnetization fields
are proportional to the electric and magnetic fields, respectively:

~P = ε0χe
~E, (2.3a)

~M = χm
~H, (2.3b)

where χe and χm are the electric and magnetic susceptibility, respectively. The expressions for
the displacement field ~D and the magnetic field ~H then become

~D = ε0ε ~E, (2.4a)

~H =
1

µoµ
~B, (2.4b)

where ε = 1 + χe is known as the dielectric function, dielectric constant, or relative permittivity
and µ = 1 + χm as the relative permeability. In the absence of free charges (ρf = 0), the first
Maxwell’s equation (Gauss’s law) then changes into

∇ · ~E = 0. (2.5)

Furthermore, as we are working in an electrostatic approximation, the third Maxwell’s equation
(Faraday’s law) changes into

∇ × ~E = 0. (2.6)

We can now use the vector identity ∇ × ∇Φ = 0, which allows us to express the electric field as
the gradient of a scalar function, which we call the potential Φ:
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~E = −∇Φ. (2.7)

In other words, solving the first Maxwell’s equation, equation (2.5), in an electrostatic system is
equivalent to solving the Laplace equation:

∇2Φ = 0. (2.8)

In a spherical coordinate system (r, θ, φ), where r is the radial distance, θ the polar angle, and φ
the azimuthal angle, and under the assumption of azimuthal symmetry (∂Φ/∂φ = 0), the solution
to the Laplace equation is42

Φ(r, θ) =
∞
∑

l=0

(

Alr
l + Blr

−(l+1)
)

Pl(cos θ), (2.9)

where Al and Bl are coefficients determined by the boundary conditions of the system, and Pl

are the Legendre polynomials. We can then set the following boundary conditions:

• The potential remains finite at the origin (r = 0), i.e. at the center of the sphere,

• When r → ∞, the electric field must be equal to the applied field E0,

• The tangential components of ~E are equal at both sides of the sphere,

• The normal components of ~D are equal at both sides of the sphere,

where the latter two are the standard boundary conditions originating from Maxwell’s equations
in integral form. The first condition sets the coefficients Bl = 0 for the potential inside the sphere
to avoid diverging terms, resulting in

Φin =
∞
∑

l=0

Alr
lPl(cos θ), (2.10a)

Φout =
∞
∑

l=0

(

Clr
l + Dlr

−(l+1)
)

Pl(cos θ), (2.10b)

for the potential inside and outside the sphere, respectively. The second condition yields

lim
r→∞

Φout = lim
r→∞

∞
∑

l=0

Clr
lPl(cos θ) = −E0z = −E0r cos θ, (2.11)

which sets C1 = −E0 and Cl = 0 for l 6= 1, leaving us with

Φin =
∞
∑

l=0

Alr
lPl(cos θ), (2.12a)

Φout = −E0r cos θ +
∞
∑

l=0

Dlr
−(l+1)Pl(cos θ). (2.12b)

The third and fourth condition yield the following expressions:

− 1

R

∂Φin

∂θ

∣

∣

∣

∣

r=R
= − 1

R

∂Φout

∂θ

∣

∣

∣

∣

r=R
, (2.13a)

−ε0ε
∂Φin

∂r

∣

∣

∣

∣

r=R
= −ε0εm

∂Φout

∂r

∣

∣

∣

∣

r=R
, (2.13b)
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where R is the radius of the sphere, ε the dielectric function of the sphere, and εm the dielectric
constant of the surrounding medium. These conditions set Al = Dl = 0 for l 6= 1 and give the
following expressions for A1 and D1:

− 1

R
A1R = − 1

R

(

−E0R + D1R−2
)

, (2.14a)

−ε0εA1 = −ε0εm

(

−E0 − 2D1R−3
)

, (2.14b)

which solve to

A1 = − 3εm

ε + 2εm
E0, (2.15a)

D1 =
ε − εm

ε + 2εm
E0R3, (2.15b)

thereby obtaining the final expressions for the potentials:

Φin = − 3εm

ε + 2εm
E0r cos θ, (2.16a)

Φout = −E0r cos θ +
ε − εm

ε + 2εm
E0R3 cos θ

r2
. (2.16b)

Interestingly, in the expression for Φout we recognize the first term as being the applied field and
the second term as being equivalent to an electric dipole. The potential of an electric dipole is

Φdipole =
1

4πε0εm

~p · ~r

r3
, (2.17)

where ~p is the dipole moment. We can, therefore, rewrite equation (2.16b) into

Φout = −E0r cos θ +
1

4πε0εm

~p · ~r

r3
, (2.18)

using

~p = 4πε0εmR3 ε − εm

ε + 2εm

~E0. (2.19)

If we then define a polarizability α, which describes the tendency of a material to acquire an
electric dipole moment when subjected to an electric field, using ~p = ε0εmα ~E0,9 we obtain

α = 4πR3 ε − εm

ε + 2εm
. (2.20)

From equation (2.20) it becomes clear that the polarizability experiences a resonance when

ε = −2εm, (2.21)

also known as the Fröhlich condition. This condition requires the real part of the dielectric func-
tion of the sphere to be negative, which is a material property commonly found in metals. As
can be seen in Figure 2.2a, for metals such as Al, Pd, Ag, Cu, and Au the resonance condition is
satisfied for wavelengths in the ultraviolet to visible parts of the electromagnetic spectrum. Note
that for Al the Fröhlich condition is satisfied at ∼170 nm when εm = 1.78. The magnitude of the
polarizability at the resonance wavelength is limited due to the fact that the dielectric function ε
contains both a real and an imaginary part. The highest values of α are reached for metals with
the lowest losses, i.e. with the lowest values for Im[ε]. For this reason, Au and Ag are the most
commonly used plasmonic metals (Figure 2.2b).
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Figure 2.2: (a) Real and (b) imaginary parts of the dielectric functions of Al, Pd, Ag, Cu, and
Au. The horizontal line denotes the resonance condition when the surrounding medium is water
(εm = 1.78). Dielectric functions are taken from Refs. 43–45.

From an experimental point of view it is interesting to note that the resonant enhancement of the
polarizability translates into enhancements in the scattering and absorption cross sections σsca

and σabs of the sphere via8

σsca =
k4

6π
|α|2, (2.22a)

σabs = k Im[α], (2.22b)

where k = 2π/λ is the wavevector. As can be seen in the above equation, σsca scales with
|α|2∝ R6, whereas σabs scales with Im[α] ∝ R3. Therefore, for smaller particles σabs > σsca,
whereas for larger particles (for Au, with a radius larger than ∼40 nm) σsca > σabs. As can be
seen in Figure 2.3a, the polarizability is characterized by a peak at the resonance wavelength.
Due to equation (2.22), this peak also translates into a peak in the extinction cross section
σext = σsca + σabs (see Figure 2.3b).

Figure 2.3: (a) Real (black) and imaginary (green) parts of the volume-normalized polarizability
α/(4

3πR3) calculated using equation (2.20) and (b) the extinction cross section of an Au sphere
with a radius R of 10 nm calculated using equation (2.22). The dielectric function ε is taken from
Ref. 45.
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Figure 2.4: (a) Real and (b) imaginary parts of the dielectric function of Al (black points) and a
fit to equation (2.26) (green line). (c,d) Same as (a,b), but for Ag. The dielectric functions are
taken from Refs. 43,44.

2.2 The dielectric function of a metal

In Figure 2.3 we have used an experimentally-obtained dielectric function (see also Figure 2.2).
Over a wide range of frequencies the optical properties of metals can also be described using
the plasma model. This model, also known as the Drude model,46,47 describes a free electron
gas against a background of fixed ion cores. The electrons oscillate due to an externally applied
electric field ~E and their motion is damped with a characteristic timescale τ or collision frequency
γ = 1/τ . The equation of motion then is9

m
d2~x

dt2
= −e ~E − mγ

d~x

dt
, (2.23)

where m is the effective mass of the electron, ~x(t) the position of the electron as a function of time,
and e the elementary charge. The first term on the right hand side describes the electromagnetic
force and the second term is a damping term. The above equation solves to

~x(t) =
e

m(ω2 + iγω)
~E(t), (2.24)

where the electric field has a harmonic time dependence with a frequency ω, ~E = ~E0 exp(iωt).
The displacement of electrons in a free electron gas with an electron density n gives a macroscopic
polarization field

~P = −ne~x. (2.25)
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As we have seen before, the polarization field contributes to the dielectric displacement via ~D =
ε0

~E + ~P = ε0ε ~E, see equations (2.2a) and (2.4a), allowing us to extract the dielectric function:

ε(ω) = 1 −
ω2

p

ω2 + iγω
, (2.26)

where we have defined the plasma frequency

ω2
p =

ne2

ε0m
. (2.27)

Since free electrons have an energy dispersion given by48

E =
~

2k2

2m
, (2.28)

where ~ is the reduced Planck constant and k the electron wavevector, the Drude model works
particularly well for metals where the electronic bands are well-approximated by a quadratic
dispersion. An example of such a metal is Al,49 as can be seen in Figure 2.4a,b, where we fit the
experimental dielectric function to equation (2.26). For the noble metals Au and Ag, however,
high energy photons can excite electron-hole pairs via interband transitions from an electronic
band below the Fermi level to another above the Fermi level.50,51 These additional losses result
in an increased Im[ε] for high photon energies, which is not captured by the plasma model, as
highlighted by the example of Ag in Figure 2.4c,d. To include these transitions in the model,
additional Lorentzian terms are often added to equation (2.26).52

2.3 Mie theory

For large particles the quasi-static approximation is no longer valid due to the phase variations of
the electric field inside the particle. In this case, Maxwell’s equations need to be solved electrody-
namically, i.e. including time dependence. The case of an electromagnetic plane wave impinging
on a homogeneous sphere can be solved analytically, resulting in Mie theory or the Mie solution
to Maxwell’s equations.7

Figure 2.5: (a) LSPR wavelength of an Au sphere as a function of the particle radius calculated
in the quasi-static approximation (line) and using Mie theory (points). (b) The Mie theory-
calculated ratio between the scattering cross section σsca and the absorption cross section σabs.
The dielectric function is taken from Ref. 45.

13



2

Chapter 2: Fundamentals of plasmonics

As can be seen in Figure 2.5a, the Mie solution to Maxwell’s equations gives an LSPR wavelength
that redshifts as the particle size increases. For radii above ∼20 nm the LSPR wavelength
significantly deviates from the quasi-static case, which demonstrates the range of validity for
this approximation. As can be seen in Figure 2.5b, for the case of Au spheres, scattering starts
dominating over absorption for radii above ∼40 nm. For this reason, microscopy techniques that
rely on scattering, such as dark-field microscopy, require large nanoparticles in order to identify
them from the background. Smaller particles can be imaged using, for example, photothermal
imaging, which relies on the absorption cross section.53

2.4 Resonance tunability and the FDTD method

From the resonance condition in equation (2.21) it is clear that the LSPR wavelength is sensitive
to the dielectric function of the metal (Figure 2.6a) and to the dielectric constant of the surround-
ing medium (Figure 2.6b). The latter is employed as a mechanism to use plasmonic nanoparticles
as sensors: a change in the dielectric constant of the surrounding medium, for example due to the
binding of a molecule, can result in a detectable shift of the LSPR.54 In the previous section we
have also seen that the LSPR wavelength is sensitive to the particle size (Figure 2.6c). Lastly, the
LSPR wavelength can be tuned by changing the shape of the nanoparticle. For example, nanorods
have two resonances, one for electric field polarizations along the short axis of the nanorod and
one for polarizations along the long axis. The resonance along the short axis, the transverse
resonance, is typically around the same wavelength as the resonance of a small sphere (520 -
530 nm for gold, see Figure 2.5a). The resonance along the long axis, the longitudinal resonance,
redshifts with increasing aspect ratio, which allows for tuning over a wide range of wavelenghts
(Figure 2.6d).

Since Mie theory assumes a spherical particle, it is no longer valid for non-spherical shapes. Mie
theory can be extended to spheroidal particles, known as Mie-Gans theory,55,56 but for arbitrary
shapes computational methods need to be employed. The finite-difference time-domain (FDTD)
method solves Maxwell’s equations on a discrete spatial and temporal grid.57 The simulated
geometry can be of arbitrary shape and material, as long as all dielectric functions satisfy the
Kramers-Kronig relations.42 A short light pulse from a source is injected into the system in the
form of a plane wave or a point dipole. The pulse then propagates through the system until it
reaches the boundaries of the simulation volume. These boundaries can be periodic, for simulating
periodic structures, or they can consist of absorbing layers, for simulating individual structures.
The electromagnetic fields resulting from these simulations can be used to calculate, for example,
scattering and absorption cross sections and electric field enhancements. As light is injected in
the form of a short pulse, one single simulation contains a broad range of frequencies. By then
performing a Fourier transform after the simulation, the resulting parameter of interest can be
expressed as a function of frequency or wavelength.

In this thesis, we will often use Mie theory and FDTD simulations to model the optical properties
of plasmonic nanoparticles. In particular, in chapters 4 and 6 we use simulations to disentangle
different contributions to fluorescence enhancement and to plasmon-driven chemistry, respectively.
In chapter 5, we demonstrate that we can use super-resolution fluorescence microscopy to map
chemical reactions driven by electric fields with nanometer spatial resolution by comparing our
measurements to FDTD simulations. In chapter 7, we show that, to accurately estimate the
optical properties of Ag nanowires, it is of paramount importance to simulate particles with a
shape that accurately reproduces the shape that is experimentally observed.
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Figure 2.6: (a) Extinction efficiency of a sphere with radius R = 25 nm made of gold or silver
in air. The extinction cross sections are normalized to the geometrical cross section πR2 to give
the extinction efficiency. The dashed horizontal line denotes an extinction cross section equal to
the geometrical cross section. (b) Extinction efficiency of a gold nanoparticle with R = 25 nm
embedded in air (εm = 1, black line) or water (εm = 1.78, blue line). The dashed lines denote
the LSPR wavelengths, 509 nm and 529 nm. (c) Extinction efficiency of a gold nanoparticle with
R = 15 nm, 25 nm, or 35 nm. The dashed lines denote the LSPR wavelengths, 523 nm, 529 nm,
and 542 nm. (d) Normalized extinction cross section of a gold sphere of R = 25 nm, that is
elongated in steps of 10 nm to a gold nanorod with a total length of 100 nm. The cross sections
are calculated using Mie theory (a-c) or using the FDTD method (d).

2.5 Plasmon decay

The LSPR can either decay radiatively (scattering) or non-radiatively (absorption). The res-
onant enhancement in the polarizability, as described in section 2.1, also results in a resonant
enhancement in the electric fields inside and outside the particle (Figure 2.7). The electric field
enhancement is particularly pronounced in the region just outside the nanoparticle, which is why
this effect is also referred to as a near-field enhancement. For example, for an Au sphere with a ra-
dius R = 25 nm the field intensity inside the particle | ~E|2 is enhanced up to ∼7 times with respect
to the incident field, and the intensity outside the particle is enhanced up to ∼41 times (Figure
2.7). If now an absorbing species is present in the vicinity of the nanoparticle, it will experience
an enhanced electric field. This enhancement is the mechanism behind surface-enhanced Raman
spectroscopy15 and can drive photosensitive reactions12 or enhance fluorescence intensity.13

The absorption process first results in the photon exciting an electron-hole pair in the metal. This
process can happen via four different mechanisms.58 First, for high photon energies, a photon
can excite a direct interband transition from one electronic band below the Fermi level to another
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Figure 2.7: Electric field intensity | ~E|2 normalized to the incident field intensity | ~E0|2 in and
around an Au sphere with R = 25 nm. The incident field propagates along the x axis and is
polarized along the z axis, as indicated by the white arrows. The fields are calculated using Mie
theory and the dielectric function is taken from Ref. 45.

above the Fermi level (Figure 2.8a). In Au and Cu, these transitions originate from the d-band,
which lies ∼2 eV below the Fermi level. Therefore, the generated hole is more energetic than the
electron.59 The effective mass can be calculated from the energy dispersion via48

m = ~
2 1

∂2E/∂k2
. (2.29)

Due to the low curvature of the d-band, the hole has a large effective mass and, consequently, a
low mean free path (< 5 nm).60 Nevertheless, the asymmetry in the energy distribution between
the electron and the hole has important consequences both for driving chemical reactions and for
charge transfer across a metal-semiconductor interface. As the holes are more energetic, inter-
band excitation in Au or Cu is particularly suitable for accelerating chemical reactions where the
hole-driven process (oxidation) is the rate-limiting step, as we will see in chapter 6.39 Similarly,
these excitations are more suitable for hole transfer from a metal to a p-type semiconductor rather
than for electron transfer to an n-type semiconductor.26,61

All other carrier generation mechanisms occur via intraband transition, i.e. they involve the
transition between states with different wavevectors within the same sp-band. In the second
mechanism, the momentum mismatch is compensated by a phonon or defect (Figure 2.8b). The
resulting electron and hole, on average, both have an energy ~ω/2 relative to the Fermi level. The
sp-band is characterized by a higher curvature than the d-band and, therefore, charge carriers
generated in this band have a low effective mass and a high mean free path (10 - 40 nm).60

Intraband transitions can also occur via electron-electron scattering (Figure 2.8c).58 In this third
process, the photon energy is shared between two electrons and two holes, each with an energy of
~ω/4, on average. The momentum mismatch, i.e. the difference between the initial momentum
and the final momentum (~k3−~k1+~k4−~k2), is, in this case, equal to the reciprocal lattice vector ~G.
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Figure 2.8: (a) Momentum-conserved interband transition from the d-band to the sp-band. (b)
Intraband transition where the momentum mismatch ~qph is compensated by a phonon or defect.
(c) Intraband transition assisted by electron-electron scattering. The momentum mismatch ~k3 −
~k1 + ~k4 − ~k2 is equal to the reciprocal lattice vector ~G. (d) Intraband transition assisted by
surface scattering, where the momentum mismatch ∆~k0 is compensated by electromagnetic field
confinement. The figure is adapted from Ref. 19.

Lastly, intraband transitions can occur via geometry-assisted damping, also referred to as Lan-
dau damping (Figure 2.8d).58,62 Classically, this process can be understood as an exchange of
momentum between the electron and the metal lattice when an electron collides with the surface.
Quantum mechanically, this process can be seen as the result of electric field confinement, which
results in the Fourier spectrum of the field having wavevectors that are large enough to compen-
sate the momentum mismatch.58 This phenomenon can also be understood intuitively from the
uncertainty principle, where spatial confinement necessitates a broad momentum distribution.62

Once non-equilibrium charge carriers are generated, they can transfer to an adjacent semicon-
ductor and be measured as photocurrent or to an adjacent adsorbed species and drive chemical
reactions.21,25,63 If these carriers are not harvested, however, they dissipate their energy to other
electrons and, eventually, to the lattice via electron-electron and electron-phonon scattering.20

The latter results in the nanoparticle and its surrounding medium heating up.
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The enhanced fields inside the nanoparticle result in an enhanced absorption of optical power
via64

Pabs =
1

2
ωε0| ~E|2Im[ε], (2.30)

where Pabs is the absorbed power per unit volume. The total power that is absorbed by the
nanoparticle then is a volume integral of Pabs, which can also be expressed as the absorption
cross section σabs multiplied by the irradiation intensity I. This absorbed power results in a
temperature increase ∆T of the nanoparticle. Assuming a spherical particle with a radius R, ∆T
is given by:65

∆T =
σabsI

4πκR
, (2.31)

where κ is the thermal conductivity of the surrounding medium. If we take the example of an
Au sphere with R = 25 nm in water (σabs = 6.8·10−15 m2, κ = 0.61 W/m/K) irradiated with a
1 mW laser focused to a 1 µm2 spot, we obtain a ∆T of 35 K.

The rate k of a chemical reaction scales with

k ∝ exp

(

− Ea

kBT

)

, (2.32)

where Ea is the activation barrier, kB the Boltzmann constant, and T the temperature. Note
that k here denotes a rate constant and should not be confused with the wavevector. The above
equation, also known as the Arrhenius equation,66,67 shows that the temperature increase due
to the irradiation of a plasmonic nanoparticle, plasmonic heating, can be used to drive chemical
reactions at the nanoparticle surface.28 If we stick to the previous example of an Au sphere with
an increased surface temperature ∆T of 35 K and assume an activation energy of 50 kJ/mol
(0.52 eV), we find a rate enhancement of

k(T + ∆T )

k(T )
=

k(328 K)

k(293 K)
= 8.9.

As can be seen, due to the exponential scaling, even moderate temperature increases can already
significantly alter the rate of a chemical reaction.35

As all of the above processes (near-field enhancement, non-equilibrium charge carrier generation,
and plasmonic heating) happen simultaneously on ultrafast timescales, it has proven to be chal-
lenging to disentangle all these mechanisms experimentally.30–39 In this thesis we will see how
super-resolution fluorescence microscopy can be used to map chemical reactions driven by plas-
monic near-fields with nanometer spatial resolution (chapter 5). Furthermore, we will see how
a light-driven synthesis of core@shell Au@Ag nanoparticles, combined with numerical modeling,
can be used to individually assess each plasmon activation mechanism (chapter 6).
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Chapter 3

Stochastic super-resolution

microscopy

Abstract

In this chapter we discuss the microscopy technique that is used in chapters 4 and 5 of this thesis:
stochastic super-resolution microscopy. We first describe the working principles of the optical
microscope and the fluorescence microscope. We identify a resolution limit of ∼250 nm due to
the diffraction of light and show how this limit can be broken by performing single molecule
localization, allowing us to reach a resolution of several (tens of) nanometers. We then describe
the image processing that is performed on the fluorescence microscopy data. Finally, we show
how single molecule localization can be used to study catalytic conversions and fluorescence
enhancement by plasmonics nanoparticles at the nanoscale level.

3.1 Introduction

Microscopes allow us to see objects that are not visible to the naked eye. More specifically, an
optical microscope (Figure 3.1a) guides visible light, for example from a halogen lamp, on a thin
sample and then collects and magnifies the transmitted light, before guiding it to an eyepiece or
a camera.

While there exist numerous configurations of optical microscopes, a typical light path is shown in
Figure 3.1b: a lens collects the light from the source and focuses it on the condenser diaphragm.
The condenser lens then projects the light onto the sample. This type of illumination, known
as Köhler illumination, where the light from the source is not focused on the sample, results in
uniform illumination and prevents an image of the light source, for example a lightbulb filament,
from being present in the image of the sample. On the other side of the sample, the objective
collects the light and, finally, the tube lens focuses the collected light on a detector, for example a
camera. Magnification arises from the difference between the focal length of the tube lens, which
is constant, and the effective focal length of the objective (Figure 3.1c). The effective focal length
feff can be calculated from the magnification M of the objective using

This chapter is partially based on Ref. 40: Super-Resolution Mapping of Plasmonic Hot Electrons,

Ruben F. Hamans, Eindhoven University of Technology: Eindhoven, 2017 and Ref. 41: Single Particle Ap-

proaches to Plasmon-Driven Catalysis, Ruben F. Hamans, Rifat Kamarudheen, and Andrea Baldi, Nanoma-

terials, 2020, 10, 12, 2377
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Figure 3.1: (a) Photograph of an optical microscope. This model is a so-called inverted micro-
scope, as the objective is under the sample. (b) Illustration of the illumination and imaging beam
paths in a conventional optical microscope. (c) Illustration of the magnification arising from the
difference in focal length between the objective and the tube lens.

M =
ftube

feff
, (3.1)

where ftube is the focal length of the tube lens. For example, Zeiss microscopes, such as those
used in this thesis, have a tube lens with a focal length of 165 mm. A 63× objective would then
have an effective focal length of 165 / 63 = 2.6 mm.

The term ‘effective’ focal length is used here for the objective, as in reality an objective is not
a single lens, but consists of multiple optical components. The performance of an objective is
usually described sufficiently using its magnification and numerical aperture (NA). The NA is
defined as

NA = n sin θacc, (3.2)

where n is refractive index in which the objective is working and θacc is the acceptance angle,
defined as the maximal half-angle of the cone of light that can enter or exit the objective. The NA
defines the resolving power of the microscope: as we will derive later in section 3.3, the Rayleigh
criterion states that two point sources can no longer be resolved if their separation is smaller
than68

RRayleigh = 1.22
λ

2NA
, (3.3)
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where λ is the emitted wavelength. Equation (3.3) shows that the higher the NA, the smaller is
the distance at which two point sources are no longer distinguishable, and therefore the higher
the microscope resolution. For this reason, to achieve the highest possible resolution, immersion
oils are often used to increase the refractive index in which the objective is working, see equation
(3.2). Furthermore, if the refractive index of the immersion oil is matched to that of the substrate,
for example n = 1.52 when using borosilicate glass, no refraction occurs between the sample and
the objective, further maximizing the collection efficiency.

3.2 Fluorescence microscopy

A downside of conventional optical microscopy is that it is often limited by the contrast that
the sample provides: very thin samples give very little contrast, which results in an image on
the detector that is mostly white. Furthermore, conventional optical microscopy is not selective:
anything that absorbs or scatters light gives contrast and therefore it can be hard to identify
different components in a structure.

Fluorescence microscopy uses light sources with a very narrow emission wavelength, for example a
laser, to optically excite so-called fluorophores: molecules capable of re-emitting light at a longer
wavelength. During this excitation process the fluorophore goes from its electronic ground state
to a higher vibrational level of its first electronically excited state (Figure 3.2a). The excitation
then non-radiatively decays to the lowest vibrational level of the first electronically excited state.
Finally, the excitation decays back to the electronic ground state by emitting a photon.

As can be seen in Figure 3.2a, the emission spectrum and the absorption spectrum are mirror
images of each other, i.e. the color of the excitation source is different from the color of the
emitted light, as highlighted by the example of Rhodamine 6G in Figure 3.2b. The absorption of
Rhodamine 6G peaks at ∼525 nm, whereas the emission peaks at a lower energy and therefore
longer wavelength, ∼550 nm. This spectral shift allows us to use simple optical filters to selec-
tively remove the contribution of our excitation source and therefore construct images in which
the emission of the fluorophore appears as a bright spot in a dark background. This removal of
the overpowering intensity of the light source greatly increases the sensitivity of the microscopy
technique, even allowing us to observe the fluorescence of a single molecule.71 Furthermore, flu-
orophores can be labeled to a specific part of a biological structure. Fluorophores with different
absorption and emission wavelengths can then be bound to specific parts, which allows us to take
multi-color fluorescence images in which each component is identified by a different color (Figure
3.2c).

As can be seen in Figure 3.2d, in a typical fluorescence microscope both the excitation and the
collection take place through the microscope objective. Similar to the Köhler illumination shown
in Figure 3.1b, the excitation source is not focused on the sample. Instead, a laser beam is focused
on the back focal plane of the microscope objective (dashed line in Figure 3.2d), resulting in illu-
mination normal to the sample. This illumination method is also referred to as epifluorescence.
In the collection path, the laser beam is filtered out using a dichroic mirror, which reflects the
excitation wavelength and transmits the emission wavelength. Any residual contribution from
the excitation source is then further filtered out using an emission filter, before the emitted light
is focused on a detector by the tube lens.

Since the excitation source travels normal to the sample when using epifluorescence illumination,
fluorescent species that are above or below the region that is in focus will also be excited. To
avoid the resulting background signal, total internal reflection fluorescence (TIRF) can be used.
In this case, the excitation travels towards the glass-sample interface at an angle higher than the
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Figure 3.2: (a) Illustration of the process of fluorescence. The think black lines indicate the
electronic energy levels and the thin lines the vibrational levels. A photon is absorbed (green
arrow) and the excitation decays non-radiatively (orange arrow) to the bottom of the first excited
state, before emitting a photon (yellow arrow). (b) Absorption (green) and emission (yellow)
spectrum of Rhodamine 6G. (c) Fluorescence image of living HeLa cells. Mitochondria are stained
in red (MitoTracker Red), the nucleus in blue (DAPI), and the microtubules in green (Tubulin
Tracker Green). (d) Illustration of the beam paths in epifluorescence illumination. Panel (b) is
based on data from Ref. 69 and panel (c) is adapted from Ref. 70.

critical angle for total internal reflection (Figure 3.3a). For example, for a glass-water interface
the critical angle θTIRF is

θTIRF = arcsin
nwater

nglass
= arcsin

1.33

1.52
= 61◦.

To achieve this high excitation angle, the laser is not focused on the center of the back focal plane
of the objective, as is the case for epifluorescence illumination (Figure 3.2d). Instead, the beam
is focused on the edge of the back focal plane (Figure 3.3b).

The objective needs to be capable of directing light towards the interface at angles higher than
the critical angle, i.e. θacc > θTIRF. From equation (3.2), the acceptance angle of an objective
with an NA of 1.46 working in an index matching immersion oil (n = 1.52) is
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Figure 3.3: Illustration of (a) total internal reflection at the glass-sample interface, where nglass >
nsample, and (b) the beam paths in TIRF illumination. (c) Plot of equation (3.5) for λ = 532 nm,
nglass = 1.52, and nsample = 1.33. The critical angle for total internal reflection (θTIRF = 61◦)
and the acceptance angle of the objective (θacc = 74◦) for our experimental configuration are
highlighted using vertical dashed lines.

θacc = arcsin
NA

nglass
= arcsin

1.46

1.52
= 74◦.

At the glass-sample interface the excitation beam reflects back into the objective. However, the
boundary conditions of Maxwell’s equations require the normal components of the displacement
field ~D and the tangential components of the electric field ~E to be conserved at the interface
(see also section 2.1). Therefore, the electric field cannot abruptly go from a finite value to zero,
resulting in an evanescent field being present in the sample, with an intensity

I = I0 exp[−z/d], (3.4)

where z is the spatial coordinate normal to the interface (Figure 3.3a), z = 0 is at the interface,
and d is the penetration depth given by:72

d =
λ

4π
(n2

glass sin2 θglass − n2
sample)

−1/2, (3.5)

where θglass is the angle of incidence of the excitation beam. As shown in Figure 3.3c, for excitation
at 532 nm, nglass = 1.52, and nsample = 1.33, the above equation gives a penetration depth of
∼100 nm. Under these illumination conditions, which correspond to the experimental conditions
for the study reported in chapter 5 of this thesis, only fluorescent species that are less than
∼100 nm above the glass-water interface are excited, which results in a significant decrease in
background signal.
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3.3 Single molecule localization

The resolving power of an optical microscope is limited by the Rayleigh condition, see equation
(3.3). If we take the example of Rhodamine 6G molecules imaged through an objective with an
NA of 1.46, we obtain a resolution of

RRayleigh = 1.22
550 nm

2 × 1.46
≈ 230 nm.

Therefore, if two Rhodamine 6G molecules are separated by less than 230 nm they can no longer
be distinguished from each other. This resolution is incommensurate with the typical lengths
scales of the plasmonic nanoparticles or particle arrays used in this thesis, which are of the order
of 10 to 100 nm. Therefore, conventional optical microscopy is unsuitable to study plasmonic
effects with sub-particle or sub-unit cell resolution.

Before describing how we can improve upon the above-mentioned resolution limit, we first derive
the Rayleigh criterion. We consider a plane wave impinging on a screen with a circular aper-
ture and the consequent far-field diffraction pattern on a distant observing screen (Figure 3.4).
A focusing lens close to the aperture then allows us to bring the observing screen close to the
aperture, without changing the diffraction pattern.

The diffraction that occurs due to the presence of the aperture can be described using Fraunhofer
diffraction.73 According to the Huygens-Fresnel Principle, a differential area dS in the aperture
can be envisioned as being a point source emitting a spherical wave. As monochromatic spherical
waves are of the form exp[i(ωt − kr)]/r, we can write the contribution dE to the electric field at
a point P on the observing screen as

dE =
Ea

r
exp[i(ωt − kr)]dS, (3.6)

where Ea is the source strength per unit area and r the distance between dS and P . dS is located
at (0, y, z) and P at (X, Y, Z). As P is far away from the aperture, r can be replaced by the
distance R from the origin to P in the amplitude term (Ea

r ), where R is given by:

R = (X2 + Y 2 + Z2)1/2. (3.7)

The phase term, however, needs to be treated more carefully, as k can be a large number.

Expanding the expression for r gives

r = (X2 + (Y − y)2 + (Z − z)2)1/2 (3.8a)

= (X2 + Y 2 − 2yY + y2 + Z2 − 2zZ + z2)1/2 (3.8b)

= (R2 − 2yY + y2 − 2zZ + z2)1/2 (3.8c)

= R

(

1 +
y2 + z2

R2
− 2

yY + zZ

R2

)1/2

. (3.8d)

As we are considering a far-field case, R is very large compared to the dimensions of the aperture,
making the second term negligible. We then perform a Taylor series around yY +zZ

R2 = 0 to obtain

r ≈ R

(

1 − yY + zZ

R2

)

. (3.9)
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Figure 3.4: Circular aperture geometry. A plane wave impinges on a screen Σ with a circular
aperture and the consequent far-field diffraction pattern is observed on a distant observing screen
σ. Image taken from Ref. 73.

By using this approximation in equation (3.6) and performing the integral, the total field arriving
at P becomes

E =
Ea

R
exp[i(ωt − kR)]

∫∫

exp

[

ik
yY + zZ

R

]

dS, (3.10)

where the integral is performed over the area of the aperture. As we are considering a circular
aperture, we switch to a spherical coordinate system with

y = ρ sin φ, (3.11a)

z = ρ cos φ, (3.11b)

Y = q sin Φ. (3.11c)

Z = q cos Φ, (3.11d)

Substituting these coordinates in the equation for the field then gives

E =
Ea

R
exp[i(ωt − kR)]

∫ 2π

0

∫ a

0
exp

[

ik
pq sin φ sin Φ + pq cos φ cos Φ

R

]

ρdρdφ, (3.12a)

=
Ea

R
exp[i(ωt − kR)]

∫ 2π

0

∫ a

0
exp

[

ik
pq cos(φ − Φ)

R

]

ρdρdφ, (3.12b)
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where a is the radius of the aperture. Because of axial symmetry, the solution must be indepen-
dent of Φ and we can solve the above equation for any value of Φ, which we now set to 0.

The solution to the integral over φ is a Bessel function. In general, the Bessel function (of the
first kind) of order m is given by

Jm(u) =
i−m

2π

∫ 2π

0
exp[i(mv + u cos v)]dv. (3.13)

When using m = 0, v = φ, and u = kρq/R, we obtain

E =
Ea

R
exp[i(ωt − kR)]2π

∫ a

0
J0(kρq/R)ρdρ. (3.14)

Another property of the Bessel functions is their recurrence relation:

d

du
[umJm(u)] = umJm−1(u). (3.15)

For m = 1, this gives

∫ u

0
u′J0(u′)du′ = uJ1(u). (3.16)

When now using u′ = kρq/R, we obtain

E =
Ea

R
exp[i(ωt − kR)]2πa2(R/kaq)J1(kaq/R). (3.17)

The irradiance at P then becomes

I =
1

2
EE∗ =

2π2a4E2
a

R2

(

J1(kaq/R)

kaq/R

)2

(3.18)

When a lens is placed close to the aperture, the numerical aperture can be defined as NA =
sin θacc = a/R (Figure 3.4), allowing us to write the irradiance as

I(p) ∝
(

2J1(p)

p

)2

, (3.19)

where p is a dimensionless radial coordinate defined as

p = 2π
NA

λ
q. (3.20)

As can be seen in Figure 3.5, the radiation pattern is characterized by a bright center spot with
several rings that become increasingly less intense as p increases. The function J1(p) has its first
zero at p = 3.8317..., which gives

q0 ≈ 3.8317

2π

λ

NA
≈ 1.22

λ

2NA
, (3.21)

which is the Rayleigh criterion we started this section with, i.e. two point sources can no longer
be resolved when the maximum in the diffraction pattern of once source coincides with the first
minimum in the other.

An equation such as (3.19) describing the response of an optical system to a point source is also
called the point spread function (PSF) of the system. The case treated here has first been de-
rived by Airy and therefore the disk-like shapes as seen in Figure 3.5b are also called Airy disks.74
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Figure 3.5: (a) Illustration of a point source imaged in an optical microscope and a plot of the
intensity in equation (3.19) as a function of the dimensionless spatial coordinate p. (b) Plot of
equation (3.19) in Cartesian coordinates, defined using p2 = x2 +y2. The colorscale is logarithmic
to emphasize the Airy disks.

The above model for the PSF implies that the position of a single molecule can be determined
with an accuracy that is much better than just the size of the emission pattern: we can take an
experimentally observed fluorescence image of a single molecule and perform a two dimensional
fit to the PSF and thereby obtain the center position of the fit, which is then the position of the
molecule. In practice, however, fitting to equation (3.19) can be computationally demanding due
to the complexity of the Bessel function. Furthermore, due to the noise level in a single molecule
fluorescence experiment, only the center spot in Figure 3.5b is typically observed. Therefore,
equation (3.19) can be excellently approximated by a Gaussian:

I(r) ∝ exp

(

− r2

2σ2

)

, (3.22)

where σ is the width of the Gaussian. The Gaussian best describes the Airy disk when σ ≈
0.42 λ

2NA , which results in the fit shown in Figure 3.6.

If we consider each detected photon to be a measurement of the position of the molecule, we can
make an initial estimate of the localization precision σloc of the fit, namely the standard error in
the mean:

σ2
loc =

σ2

N
, (3.23)

where N is the number of detected photons. However, there are several sources of noise that
worsen the precision with which a molecule can be localized. Firstly, an uncertainty is introduced
due to finite pixel size a of the camera that is used to observe the fluorescence: we do not know
where on the pixel a photon is detected. This uncertainty changes equation (3.23) into75

σ2
loc =

σ2 + a2/12

N
, (3.24)

which is valid for pixel sizes a < σ, where a is defined in the image plane, i.e. as the physical size
of the pixel divided by the magnification. This equation is used to define an effective standard
deviation σ2

a = σ2 +a2/12. The second source of noise is from background signal that occurs when
detected photons do not originate from the fluorescent molecule. Common sources of background
noise are background fluorescence (for example from dust or other weakly fluorescing molecules),
readout error, and dark current. This noise changes equation (3.24) into76

σ2
loc =

σ2
a

N

(

16

9
+

8πσ2
ab2

Na2

)

, (3.25)
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Figure 3.6: Plot of equation (3.19) (black) and corresponding Gaussian fit (green).

where b2 is the number of background photons, which is calculated as the variance in the residuals
between the experimentally observed fluorescence intensity and the fit.

To calculate the typical resolution that can be achieved, we consider a diffraction-limited fluores-
cent burst, which has a PSF with a width of

σ ≈ 0.42
λ

2NA
≈ 79 nm,

where again we consider a molecule emitting at 550 nm, imaged through an objective with an
NA of 1.46. The camera used in this thesis (Hamamatsu ORCA-Flash 4.0 V3) has a physical
pixel size of 6.5 µm. The objective provides 63× magnification and there is an additional 1.6×
magnification in the body of the microscope, yielding a pixel size a = 64.5 nm. As can be seen
in Figure 3.7, a localization precision of a few (tens of) nanometers can be achieved, significantly
improving upon the diffraction limit set in equation (3.3). In our typical experimental conditions
the number of detected photons N is 100 to few 100 photons and the background signal b2 is 5 -
20 photons, resulting in a localization precision around 20 - 30 nm.

Figure 3.7: Plot of equation (3.25) with σ = 79 nm, a = 64.5 nm, and b2 = 0, 1, 10, 100, 1000.
The Rayleigh criterion for a molecule emitting at 550 nm imaged through an objective with an
NA of 1.46 is indicated using the black horizontal line.
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3.4 Image processing

In both chapters 4 and 5 of this thesis we use ThunderSTORM to process the fluorescence im-
ages.77 This plugin for ImageJ filters the image, finds local maxima, and fits all local maxima
and their surroundings to two dimensional Gaussians. These steps will be outlined below.

As a first step in the signal chain, the image is filtered using a wavelet filter (Figure 3.8). This
filter allows us to split the image into different so-called wavelet levels, each containing a different
range of spatial frequencies.78 The first wavelet level image mainly contains the high frequency
components, including noise. The second wavelet level image contains the lower frequency flu-
orescent bursts, cleaned from noise (Figure 3.8b). We use this second wavelet level image to
determine where the local maxima are.

The second step in the signal chain is finding local maxima in the filtered image. A pixel is
considered a local maximum when the following criteria are met:

• The intensity of the pixel is the highest in an 8-connected neighborhood, i.e. in a 3 × 3
square.

• The intensity of the pixel is higher than a user-specified threshold. Since the points that are
to be fitted must lie above noise level in order to obtain good fits, it is useful to look at the
first wavelet level image. After all, this image contains most of the noise and can therefore
be used to make a quantitative description of when signal can be considered ‘above noise
level’. Typically, a good threshold lies between 0.5 and 2 times the standard deviation in
the pixel intensities of the first wavelet level image. Using high threshold values will result
in fewer false detections at the expense of more missed molecules and vice versa.

Figure 3.8: (a) Part of a fluorescence image and (b) its second wavelet level, using the filter
settings from Ref. 78. The image in panel (b) is used to determine where the local maxima are.

The third step is fitting all local maxima and the surrounding pixels to a two dimensional Gaussian
function. The emission pattern of a single molecule is pixelated by the camera or, in other words,
each pixel is a local integral of a two dimensional Gaussian. We therefore fit to an integrated
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Gaussian of the form77

I(x, y) = NExEy + I0, (3.26a)

Ex =
1

2
erf

(

x − x0 + 1
2√

2σ

)

− 1

2
erf

(

x − x0 − 1
2√

2σ

)

, (3.26b)

Ey =
1

2
erf

(

y − y0 + 1
2√

2σ

)

− 1

2
erf

(

y − y0 − 1
2√

2σ

)

, (3.26c)

in which I0 is a vertical offset and erf is the error function defined by

erfz =
2√
π

∫ z

0
exp(−t2) dt. (3.27)

After performing the two dimensional fits, we have obtained all the relevant fit parameters for
each fluorescent burst: its position (x0, y0), intensity N , and PSF width σ. From these parameters
we can subsequently calculate the estimated localization precision σloc, using equation (3.25).

3.5 Drift correction

As single molecule fluorescence experiments are typically long (tens of minutes to a few hours),
the sample will drift throughout the experiment, which also translates into a drift in the fitted
positions of the fluorescent bursts.

The out-of-plane drift, which would let the sample drift out of focus, is corrected for by the Def-
inite Focus correction system of the Zeiss AxioObserver 7 microscope. This system continuously
measures changes in the path length between the objective and the sample using an 850 nm
LED and adjusts the focus accordingly. Drift in the lateral direction is corrected for in post pro-
cessing. A typical single molecule fluorescence experiment contains some constant non-bleaching
fluorescent impurities. The light emission from these impurities is also fitted to two dimensional
Gaussians and can then be used to construct a drift trajectory, as shown by the example in Figure
3.9. This trajectory is subsequently applied to the coordinates of the fluorescent bursts in the
experiment.

Figure 3.9: Positions of drift markers (dots, x position in purple and y position in green) and the
corresponding interpolated trajectories (lines) as a function of time.
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3.6 Stochastic super-resolution microscopy

As the name suggests, single molecule localization as described in the previous section requires
for a single molecule to be observed at a time. In chapter 4 of this thesis we study the inter-
action between fluorescent molecules and arrays of plasmonic nanoparticles. In this study, the
fluorescent molecules are embedded in a polymer layer above the nanoparticle array. Here, the
application of single molecule localization is not immediately straightforward, as all molecules
in the laser spot can, in principle, emit simultaneously. The emission patterns of these fluores-
cent molecules would then overlap, making it impossible to apply single molecule localization.
Furthermore, using extremely low dye concentrations would result in the detection of very few
events, which does not allow us to build a statistically significant image. To address this issue, we
use so-called caged dyes, which are fluorophores that can be photochemically controlled. These
molecules initially are in a dark (non-emitting) state and can, therefore, be closely spaced without
giving any background signal (Figure 3.10a). Upon excitation with low intensity ultraviolet light,
a sparse subset of molecules stochastically switches to a bright (emitting) state (Figure 3.10b).
The laser intensity used for the localization of the activated dyes is high enough to eventually lead
to photobleaching, the photochemical alteration of the dye such that it is permanently unable
to fluoresce. This process avoids the accumulation of bright molecules before a new subset of
molecules is activated by the UV light (Figure 3.10a).

Figure 3.10: Illustration of stochastic super-resolution microscopy. (a) All dye molecules are
initially in a dark state. A sparse subset of molecules is activated using low intensity ultraviolet
light. (b) These molecules can then be imaged with visible light, using fluorescence microscopy,
until they eventually photobleach. The remaining molecules are still in a dark state, and the
process can be repeated.

In chapter 5 of this thesis we do not use caged dyes, as we will study fluorogenic catalytic
reactions,79 which are chemical reactions that turn a nonfluorescent reactant molecule into a
fluorescent product molecule. After the reaction, the fluorescent product is still adsorbed on the
surface of the catalyst and can be imaged through an optical fluorescence microscope. Given the
typical brightness of the molecules we use and the intensity of our incident laser, the acquisition
time needed to accurately image the emission from a single molecule is between 10 and 100 ms.
Once the product molecule has desorbed, it will be in Brownian motion in the liquid surrounding
the catalysts. During Brownian motion a molecule is able to move ∼10 µm within a single frame of
100 ms and, therefore, will only contribute to the background signal.80 By controlling the pH and

31



3

Chapter 3: Stochastic super-resolution microscopy

the concentrations of the reactants, the typical turnover rate (number of catalytic reactions per
second) can be engineered to be slower than the desorption time.81 In this case, each fluorescent
burst that is observed in the microscope can be considered as coming from a single molecule.
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Chapter 4

Super-resolution mapping of

enhanced emission by collective

plasmonic resonances

This chapter is based on Ref. 82: ACS Nano 2019, 13(4), 4514-4521.

4.1 Foreword

As we have seen in chapter 2, the polarizability of a metallic nanoparticle is limited in magnitude
due to the imaginary part of the dielectric function, or, in other words, due to the fact that metals
are lossy. We have also seen that these absorptive properties can be exploited for driving chemical
reactions via non-equilibrium charge carriers or plasmonic heating. However, they result in the
LSPR having a very low quality factor or high linewidth, which can be detrimental for photonic
applications.19 Placing plasmonic nanoparticles in a periodic array with a lattice constant of the
order of the wavelength allows for the formation of collective resonances known as surface lattice
resonances (SLRs).83–85

The SLR inherits properties from the plasmonic resonances, resulting in strong electric field en-
hancements,86–88 but also from in-plane diffraction orders, resulting in narrow linewidths.89–92

Furthermore, due the relative ease of fabrication and the planar design of plasmonic particles
arrays, they can easily be integrated with light-emitting materials such as organic fluorophores.
These improved properties make plasmonic particle arrays particularly interesting for controlling
light-matter interactions at the nanoscale. Therefore, it is important that we have an extensive
understanding of how light emitters interact with these arrays. However, the lattice constant
of the array is of the order of its resonance wavelength, resulting in the optical modes having
features that are impossible to resolve with conventional optical microscopy.
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In this chapter we use stochastic super-resolution microscopy, as described in section 3.6, to
investigate the influence of collective plasmonic resonances on the emission of fluorescent molecules
with sub-diffraction resolution. Using this technique allows us to measure the intensity of a single
fluorescent molecule as a function of its position inside the unit cell of the array. Fluorescence
intensity, however, can be modified via several mechanisms. First, as mentioned before, SLRs
are characterized by strong electromagnetic field enhancements. If an emitter is placed in this
near-field it experiences a higher field intensity, therefore absorbs more light, and will be brighter.
In our experiments we are exciting off-resonance, so we expect modifications in the absorption
rate of the dyes to be low. Second, the spontaneous decay rate of the dye can be modified due
to the presence of a resonant cavity (the plasmonic particle array), also known as the Purcell
effect.93 This effect results in an enhanced radiative quantum yield η:

η =
FP γrad

γnrad + FP γrad
, (4.1)

where FP is the Purcell factor and γrad and γnrad are the radiative and non-radiative decay rates,
respectively. Third, the emission radiated by the dye can be reflected by the array, which can
result in more radiation being directed towards the microscope objective. This effect we refer to
as directivity.

To distinguish between these mechanisms we compare our measurements to FDTD simulations,
which allow us to model the Purcell effect and the directivity. Our results show that the Purcell
effect is only significant when the distance between the emitter and a nanoparticle is small. This
effect is also reproduced when simulating an emitter close to a single particle and, therefore,
does not benefit from the array having a collective resonance. Interestingly, we also observe
an enhanced intensity in parts of the unit cell that are far away from a nanoparticle. This
observation can be reproduced when simulating an array of particles, but not when simulating a
single particle. Therefore, the enhanced intensity is due to a directivity enhancement from the
whole array: multiple nanoparticles scatter the radiation from the emitter, which then interferes
constructively in the direction of the microscope objective.
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Abstract

Plasmonic particle arrays have remarkable optical properties originating from their collective be-
havior, which results in resonances with narrow linewidths and enhanced electric fields extending
far into the surrounding medium. Such resonances can be exploited for applications in strong
light-matter coupling, sensing, light harvesting, non-linear nanophotonics, lasing, and solid-state
lighting. However, since the lattice constants associated with plasmonic particle arrays are of
the order of their resonance wavelengths, mapping the interaction between point dipoles and
plasmonic particle arrays cannot be done with diffraction-limited methods. Here, we map the
enhanced emission of single fluorescent molecules coupled to a plasmonic particle array with ∼20
nm in-plane resolution by using stochastic super-resolution microscopy. We find that extended
lattice resonances have minimal influence on the spontaneous decay rate of an emitter, but in-
stead can be exploited to enhance the outcoupling and directivity of the emission. Our results
can guide the rational design of future optical devices based on plasmonic particle arrays.

4.2 Introduction

Localized surface plasmon resonances (LSPRs), arising from the coherent oscillation of free elec-
trons in a metallic nanostructure,8 can be used to manipulate the absorption and emission of light
at the nanoscale.10,94–97 Positioning these metallic nanostructures in a periodic array can lead
to the formation of collective lattice modes known as surface lattice resonances (SLRs). SLRs
are the result of radiative coupling between the LSPRs of individual nanostructures, enhanced
by the in-plane orders of diffraction.83–85 As SLRs are hybrid plasmonic-photonic modes, they
are characterized by a linewidth much narrower than that of an LSPR89–92 and manifest strong
electric field enhancements that spatially extend far into the surrounding medium.86–88 Due to
these improved properties and ease of fabrication, SLRs have been investigated thoroughly for
applications in sensing,98 solid-state lighting,99 lasing,100–103 and spectroscopy.104 Additionally,
the planar design of structures supporting SLRs and the versatility for integration with other
components and materials such as organic fluorophores,105,106 two-dimensional materials,107,108

and carbon nanotubes,109 have attracted significant attention in using arrays of metallic nanopar-
ticles for controlling light-matter interaction at the nanoscale. Hence, improved functionality of
optical devices based on SLRs requires an extensive understanding of the interaction between
point dipoles and plasmonic particle arrays at the unit cell level. However, the lattice constant
of a plasmonic particle array is of the order of its resonance wavelength, resulting in the optical
modes having sub-diffraction limit features and being impossible to resolve with conventional
optical microscopy.

Here, we use stochastic super-resolution microscopy110–112 to separately investigate the influence
of localized and extended lattice resonances on single molecule emission with sub-diffraction reso-
lution. We combine these measurements with finite-difference time-domain (FDTD) simulations
to gain more physical insight into the underlying mechanisms that modify the emission. We
simulate single molecule intensity enhancement as a function of emitter position and disentangle
the different contributions by monitoring the Purcell factor, the enhancement in power radiated
to the far-field, and the directivity. We find that, despite the extended nature of the SLR, en-
hanced spontaneous decay rates are only observed in the near-field of the nanoparticles, while the
enhanced emission due to the SLR mostly originates from an enhanced directivity.
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4.3 Results and discussion

4.3.1 Sample design

We design a plasmonic particle array which supports two spectrally separated lattice resonances,
both overlapping with the emission of a fluorescent molecule. This sample geometry allows us
to separately investigate the influence of different resonances on the emission of single molecules
by proper choice of emission filters. The sample is composed of a hexagonal array of aluminum
nanostructures with a lattice constant of 450 nm. To obtain a high scattering cross section, each
nanostructure is given the shape of a tall truncated cone, with a base diameter of 140 nm, a
top diameter of 80 nm, and a height of 150 nm, as shown in Figures 4.1a,b. The array is fab-
ricated on fused silica using substrate conformal imprint lithography and reactive ion etching,
as this technique allows fabrication over large areas with high reproducibility.113 The extinction
spectrum of the array shows two peaks that both overlap with the emission of the caged dye114

that is used as the fluorescent probe in our study, as shown in Figure 4.1c (see the Methods
section 4.5 of this chapter and Figure 4.5). To gain more physical insight into the resonances
associated with these peaks, we use FDTD simulations to obtain electric field distributions at
the two peaks’ wavelengths (see Methods section 4.5 and Figure 4.6). The resulting electric field
distributions demonstrate the distinctive characteristics of both resonances: the broad resonance
centered at 655 nm shows fields that are highly localized to the nanoparticle surface (Figures
4.1d,e) and we will therefore refer to it as the LSPR. Note that this LSPR is still a hybrid
plasmonic-photonic mode, as its dispersion is not fully flat,115 and therefore does not correspond
to the localized surface plasmon resonance of the individual nanoparticles, which is expected to be
much broader.116 The narrow resonance centered at 580 nm, contrary to the LSPR, shows fields
that extend far into the surrounding medium (Figures 4.1f,g) and we will therefore refer to it as
the SLR. A detailed description of the origin of these lattice resonances and their electromagnetic
properties was already provided in previous work.115–118 In many other systems based on plas-
monic particle arrays, quasiguided modes are also supported,119 as a high index polymer layer
on top of the array can serve as a waveguide. For simplicity, we suppress these modes by using
a polymer with a refractive index lower than that of the immersion oil of the microscope objective.

While our microscopy technique allows for a resolution of ∼20 nm in the x,y-plane of the sample,
we also achieve sub-diffraction resolution in the z-direction by confining the dye molecules to a 50
nm thick layer, placed at a height at which it spatially overlaps with the electric field distribution
of the LSPR or the SLR.115

To investigate the effect of the LSPR on single molecule emission (sample S1 in Figure 4.1h), we
place a 50 nm thick dye-doped polymer layer at the bottom of the nanostructures (z = 0-50 nm),
as this position maximizes the overlap with the field in Figure 4.1d. To investigate the effect of
the SLR (sample S2 in Figure 4.1i), we place a dye layer at z = 250-300 nm, where it overlaps
with the extended field in Figure 4.1f. The Methods section 4.5 of this chapter describes the
fabrication of these multi-layered polymer structures.

4.3.2 Localizing and simulating single emitters coupled to a plasmonic particle

array

The samples are imaged in an inverted optical fluorescence microscope, as illustrated in Figure
4.2a. At the beginning of each experiment, we first take a transmitted white light image of the
array. From this image we localize all nanostructures in the field-of-view of 133 µm by 133 µm
by fitting all local maxima in the image to a two-dimensional Gaussian.75 Due to the high signal-
to-noise ratio that can be achieved in the transmitted light image, this fitting procedure results
in an estimated localization precision of 7 nm in the x,y-plane of the sample.75,77 After acquiring
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Figure 4.1: Design and optical properties of the investigated samples.(a) Top view scanning
electron microscope (SEM) image of the hexagonal array of aluminum nanostructures. (b) Side
view SEM image of the same array. (c) Experimental (solid line) and simulated (dashed line)
extinction spectra of the array and normalized absorption (green) and emission (yellow) spectra
of the dye in the uncaged state. The absorption and emission spectra were obtained from the
dye manufacturer.114 (d) Simulated (x,z) spatial distribution of the electric field intensity |E|2

normalized to the incident field |E0|2 at the wavelength corresponding to the LSPR in the simu-
lated extinction spectrum, λLSPR = 640 nm. Dielectric interfaces are marked using black lines.
(e) Same as (d), but monitored in the (x,y) plane at z = 25 nm, as marked by the dashed white
line in (d). The black hexagon marks the unit cell of the array. (f) Same as (d), but for the
wavelength corresponding to the SLR, λSLR = 575 nm. (g) Same as (f), but monitored in the
(x,y) plane at z = 275 nm, as marked by the dashed white line in (f). (h) Schematic of sample
S1: the transparent box indicates a dye free PMMA layer (n = 1.49) and the yellow box indicates
a 50 nm thick PVP layer (n = 1.56) at z = 0 - 50 nm doped with a caged dye. (i) Schematic of
sample S2: same as sample S1, but with the PVP layer containing the dye placed at z = 250 -
300 nm.

the transmitted light image, the sample is illuminated with a 532 nm cw laser to image the flu-
orescence, as illustrated in Figure 4.2a. Throughout the experiment we correct for in-plane drift
by tracking fluorescent impurities and for out-of-plane drift by using a built-in focus correction
system.
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Figure 4.2: Super-resolution localization of single emitters coupled to a plasmonic particle array.
(a) Schematic depiction of the setup: the sample is illuminated at normal incidence with a
532 nm cw laser through the objective of a fluorescence microscope and the emission is imaged
on a sCMOS camera. The sCMOS camera image is a cropped transmitted white light image
of the plasmonic particle array. The zoom-in drawing schematically illustrates the hexagonal
unit cell of the array (yellow hexagon). (b) 250 × 250 pixel cut-out of an example frame of a
fluorescence measurement on sample S2 after background subtraction, showing multiple single
emitters in the field of view. (c) Zoom of (b), showing the diffraction-limited emission profile
of one emitter. The number of photons Nphot in each fluorescent event is calculated from the
number of photoelectrons per camera count. (d) Two-dimensional Gaussian fit of the emission
profile in (c). The fitted molecule position, defined as the center of the 2D Gaussian, is illustrated
with the red dot. For this particular event, the width of the fitted Gaussian σPSF is 117 nm and
the estimated localization precision σloc is 4.3 nm.

The dye-doped polymer layers contain a caged dye,114 which only becomes fluorescent upon illu-
mination. Using caged dyes allows for a high concentration of dye in the layer, while maintaining
a low density of fluorescent events in a single frame, see for example Figure 4.2b. By keeping
the number of fluorescent events per frame low, we can assume that the observed diffraction-
limited spots are single molecules, see section 3 of the Supporting Information. We localize these
stochastic bursts of single molecule fluorescence by fitting them to a two-dimensional Gaussian,
see Figures 4.2c,d. This fitting procedure results in an estimated localization precision of 15 nm
for measurements on sample S1 and 11 nm for measurements on sample S2. As the estimated
localization precision scales with 1/

√

Nphot,75 where Nphot is the number detected of photons, the
slightly worse localization precision for sample S1 is due to the worse overlap of the dye emission
with the LSPR, see Figure 4.1c. Since we detect molecules over a large field-of-view, we can
average over thousands of nanostructures by redefining the positions of all molecules relative to
their nearest nanostructure. This procedure results in all molecule positions falling in a single
unit cell, as indicated by the yellow hexagon in Figure 4.2a. The total estimated localization
precision now becomes the sum of the error in localizing the nanostructures and the error in
localizing the molecules, resulting in 22 nm for sample S1 and 18 nm for sample S2. A more
detailed description of the setup and the image processing can be found in the Methods section
4.5 of this chapter and section 4.6.4 of this chapter’s supporting information.
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For each molecule, we also measure the emission intensity as the total number of detected pho-
tons. From all intensities, we can then build a two-dimensional map of the emission intensity
as a function of emitter position, where the bin sizes are equal to the estimated localization
precision. This map is subsequently normalized with the mean intensity of a molecule detected
outside of the array to obtain the experimentally observed enhancement in emission intensity Iexp.

The measured changes in intensity are a superposition of modifications in the absorption rate
of the dye, their spontaneous decay rate, and the directivity of their emission. To disentangle
these contributions, we compare our measurements to FDTD simulations of single electric dipoles
coupled to a finite plasmonic particle array (see Methods section 4.5and section 4.6.5 of this chap-
ter’s supporting information). The simulated enhancement in emission intensity Isim is obtained
by performing a near-field to far-field transformation on the field monitored in the direction of
the objective, in which we neglect all waves propagating at angles that fall outside the numerical
aperture of the objective of our microscope (NA = 1.4).

From the three underlying contributions, we neglect modifications in the absorption rate, as the
laser wavelength of 532 nm is not resonant with the array, see Figure 4.1c. We quantify the
modification in spontaneous decay rate by monitoring the Purcell factor FP , which corresponds
to the enhancement in the total power radiated by the dipole. As the system investigated here
contains aluminum, which is lossy at optical wavelengths, not all photons emitted by the dipole
radiate to the far-field. To quantify these losses in the metal, we also monitor the enhancement
in total power radiated to the far-field Frad. We define the directivity enhancement D from these
simulated values as the ratio between Isim and Frad, as Frad considers the enhancement in all
power radiated to the far-field and Isim only the enhancement in the power radiated towards the
objective. Since the directivity enhancement D is calculated from Isim, the resulting values for D
are also defined for an NA of 1.4.

4.3.3 Enhanced emission of single molecules coupled to a plasmonic particle

array

Since sample S1 contains dye molecules preferentially coupled to the LSPR, we use an emission
filter that transmits at the LSPR wavelength, see dashed line in Figure 4.3a. In this sample we
observe strong intensity enhancements of up to ∼100% for positions corresponding to the center
of a nanostructure, as shown in Figure 4.3b. Although no dye molecules can be present inside the
metallic nanostructures, their apparent position in the far-field can be located at the center of the
unit cell due to mislocalization effects:120,121 when a dye molecule is close to a nanostructure, it
can excite the LSPR of the nanostructure, which can subsequently radiate to the far-field. This
effect results in the fitted position of the molecule being ‘pulled’ towards the nanostructure. Al-
though the amount of mislocalization decreases with increasing emitter-nanostructure separation,
it can still be present for separations of several tens of nanometers.120 Due to the localized nature
of the LSPR, molecules that are close to a nanostructure experience both a strong emission en-
hancement and strong mislocalization, resulting in the intensity peak at the center of Figure 4.3b.

The simulated far-field intensity Isim agrees well with the experiment, showing high intensity for
dipoles close to a nanostructure, see Figure 4.3c. The contributions leading to this enhanced
emission can be evaluated by comparing Figures 4.3d-f. Since in this sample some emitters are
at nanometer distance from a nanostructure, the change in spontaneous decay rate can become
significant.122 Our simulations confirm this observation, showing Purcell factors up to 5 for
small emitter-nanostructure distances, see Figure 4.3d. Despite such high enhancements, the
power radiated to the far-field shows lower peak values, see Figure 4.3e. This decrease indicates
that although the molecule experiences strong emission enhancement, a substantial fraction is
absorbed by the nanostructures.96 For small emitter-nanostructure distances we also observe en-
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Figure 4.3: Enhanced emission of single molecules coupled to the LSPR. (a) Normalized dye
emission (yellow), array extinction (solid line), and emission filter transmission (dashed line). (b)
Two-dimensional histogram of the experimentally observed emission enhancement Iexp. Simulated
(c) emission enhancement Isim, (d) Purcell factor FP , (e) enhancement in power radiated to the
far-field Frad, and (f) directivity enhancement D. Figure (b) has 22 × 22 nm2 bins and Figures
(c-f) have 20 × 20 nm2 bins. The dashed lines denote the base of the nanostructure.

hanced directivity, see Figure 4.3f. As can be seen when comparing the maximum values in panels
e and f of Figure 4.3, the emission enhancement in this sample is a superposition of a modified
spontaneous decay rate and a slight change in directivity. We also perform a control measurement
on sample S1 with an emission filter that targets the SLR wavelength and we simulate the emis-
sion enhancement at the same wavelength (see Figure 4.11). Interestingly, we obtain a similar
emission enhancement map as in Figure 4.3b, due to the similar spatial profile of the near-fields
at the bottom of the nanoparticles for both the SLR and LSPR (see Figures 4.1d and 4.1f).

In sample S2 the emitters preferentially couple to the SLR and we therefore map their emission
using a filter that transmits at the SLR wavelength, see dashed line in Figure 4.4a. In contrast
to sample S1, which shows highly localized emission enhancement, we now observe a much more
fine structure in the intensity map, see Figure 4.4b. The highest enhancement is observed at the
corners of the unit cell, where the distance to a nanostructure is maximal. The simulations of the
far-field intensity Isim accurately reproduce this feature, as shown in Figure 4.4c. However, the
relative weights of the underlying contributions have now shifted substantially. The Purcell factor
FP shows values around unity across the whole unit cell of the array, see Figure 4.4d, indicating
negligible change in the spontaneous decay rate. This observation can be understood from the
fact that the Purcell factor scales with the ratio between the quality factor and the mode volume
of the resonance.93 Even though the quality factor is larger for the SLR than for the LSPR, see
Figure 4.1c, the SLR is not confined to the nanostructure surface, see Figure 4.1f. In other words,
due to its extended volume, the SLR has minimal influence on an emitter’s spontaneous decay
rate. The power radiated to the far-field shows values similar to the Purcell factor, see Figure
4.4e, indicating low absorption in the metal due to the large emitter-nanostructure separation
in this sample. In contrast to FP and Frad both showing values around unity, the directivity
is enhanced over the whole unit cell of the array due to constructive interference of radiation
directed towards the objective, see Figure 4.4f. From these observations we can conclude that,
while SLRs cannot be used to enhance the spontaneous decay rate of emitters, they could be
exploited in applications where enhanced directivity over large volumes is required.
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Figure 4.4: Enhanced emission of single molecules coupled to the SLR. (a) Normalized dye
emission (yellow), array extinction (solid line), and emission filter transmission (dashed line). (b)
Two-dimensional histogram of the experimentally observed emission enhancement Iexp. Simulated
(c) emission enhancement Isim, (d) Purcell factor FP , (e) enhancement in power radiated to the
far-field Frad, and (f) directivity enhancement D. Figure (b) has 18 × 18 nm2 bins and Figures
(c-f) have 20 × 20 nm2 bins. The dashed lines denote the base of the nanostructure.

For sample S2 we also perform control measurements and simulations, now at the LSPR wave-
length (see Figure 4.12). Interestingly, the extended nature of the SLR is now lost, as the
enhancement remains limited to molecules in the middle of the unit cell. While both FP and
Frad remain largely unchanged due to the large emitter-nanostructure separation, the directiv-
ity enhancement D shows values up to ∼1.8 for molecules placed right above a nanostructure.
Such directivity enhancement is due to light emitted towards the underlying nanoparticle and
reflected back into the objective. A similar directivity enhancement is in fact expected for the
case of emitters placed above individual aluminum particles (see section 4.6.8 in this chapter’s
supporting information).

To further investigate the collective nature of the lattice resonances and their influence on single
molecule emission, we compare our experiments and simulations on extended arrays to simulations
on a single nanostructure. As can be seen in Figures 4.13 and 4.14, simulations of dipoles coupled
to a single particle can describe most behavior observed in sample S1, both at the SLR and
the LSPR wavelength. This result can be understood from the fact that emission enhancement
in this sample mostly happens when the dipole is very close to the surface of a nanostructure,
where it is not influenced by other nanostructures far away. The emission enhancement we
experimentally observe on sample S2, however, is described poorly by simulations on a single
particle, see Figures 4.15 and 4.16. The emission enhancement at the unit cell corners observed
in Figure 4.4b is not reproduced with a single particle, confirming that this is indeed the result
of constructive interference between the scattering from multiple particles. Further discussion on
the comparison between the results on the extended array and those on a single particle can be
found in section 4.6.8 in this chapter’s supporting information.

4.4 Conclusion

We have demonstrated how stochastic super-resolution microscopy in conjunction with FDTD
simulations can be used to study the enhanced emission of single molecules coupled to a plasmonic
particle array at the nanometer scale. Combining these methods enables us to disentangle and
quantify the different mechanisms leading to the observed emission enhancement. We find that
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although plasmonic particle arrays have resonances with fields extending far into the surrounding
medium, their ability to influence the spontaneous decay rate of an emitter remains limited to
small emitter-nanostructure separations. Instead, collective resonances allow us to engineer the
radiation pattern of an emitter to obtain directional emission. Our approach of experimentally
mapping emission enhancement with sub-diffraction resolution and numerically disentangling the
underlying contributions can inform the rational design of optical devices based on plasmonic
particle arrays.
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4.5 Methods

4.5.1 Fabrication of multi-layered polymer structures

Multi-layered polymer structures are fabricated by using combinations of polymers and sol-
vents that do not affect each other. We use polymethylmethacrylate (PMMA, Molecular Weight
∼350,000 g/mol) with a refractive index of 1.49 dissolved in toluene for the polymer layers without
dye and polyvinylpyrrolidone (PVP, Molecular Weight ∼360,000 g/mol) with a refractive index
of 1.56 dissolved in 2-propanol for the layers with dye. For the extinction spectrum shown in
Figure 4.1c, we use a single layer of polyvinylacetate (PVAc, Molecular Weight ∼500,000 g/mol,
dissolved in acetonitrile) with a refractive index of 1.48.

For both samples, the 50 nm thick PVP layer is obtained by spin coating a 1 wt.% solution at 4000
rpm. For sample S1, the 650 nm thick PMMA layer is obtained by spin coating a 6 wt.% solution
at 1000 rpm. For sample S2, the bottom 250 nm thick PMMA layer is obtained by spin coating a
4 wt.% solution at 1700 rpm and the top 400 nm thick layer by spin coating a 4 wt.% solution at
600 rpm. The spin coating time is set to 1 minute and the acceleration to 500 rpm/s for all layers.

As can be seen in Figure 4.5, the resonance wavelengths remain unchanged when changing between
polymer layers, due to the small thickness of the PVP layer and the small difference in refractive
index between PVAc (used for the extinction spectrum in Figure 4.1c) and PMMA (used for the
super-resolution measurements).

4.5.2 Extinction measurements

To obtain the extinction spectrum in Figure 4.1c, a fiber coupled laser-based white light source
(Energetiq LSDS) is first collimated using a lens. The sample is placed at normal incidence with
respect to the collimated beam and the transmitted light is collected with a lens focused on a
multimode fiber (Ocean Optics QP600-2-VIS/BX) connected to a spectrometer (Ocean Optics
USB2000+). A drop of immersion oil is placed on top of the polymer to mimic the oil-immersion
objective that is used for the super-resolution measurements.

The extinction is defined as 1 – T/Tsource, where T is the collected spectrum when the beam
passes through the array and Tsource the collected spectrum when the beam passes through an
empty part on the same substrate.

4.5.3 FDTD simulations of electric field distributions

All simulations are performed using “FDTD Solutions” by Lumerical.123 The hexagonal periodic-
ity of the array is introduced in the simulations by placing two nanostructures as shown in Figure
4.6 and by applying periodic boundary conditions. The nanostructures are defined as truncated
cones with the dimensions mentioned in the manuscript (150 nm high, 80 nm diameter at the
top, and 140 nm diameter at the bottom). The 700 nm thick polymer layer is defined as a lossless
dielectric with a refractive index of 1.48 and literature values are used for the complex dielectric
function of aluminum and fused silica.43 The background index is set to that of the immersion
oil, 1.52. A plane wave source polarized along the x axis is injected from the top (pointing from
the immersion oil to the substrate) and the resulting electric field distribution is monitored in the
(x,z) plane and the (x,y) plane.

4.5.4 Super-resolution measurements

Due to the finite absorption at 532 nm of the dye in its caged state and the high absorption at
the same wavelength in the uncaged state,114 one 532 nm cw laser (CNI MGL-FN-532) is used to
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both uncage and localize the dye. The concentration of dye (300 nM in the solution used for spin
coating) and laser power density (6.4 W mm−2) are optimized to give a low enough activation
rate («1 per µm2 in any given frame) while retaining high signal-to-noise ratio.

The setup illustrated in Figure 4.2a is based around a Zeiss AxioObserver 7 inverted optical
fluorescence microscope. The laser beam is expanded using two lenses and its polarization is
changed to circular using a λ/4 plate. The beam is then focused on the back focal plane of the
oil-immersion objective (Zeiss Plan-Apochromat 63x/1.4 Oil DIC M27), resulting in illumination
normal to the sample.

For the measurement on sample S1 a longpass dichroic filter is used (Chroma AT565DC) with a
bandpass emission filter that transmits λ = 650 ± 20 nm (Thorlabs FB650-40). For the measure-
ment on sample S2 a custom made dichroic filter is used (Semrock, reflection at λ = 532 nm and
transmission from λ = 550 nm to λ = 700 nm) with a bandpass emission filter that transmits λ
= 585 ± 20 nm (Semrock 585/40 BrightLine).

The signal is imaged on a Hamamatsu ORCA-Flash 4.0 V3 sCMOS camera with 2048 × 2048
pixels and an effective pixel size of 64.5 nm (6.5 µm physical size, used with a 63× magnification
objective and an additional 1.6× magnification in the body of the microscope). The integration
time is 100 ms and for each experiment 10,000 frames are acquired. The Gaussian fitting is
performed in ThunderSTORM.77 The image processing is described in more detail in section
4.6.4 in this chapter’s supporting information.

4.5.5 FDTD simulations of single dipoles

The enhanced emission of single molecules is simulated by placing an electric dipole in a finite
array of nanostructures. Using periodic boundary conditions is no longer appropriate for these
simulations, as this would imply having dipole sources coherently emitting at the same position
in each unit cell. The finite array consists of 20 × 20 nanostructures and the z-coordinate of the
dipole is in the middle of the dye layer, i.e. z = 25 nm for sample S1 and z = 275 nm for sample
S2, measured from the substrate.

The Purcell factor FP is obtained by monitoring the radiated flux out of a box surrounding only
the dipole. The enhancement in power radiated to the far-field Frad is obtained with a box sur-
rounding the whole particle array. The transmission through these monitors is normalized to a
simulation without nanostructures and averaged over three orthogonal dipole orientations. The
resulting values are directly plotted in Figures 4.3d, 4.3e, 4.4d, and 4.4e. Because of symmetry,
simulations are only performed for dipole positions in the first quadrant (positive x and y coor-
dinates) and the results are mirrored to obtain the whole unit cell.

The far-field intensity enhancement Isim is obtained by performing a near-field to far-field trans-
formation on the field monitored above the dipole. All waves propagating at angles higher than
the NA of the objective are then filtered out and the remaining waves are projected on an image
plane. The resulting far-field emission profile is pixelated to mimic the finite-sized pixels of the
camera (see Figures 4.9 and 4.10). The far-field intensity Isim plotted in Figures 4.3c and 4.4c is
defined as the sum over all pixels in an 11 × 11 pixel region around the center (see Figure 4.10),
normalized to a simulation without nanostructures and averaged over three orthogonal dipole
orientations.

The directivity enhancement D plotted in Figures 4.3f and 4.4f is defined as Isim divided by Frad,
as Frad considers all power radiated to the far-field and Isim only the power radiated towards the
objective.
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4.6 Supporting information

4.6.1 Extinction spectra of all the samples

Figure 4.5: Extinction spectra of the array covered with different combinations of polymers. The
array covered with 700 nm PVAc is used for the extinction spectrum shown in Figure 4.1c.

4.6.2 FDTD simulations of the electric field distributions

Figure 4.6: Design of the FDTD simulations presented in Figures 4.1d-g, shown in the (a) x,y-
plane and (b) in the x,z-plane. Some components (e.g. the plane wave source and the additional
mesh around the nanostructures) have been hidden for clarity. A transmission monitor is placed
in the SiO2 to obtain the simulated extinction spectrum in Figure 4.1c.
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4.6.3 The observed diffraction-limited spots are single molecule events

The field-of-view of our camera is 133 µm by 133 µm and every diffraction-limited spot fills an
area A equal to

A = π

(

1.22
λ

2 NA

)2

= 2.03 · 10−13 m2,

where λ is the emission wavelength (584 nm) and NA the Numerical Aperture of the microscope
objective (NA = 1.4).

The total number of diffraction-limited sites k in our field-of-view then is

k =
(133 · 10−6)2

2.03 · 10−13
= 8.70 · 104

If we now start distributing n molecules randomly over the field-of-view, the probability that a
molecule A and a molecule B are exactly in the same position equals 1/k, so the probability that
these two molecules are not in the same position is 1-1/k.

The probability p that molecule A is not in the same position as all other n-1 molecules then
becomes

p =

(

1 − 1

k

)n−1

This allows us to calculate the expectation value E for the number of molecules that do not share
their position with another molecule:

E = np = n

(

1 − 1

k

)n−1

If we now were to distribute n = 200 molecules, we would find that E = 199.54. As the typical
number of events in a frame is around 200, we can treat our experimentally observed diffraction-
limited spots as single molecule events with > 99% certainty.
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4.6.4 Image processing for super-resolution measurements

Background subtraction

After acquisition the images are background subtracted with a Python script. The background of
a frame i is defined as the average over frames i − 100 to i + 100, excluding frame i itself. For the
frames at the beginning and end of the experiment, the background range is reduced accordingly,
e.g. the background of frame i = 53 is the average of frames 1 to 153, again excluding frame 53
itself.

Filtering and fitting

After background subtraction, the image is filtered in the software package ThunderSTORM77

using a wavelet filter. This filter splits the image into different wavelet levels, each contain-
ing a different range of spatial frequencies. The first level mainly contains the high frequency
components of the image including noise. As the level increases, the spatial frequencies of the
components become lower and lower. The filter is set as recommended by Ref. 78 and the second
wavelet level is used for further analysis.

The next step is to find local maxima in the filtered image. A pixel is considered a local maximum
when the following criteria are met:

• The intensity of the pixel is the highest in an 8-connected neighborhood, i.e. in a 3 × 3
pixel square.

• The intensity of the pixel is higher than a user-specified threshold. Since the points that are
to be fitted must lie above noise level in order to obtain good fits, it is useful to look at the
first wavelet level. After all, the first wavelet level contains most of the noise and therefore
can be used to make a quantitative description of when signal can be considered ’above
noise level’. Typically, a good threshold lies between 0.5 and 2 times the standard deviation
of the first wavelet level. Using high threshold values will result in less false detections at
the expense of more missed molecules and vice versa. For measurements on sample S1 a
threshold of 1.5 times the standard deviation is used and for the measurements on sample
S2 2 times is used.

The local maxima and the surrounding pixels are subsequently fitted to a Gaussian function using
maximum likelihood estimation, again using ThunderSTORM.77 A fitting radius of 5 pixels is
used, i.e. all pixels with a distance ≤5 pixels from a local maximum are included in the fitting
procedure. Since the emission profile of a molecule is pixelated by the camera, we use an inte-
grated Gaussian as a fitting function.

The localization precision σloc can be estimated by:75,77

σ2
loc =

σ2
PSF + a2/12

N
+

8πσ4
PSFb2

a2N2
,

where σPSF is the standard deviation of the fitted Gaussian, a the effective pixel size (64.5 nm),
N the number of detected photons, and b the standard deviation in the residuals between the
experimental emission profile and the fit.

Calculating σloc for all events results in the histograms in Figure 4.7. The total localization
precision used for defining the bin sizes in Figure 4.3b and 4.4b of the manuscript is the peak
value in Figure 4.7 for the nanostructures plus the peak value for the emitters.
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Figure 4.7: Histograms of the estimated localization precision for (blue) the positions of the
emitters in sample S1, (yellow) the positions of the emitters in sample S2, and (black) the positions
of the nanostructures.

Figure 4.8: Drift markers (blue dots for x coordinates, green dots for y coordinates) and drift
trajectory (light blue line for x, yellow line for y) for the experiment on sample S2.

Drift correction

Each experiment consists of 10,000 frames and therefore takes several tens of minutes to acquire,
during which the sample might drift. Drift in the vertical direction, which would let the sample
drift out of focus, is corrected for by the Definite Focus correction system of the Zeiss AxioOb-
server 7 microscope. This system continuously measures changes in the path length between the
objective and the sample using an 850 nm LED and adjusts the focus accordingly.

Drift in the lateral direction is corrected for in post processing using ImageJ and Thunder-
STORM.77 In the raw data, i.e. before background subtraction, there are always some constant
fluorescent impurities. These are fitted to two-dimensional Gaussians and can then be used to
form a drift trajectory, see for example Figure 4.8. This trajectory is subsequently applied to the
coordinates acquired on the background subtracted data.

Post processing

As the Gaussian fitting procedure is also applied to a transmitted light image of the array, two lists
of coordinates are obtained: one list containing the positions of all emitters and one containing
the positions of all nanostructures. For every emitter the coordinate of the nearest nanostructure
is found using Matlab and the relative coordinate of the emitter is then defined as the coordinate
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of the emitter minus the coordinate of the nearest nanostructure. This results in all relative
coordinates falling into the unit cell of the array (see zoom-in drawing in Figure 4.2a). These
relative coordinates allow us to make a two-dimensional histogram of the number of molecules
M detected in a certain position in the unit cell, where the bin size is set equal to the estimated
localization precision.

Every bin in the abovementioned histogram contains a list of molecules with an intensity Ii defined
as the number of detected photons in the event, where the number of photons is calculated from
the number of photoelectrons per camera count and i = 1, 2, . . . , M . We now define a mean
intensity Ī equal to

Ī =

∑M
i=1 Ii

M

This calculation is done for every bin in the two-dimensional histogram (i.e. M and the list Ii

are different for each bin), resulting in a spatial distribution of mean molecule intensities. This
histogram is subsequently normalized to the mean intensity of a molecule detected outside of the
array, resulting in the experimentally observed intensity enhancement Iexp.
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4.6.5 Simulating the far-field intensity

An example of the emission profiles resulting from the near-field to far-field transformation can
be found in Figure 4.9. To mimic the finite-sized pixels of the sCMOS camera, the simulated
emission profiles are also pixelated with 64.5 nm pixels resulting in, for example, Figure 4.10. The
far-field intensity Isim is defined as the sum over all pixels in an 11 × 11 pixel region around the
center, normalized to a simulation without nanostructures and averaged over three orthogonal
dipole orientations.

Figure 4.9: Emission profile obtained from performing a near-field to far-field transformation on
the field monitored above the dipole. The dipole is orientated along the (a) x axis, (b) y axis, or
(c) z axis.

Figure 4.10: Pixelated emission profile (pixel size = 64.5 nm) of Figure 4.9c.
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4.6.6 Sample S1 measured and simulated at the SLR wavelength

In sample S1 molecules are placed at the bottom of the nanostructures, see Figure 4.1h, where
they preferentially couple to the LSPR. However, the SLR also has a significant electric field in
this position, see Figure 4.1f. If we filter the emission in this sample at the SLR wavelength, see
Figure 4.11a, we observe similar patterns as in Figure 4.3, see Figure 4.11: the emission is mainly
enhanced when the emitter-nanostructure separation is small. This enhancement is the result of
an enhanced spontaneous decay rate, which is slightly lower at this wavelength than at the LSPR
wavelength, and an enhanced directivity, which is similar for both wavelengths.

Figure 4.11: Enhanced emission of single molecules preferentially coupled to the LSPR, while
filtering at the wavelength of the SLR. (a) Normalized dye emission (yellow), array extinction
(solid line), and emission filter transmission (dashed line). (b) Two-dimensional histogram of the
experimentally observed emission enhancement Iexp. Simulated (c) emission enhancement Isim,
(d) Purcell factor FP , (e) enhancement in power radiated to the far-field Frad, and (f) directivity
enhancement D. Figures (b-f) have 20 × 20 nm2 bins. The dashed lines denote the base of the
nanostructure.
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4.6.7 Sample S2 measured and simulated at the LSPR wavelength

In sample S2 molecules are placed 250 nm above the substrate, see Figure 4.1i in the manuscript,
where they preferentially couple to the SLR. However, the emission at the LSPR wavelength can
also be modified at this position due to the ability of the nanostructures to scatter and absorb
light at this wavelength. If we filter the emission in this sample at the LSPR wavelength, see
Figure 4.12a, we observe patterns that are very different from those in Figure 4.4, see Figure 4.12:
the Purcell factor remains low due to the large emitter-nanostructure separation, but molecules
that are placed right above a nanostructure experience a high directivity due to scattering by the
underlying particle. This results in high far-field intensities in the middle of the unit cell, both
in the experiment and the simulations. The extended nature of the SLR, however, is lost, as the
enhancement remains limited to molecules in the middle of the unit cell.

Figure 4.12: Enhanced emission of single molecules preferentially coupled to the SLR, while
filtering at the wavelength of the LSPR. (a) Normalized dye emission (yellow), array extinction
(solid line), and emission filter transmission (dashed line). (b) Two-dimensional histogram of the
experimentally observed emission enhancement Iexp. Simulated (c) emission enhancement Isim,
(d) Purcell factor FP , (e) enhancement in power radiated to the far-field Frad, and (f) directivity
enhancement D. Figure (b) has 25 × 25 nm2 bins and Figures (c-f) have 20 × 20 nm2 bins. The
dashed lines denote the base of the nanostructure.
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4.6.8 Simulations on single particles

Figures 4.13 and 4.14 compare the experimentally observed intensity enhancement on sample
S1 to simulations on a full array and on a single particle. The wavelength corresponds to the
SLR wavelength for Figure 4.13 and the LSPR wavelength for Figure 4.14. For both wavelengths
the single particle simulations are able to reproduce most behavior observed on the full array,
which can be understood from the fact that emission enhancement in this sample mostly happens
when the dipole is very close to the surface of a nanostructure, where it is not influenced by
other nanostructures far away. The only feature that is not captured well in the single particle
simulations, is the enhanced directivity at the corners of the unit cell (compare Figure 4.13h with
4.13i and 4.14h with 4.14i), which is the result of scattering from multiple particles. This feature,
however, does not result in an increased far-field intensity, as the Purcell factor is <1 in those
same positions.

Figures 4.15 and 4.16 are the same as 4.13 and 4.14, but for sample S2. At the SLR wave-
length (Figure 4.15), we experimentally observe high intensities at the corners of the unit cell.
As mentioned in the manuscript, the Purcell factor shows values around unity due to the large
mode volume of the SLR, whereas the directivity is enhanced over the whole unit cell. When
simulating with a single particle, the maps for both FP and Frad (Figures 4.15e,g) are qualita-
tively different from those simulated on a full array (Figures 4.15d,f), but still show values around
unity. The simulations on the full array only show a higher difference between FP and Frad, as
the presence of more particles increases absorptive losses. A bigger mismatch is observed in the
directivity (Figure 4.15i), which for a single particle is <1 in most of the unit cell, indicating a
decreased directivity. This decrease results in a far-field intensity enhancement (Figure 4.15c)
that is also <1 in most the unit cell and does not show the enhanced emission at the corners of
the unit cell. Therefore, these simulations confirm that the observed emission enhancement in
Figure 4.4 is the result of constructive interference between the scattering from multiple particles.

For sample S2 at the LSPR wavelength (Figure 4.16), we experimentally observe high intensities
for molecules right above a nanostructure. As mentioned in section 4.6.7, this can be understood
as scattering from the underlying particle. Although again qualitatively different, the maps for
FP and Frad show values around unity for both the simulations on the full array (Figure 4.16d,f)
and those on a single particle (Figure 4.16e,g). The directivity enhancement simulated on a
single particle also shows a peak value of ∼1.8 at the center of the unit cell, indicating that
the experimentally observed intensity enhancement in Figure 4.12b (same as Figure 4.16a) is
dominated by scattering from the underlying particle.

53



4

Chapter 4: Super-resolution mapping of enhanced
emission by collective plasmonic resonances

Figure 4.13: Experiment and simulations on sample S1 at the SLR wavelength. (a) Two-
dimensional histogram of the experimentally observed emission enhancement Iexp. Simulated
(b,c) emission enhancement Isim, (d,e) Purcell factor FP , (f,g) enhancement in power radiated
to the far-field Frad, and (h,i) directivity enhancement D. Figures (b,d,f,h) are simulated on an
array of 20 × 20 particles and Figures (c,e,g,i) on a single particle. All panels have 20 × 20 nm2

bins.
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Figure 4.14: Same as Figure 4.13, but at the LSPR wavelength. Figure (a) has 22 × 22 nm2 bins
and Figures (b-i) have 20 × 20 nm2 bins.
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Figure 4.15: Same as Figure 4.13, but for sample S2 at the SLR wavelength. Figure (a) has 18
× 18 nm2 bins and Figures (b-i) have 20 × 20 nm2 bins.
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Figure 4.16: Same as Figure 4.13, but for sample S2 at the LSPR wavelength. Figure (a) has 25
× 25 nm2 bins and Figures (b-i) have 20 × 20 nm2 bins.
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Chapter 5

Super-resolution mapping of a

chemical reaction driven by

plasmonic near-fields

This chapter is based on Ref. 124: Nano Letters 2021, 21(5), 2149-2155.

5.1 Foreword

We have seen in section 2.5 that scattering from a plasmonic nanoparticle results in intense
near-fields and that absorption leads to the generation of non-equilibrium charge carriers and
to plasmonic heating. In this chapter, we begin our investigation of how these phenomena can
be exploited to activate chemical processes at the nanoscale. In particular, here we study how
plasmonic near-fields can drive photocatalytic reactions within nanoscopic regions at the surface
of metal nanoparticles.

Since the catalytic properties of metal nanoparticles are strongly dependent on variations in,
for example, their size, shape, defects, and local surfactant concentration,125 several features re-
main hidden when performing ensemble-averaged measurements. In particular, (i) even nearly
monodisperse nanoparticle ensembles show different reaction pathways for the same catalytic
conversion,79 (ii) catalytic activity depends on the available surface facets126 and the presence of
defects,127,128 both of which can vary from particle to particle, and (iii) the structure of a cata-
lyst changes during operation, resulting in spatiotemporal variations in catalytic activity.80,129–131

Furthermore, in ensemble experiments it is challenging to study if the locations at which photo-
chemical reactions take place correlate with the light polarization or with the spatial distribution
of non-equilibrium charge carriers.132–134 For all these reasons, single particle and single molecule
experiments can provide unprecedented insights into the catalytic and photocatalytic properties
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of metal nanoparticles.41

In this chapter, we use super-resolution fluorescence microscopy to map the activation of a purely
near-field-driven chemical reaction under in-situ conditions and on individual nanoparticles. In
particular, we irradiate gold nanorods that catalyze the conversion of the nonfluorescent molecule
resazurin to its highly fluorescent reduced form resorufin.79 We first characterize the dependence
of the turnover rate on the incident laser power and find that the reaction mechanism is a
photodriven disproportionation.135 We then simulate the plasmonic near-fields around individual
nanorods and show that the ratio between the electric field intensities on the nanorod tips depends
on the orientation of the particle with respect to the polarization of the incident field. Lastly, we
demonstrate a clear correlation between these simulations and the experimental super-resolved
catalytic activity maps of individual particles. Our work shows for the first time a super-resolved
spatial distribution of photocatalytic activity on individual nanoparticles driven by plasmonic
near-fields.

60



5

Chapter 5: Super-resolution mapping of a chemical
reaction driven by plasmonic near-fields

Abstract

Plasmonic nanoparticles have recently emerged as promising photocatalysts for light-driven chem-
ical conversions. Their illumination results in the generation of highly energetic charge carriers,
elevated surface temperatures, and enhanced electromagnetic fields. Distinguishing between these
often-overlapping processes is of paramount importance for the rational design of future plasmonic
photocatalysts. However, the study of plasmon-driven chemical reactions is typically performed
at the ensemble level and, therefore, limited by the intrinsic heterogeneity of the catalysts. Here,
we report an in-situ single particle study of a fluorogenic chemical reaction driven solely by
plasmonic near-fields. Using super-resolution fluorescence microscopy, we map the position of
individual product molecules with ∼30 nm spatial resolution and demonstrate a clear correlation
between the electric field distribution around individual nanoparticles and their super-resolved
catalytic activity maps. Our results can be extended to systems with more complex electric field
distributions, thereby guiding the design of future advanced photocatalysts.

5.2 Introduction

Localized surface plasmon resonances (LSPRs) arise from the coherent oscillation of free electrons
upon illumination of metallic nanoparticles.8 These resonances can enhance the rate of chemical
reactions and change their potential energy landscape.21–24 For example, LSPRs have been used
to enhance the rate of NH3 decomposition on copper-ruthenium nanoparticles31 and to increase
the selectivity of CO2 hydrogenation on rhodium nanocubes.136 At least three mechanisms have
been proposed to explain the observed enhancements: i) the generation of non-equilibrium charge
carriers driving redox reactions, ii) photothermal nanoparticle heating inducing faster chemical
turnover according to the Arrhenius equation, and iii) focusing of light into nanoscale regions
of high electromagnetic fields (near-fields) that accelerate photosensitive reactions.20 All these
mechanisms take place on ultrafast timescales and can contribute simultaneously to the enhance-
ment of a chemical reaction, making them very difficult to disentangle experimentally.20,34,35

Recent studies have begun elucidating the mechanism underlying a wide range of plasmon-driven
processes by carefully characterizing the rate of chemical reactions under different illumination
parameters, while measuring the temperature inside the reactor.30–33,39 These experiments are
often performed at the ensemble level, resulting in measurements that are averaged over many
particles. The photocatalytic properties of nanoparticles, however, are intrinsically heterogeneous
due to the distribution in particle sizes and orientations with respect to the incoming light,81,137

the heterogeneity of active sites,138 and the dynamic restructuring of catalytic surfaces.80,129,130

For this reason, in-situ measurements of the catalytic activity of single nanoparticles with sin-
gle molecule accuracy and nanometer spatial resolution are necessary.41,79,125,133 In this context,
super-resolution fluorescence microscopy has emerged as an effective approach thanks to its abil-
ity to interrogate individual catalytic nanoparticles at the single molecule level.79 For example,
super-resolution microscopy has been used to characterize chemical reactions that are accelerated
by plasmonic hot charge carriers.139,140 However, the efficiency of hot charge carrier extraction
is typically very low due to their extremely short lifetimes.62,141 Recently, several studies have
proposed an alternative mechanism to explain their plasmon-driven catalysis enhancement, in
which the plasmonic near-field induce direct optical excitations of adsorbate molecules.142–145 To
demonstrate this mechanism, which is not limited by fast electron-electron scattering and could
therefore result in high conversion efficiencies, it is important to spatially correlate the photocat-
alytic activity of individual metal nanoparticles with their plasmonic near-fields.
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Here, we utilize super-resolution microscopy to map the activation of a purely field-driven chem-
ical reaction under in-situ conditions. In particular, we irradiate gold nanorods that catalyze
the conversion of the nonfluorescent molecule resazurin to its highly fluorescent reduced form
resorufin.135 The power dependence of the turnover rate and the spatial distribution of the cat-
alytic events unequivocally indicate that the activation mechanism is solely due to the plasmonic
near-fields.

5.3 Results and discussion

We first synthesize gold (Au) nanorods with a length of 118 ± 10 nm and a width of 54 ± 4 nm
using a previously reported seed-mediated process (Figure 5.5).137 These dimensions result in a
longitudinal LSPR at 718 nm, which is spectrally separated from the emission of the reaction
product resorufin and thereby minimizes mislocalization effects.120,121,146,147 We then coat the
nanorods with a ∼16 nm mesoporous SiO2 (mSiO2) shell using a previously reported growth
method (Figure 5.1a and Figure 5.5).148,149 The mesoporous shell with ∼2.5 nm pores149 tem-
porarily traps the reaction products and thereby facilitates their detection, which would otherwise
be hindered by fast product desorption and fluorescence quenching on Au.127 Interestingly, our
Au@mSiO2 nanorods show no catalytic activity in the dark, suggesting that the mesopores do
not extend all the way to the metallic surface (Figure 5.6).

We dropcast the Au@mSiO2 nanorods on a coverslip, resulting in an average interparticle spacing
of ∼6 µm, which allows each rod to be resolved spatially in the microscope. The coverslip is then
built into a flowcell supplying a continuous flow of 200 nM resazurin and the assembly is mounted
on an inverted fluorescence microscope (Figure 5.7).

At the beginning of each experiment, we first take a transmitted white light image of the sam-
ple. We fit all local transmission minima to two-dimensional Gaussians and thereby localize all
nanoparticles with a ∼6 nm precision (Figure 5.8).75,77,82 We then irradiate an area of the sample
of ∼100×100 µm2 with a 532 nm cw laser in a total internal reflection (TIRF) configuration
(Figure 5.7). This laser wavelength simultaneously excites the reaction product resorufin and the
transverse plasmon resonance of the nanorods (Figures 5.1b,c). The nanorod photoluminescence
closely follows its longitudinal plasmon resonance (λ = 718 nm),150 which is outside the spectral
range of the emission filter. Therefore, in our experimental configuration, we do not need to
perform background subtraction to remove the nanorod photoluminescence and we only observe
stochastic bursts of fluorescence corresponding to the generation of resorufin molecules.135 Similar
to the localization procedure for the nanoparticles, we localize these bursts (Figures 5.1d,e) by
fitting them to two-dimensional Gaussians (Figure 5.1f), resulting in a localization precision of
∼24 nm (Figure 5.9). Combined with the error in the nanoparticle locations, the overall local-
ization precision of the experiment is ∼30 nm.

Resazurin (Rz) can be converted to resorufin (Rf) via two different mechanisms:151 i) a reductive
deoxygenation catalyzed by Au, which requires the presence of hydroxylamine (NH2OH) as a
reducing agent79

2 Rz + NH2OH + OH− Au−−→ 2 Rf + NO2
− + 2 H2O (5.1)

or ii) a photodriven disproportionation135

3 Rz + H2O
~ω−−→ Rf + 2 Rz• + 2 OH− (5.2)

where Rz• indicates an oxidized radical of resazurin.
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Figure 5.1: In-situ super-resolution catalysis on individual gold nanorods. (a) Transmission elec-
tron microscopy (TEM) image of the Au@mSiO2 nanorods after ligand removal. (b) Illustration
of the catalytic conversion of resazurin to resorufin. (c) Normalized extinction of a colloidal
solution of Au@mSiO2 nanorods after ligand removal (black line) and absorption (green) and
emission (yellow) of the reaction product resorufin. (d) Example frame showing the fluorescence
of resorufin molecules generated on several catalysts. The image displayed here is cropped from
the total field-of-view of 133 × 133 µm2. (e) Zoomed-in area denoted by the white box in (d),
showing the emission of one resorufin molecule. (f) Two-dimensional Gaussian fit of panel (e).
The resulting molecule position is denoted by the red dot.

The first mechanism occurs under dark conditions, but can be enhanced by exciting the plasmon
resonance of the catalysts.139 The second mechanism does not occur under dark conditions and
does not strictly require a catalytic surface, but exhibits faster dynamics in the presence of Pd
or Au nanoparticles.135 These two reaction pathways are characterized by different dependencies
of the turnover rate (number of detected products per catalyst per second) on the laser power.
The reductive deoxygenation in equation (5.1) shows a quadratic power dependence, which has
been attributed to the presence of two photoexcited species on the nanoparticle surface.139 In the
absence of a catalytic surface, the photodriven disproportionation in equation (5.2) also shows
a quadratic dependence, as each reaction involves two photoexcited resazurin molecules.135 In
the presence of a catalytic surface, however, the turnover rate of the second mechanism in-
creases linearly, suggesting a different reaction pathway involving a single photoexcited resazurin
molecule.135

To discern between these reaction pathways, we measure the turnover rate as a function of laser
power both in the absence and presence of the reducing agent NH2OH (Figure 5.2a). To exclude
fluorescent impurities, we only consider events detected within 100 nm of a Au@mSiO2 catalyst.
The observed trend of the turnover rate on the laser power does not strongly depend on this
distance threshold (Figure 5.10). Every 10,000 frames (corresponding to ∼20 minutes) we reduce
the laser power in steps of 20 mW from 200 mW to 100 mW and then, to check the reversibility
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Figure 5.2: Kinetics of the resazurin to resorufin conversion. (a) Mean turnover rate as a function
of time in the absence (black circles) and presence (green triangles) of 10 mM NH2OH. Every point
is an average over 1000 frames and 485 particles (black circles) or 331 particles (green triangles).
(b) Turnover rate as a function of laser power in the absence (black circles) and presence (green
triangles) of 10 mM NH2OH. Each point is the average of ten points in panel (a). Error bars are
standard deviations. Solid lines are a fit to y = axb, where y is the turnover rate, x is the laser
power, and a and b are fitting parameters.

of the laser power dependence, we increase the power back to 200 mW as the final step (right
y-axis in Figure 5.2a). We observe a decrease in turnover rate with decreasing laser power, which
is almost fully reversible (Figure 5.2a). We also find that this decrease in turnover rate is not due
to a decrease in the detectability of the reaction products, as the amount of events that are not
localized on a catalyst, such as fluorescent bursts from impurities or reaction products that read-
sorb on the glass coverslip, does not vary with laser power (Figure 5.11). As our mSiO2 shells are
both thin and porous, we attribute the incomplete recovery of the initial catalytic activity to the
partial dissolution of SiO2 in water,149,152 which decreases the ability of the shell to temporarily
trap the reaction products.

Plotting the turnover rate as a function of laser power and fitting the results to a power law
(y = axb) reveals a quadratic dependence both in the presence and absence of 10 mM NH2OH
(Figure 5.2b). Intermediate NH2OH concentrations also show no influence on the turnover rate
(Figure 5.12). Therefore, we can conclude that our catalysts are inactive for the reductive de-
oxygenation, as the presence of NH2OH does not alter the reaction kinetics. Furthermore, the
catalysts are also inactive for the photodriven disproportionation mediated by a catalytic surface,
as we observe a quadratic rather than a linear dependence of the turnover rate on laser power.
The quadratic power dependence in the absence of NH2OH indicates that in our system the con-
version of resazurin to resorufin is not mediated by electron transfer with Au. Instead, we exploit
the capability of Au nanoparticles to focus light into sub-wavelength volumes (near-fields) and
thereby accelerate photodriven reactions in the vicinity of their surface.
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Figure 5.3: FDTD simulations on Au@mSiO2 nanorods. (a) Illustration of the simulation. A
p-polarized field ~E with wavevector ~k is injected on an Au@mSiO2 nanorod on a glass coverslip.
The source angle φ is defined as the angle between ~k and ẑ. The electric field is monitored at
the bottom of the nanorod. (b,c) Absorption (b) and scattering (c) cross sections at 532 nm as a
function of source angle. The nanorod is p-oriented (black circles), as in panel (a), or s-oriented
(green triangles). The critical angle for TIRF is 61◦. (d,e) Electric field intensity |E|2 normalized
to the incident field intensity |E0|2 at 532 nm monitored at the bottom of the Au nanorods for a
source angle of 70◦. The nanorod is p-oriented (d), as in panel (a), or s-oriented (e).

Since in our system no electron transfer takes place between Au and resazurin, we can rule out
any contribution from non-equilibrium charge carriers generated through plasmon excitation. We
further verify this statement by simultaneously exciting the longitudinal plasmon resonance of the
Au@mSiO2 nanorods using a 730 nm cw laser. While at this energy resazurin is not photo-excited
(Figure 5.13), the charge carriers generated by absorption in Au have enough energy to occupy
the lowest unoccupied molecular orbital of resazurin.135 However, we observe no change in the
kinetics of the reaction when comparing the reaction rate with or without the excitation of the
longitudinal resonance of the rods (Figure 5.13). Furthermore, due to the low power density and
large interparticle spacing used in our study, localized and collective photothermal contributions
can also safely be ruled out (Figure 5.14), thereby leaving the plasmonic near-fields as the sole
contributor to the resazurin-to-resorufin conversion.

The observation that in our system the conversion of resazurin to resorufin is driven by the plas-
monic near-fields suggests that a correlation should exist between the spatial distribution of the
electric field around the nanorods and the regions where we observe high catalytic activity. We
therefore first simulate the optical response of our nanorods under 532 nm irradiation using a
finite-difference time-domain (FDTD) method. We simulate an Au@mSiO2 nanorod on a glass
coverslip and we inject a p-polarized field through the glass coverslip (Figure 5.3a and Figure
5.15). The long axis of the rod is pointing along the x axis (Figure 5.3a), which we will refer to as
p-oriented, or along the y-axis, which we will refer to as s-oriented. We monitor the absorption
and scattering cross section, σabs and σsca, and the total electric field intensity inside and outside
the rod for various injection angles of the source. For a source angle of 0◦, which corresponds to
injection normal to the coverslip, the cross sections at 532 nm are higher for the s-oriented rod
(Figures 5.3b,c). This behavior is expected, as 532 nm illumination overlaps with the transverse
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resonance of Au nanorods (Figure 5.15), which is preferentially excited when the polarization of
the field is perpendicular to the long axis of the rod. However, as the source angle increases, a
second transverse resonance with charges oscillating along the z axis is excited.153 As the rod is
always oriented in the x,y-plane, this resonance is excited independent of the rod orientation when
the source is off-axis, resulting in the cross sections for p-oriented and s-oriented rods becoming
increasingly similar as the source angle increases (Figures 5.3b,c).

As TIRF illumination corresponds to excitation at very high angles (between 61◦ and 74◦ in our
experimental geometry), the absorption and scattering cross sections of a nanorod do not depend
strongly on the in-plane particle orientation. However, the spatial distribution of the electric
field does show distinguishing features. We observe electric field hot spots at the bottom of the
nanorod (Figures 5.3d,e) and relatively weak field enhancement at the nanorod center (Figure
5.15). For the p-oriented rod the field intensity is ∼1.3× higher on the tip away from the incident
light than on the tip facing the source (Figure 5.3d). We do not observe this difference for the
s-oriented rod, as this orientation is perpendicular to the propagation direction of the field, which
leads to an identical distribution of enhanced fields at the opposing ends of the nanorod (Figure
5.3e).

The above observations suggest that for varying in-plane orientations we expect similar turnover
rates, but different spatial distributions of catalytic events. Since the dimensions of our catalysts
are only a few times larger than our resorufin product localization precision, quantitative compar-
ison between the simulated electric field and the catalysis maps is challenging. Additionally, due
to partial spectral overlap of the nanorod extinction with the resorufin emission, the latter can
couple to the nanorod, resulting in the apparent position of the molecule being ’pulled’ toward
the nanorod center (Figure 5.16).120,121 However, despite these limitations, our spatial resolution
is sufficient to discriminate between the catalytic activity of the two tips of the rods. Therefore,
to correlate the observed catalytic activity to the simulated electric field, we look at the in-plane
angular distribution of catalytic events.

For each nanorod, we define the positions of the catalytic events relative to the position of the
rod, which is known from the transmitted white light image. We then assign an angle θ to each
catalytic event, defined as the angle between the position of the event and the x axis (Figure 5.4a).
Instead of plotting the detected products on a single particle as a two-dimensional map (Figure
5.4b), this definition of θ allows us to plot the detected products as an angular distribution (dots
in Figure 5.4c). For these angular distributions we use a bin size of π/10, which is commensurate
with the typical error in θ (Figure 5.17). We then fit this distribution to a function given by the
sum of two Gaussian peaks, corresponding to the two tips of the nanorod. The first peak models
the catalytic activity of the front tip with a negative y coordinate and is characterised by an am-
plitude A1 and an in-plane orientation θ0. The second peak, corresponding to the back tip with
a positive y coordinate, has an amplitude A2 and an in-plane orientation θ0 + π (Figure 5.18).
Fitting the angular distribution of catalytic events allows us to extract the particle orientation
θ0 and the reactivities of the two nanorod tips, A1 and A2 (Figure 5.4c).

When θ0 ≈ 0, the particle is p-oriented. In this orientation A1 corresponds to the reactivity of
the tip away from the incident light, where the field is higher than on the tip facing the source
(Figure 5.3d), and therefore we expect A1 > A2. When θ0 ≈ π/2, the particle is s-oriented. In
this orientation the field enhancement on the two tips is equal (Figure 5.3e), and we expect A1

≈ A2. Lastly, when θ0 ≈ π, the particle is again p-oriented. However, A1 now corresponds to the
reactivity of the tip facing the source and we expect A1 < A2. The example shown in Figures
5.4a-c corresponds to a particle with θ0 = 175◦ and for which A1 is therefore smaller than A2,
as shown by the clear peak intensity difference in Figure 5.4c. Other examples of nanorods with
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Figure 5.4: Analyzing catalysis maps as a function of particle orientation. (a) Illustration of the
definition of the angle θ and the particle orientation θ0. The x component of the wavevector
~k is also illustrated. (b,c) Two-dimensional histogram (b) and angular distribution (c) of the
products detected within 200 nm of a single Au nanorod. The bin sizes are 30 × 30 nm2 (b) and
π/10 (c). Panel (b) also contains a white outline depicting the fitted position and orientation of
the Au@mSiO2 nanorod catalyst. The orientation θ0 is extracted from the fit in panel (c). (d)
Mean turnover rate as a function of particle orientation (circles) and the simulated electric field
enhancement (line), as defined in equation (5.3). (e) Mean ratio between the peaks in the angular
distribution (circles) and the ratio between the simulated electric field enhancements on the two
tips (lines) as a function of particle orientation. In the simulation we consider the whole mSiO2

shell (solid line) or the outer 5 nm of the shell (dashed line). In panels (d) and (e) the data from
both the experiments with and without NH2OH are used, resulting in a total of 816 particles.
The points correspond to a bin with a width of π/19, the x error bars are standard deviations,
and the y error bars are standard errors in the mean.

different in-plane orientations can be found in Figure 5.19.

In Figure 5.4d, we bin together particles with similar in-plane orientations and plot the measured
turnover rates as a function of θ0, where the bin size is commensurate with the typical fitting
error in θ0 (Figure 5.18). Since the turnover rate scales quadratically with the electric field
intensity (Figure 5.2b), we compare these values to the square of the average simulated electric
field intensity outside the nanoparticle. We calculate this value ηfield by integrating over all mesh
cells outside the particle, but within the mSiO2 shell:

ηfield =
1

V

∫∫∫

r < 16 nm

|E|4
|E0|4 dV, (5.3)

where V is the integrated volume, r is the distance from a mesh cell outside of the nanoparticle
to the particle surface, E is the electric field, and E0 is the incident field.

We find that both the turnover rate and the average field enhancement show only a weak de-
pendence on the particle orientation (Figure 5.4d), as also expected from the similar scattering
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cross sections of p-oriented and s-oriented nanorods at the experimental illumination angle (Fig-
ure 5.3c). Interestingly, however, we find a clear angular dependence of the peak ratio A1

A2
on θ0

(Figure 5.4e). We compare this value to the ratio between the simulated field enhancement ηA1

in the half-space occupied by the tip corresponding to A1 and the field enhancement ηA2 in the
half-space occupied by the tip corresponding to A2.

The measured ratio between the photocatalytic activity of the two tips of the nanorods (A1

A2
)

matches qualitatively with the simulated ratio between the electric field intensity enhancements
on the two tips (ηA1

ηA2

), as both show a transition from values > 1 for in-plane orientations θ0 <
π/2 to values < 1 for θ0 > π/2 (Figure 5.4e). Interestingly, if we assume that all molecules are
detected within the outer 5 nm of the mSiO2 shell, we obtain a quantitative agreement (dashed
line in Figure 5.4e). This assumption is justified by the fact that the mesopores likely do not
extend all the way to the metallic surface, as our catalysts are inactive in the dark, and by
the fact that fluorescence quenching can occur for molecules generated in the vicinity of the Au
surface. Such quantitative agreement does not take into account the potential mislocalization of
the resazurin emission, due to coupling to the nanorod plasmon resonance.120,121,146,147 Although
these effects are likely to be small (Figure 5.16), a proper quantitative agreement should rely on
exact calculations of these effects for our experimental particle-molecule geometries.

5.4 Conclusion

In summary, we use super-resolution fluorescence microscopy for the in-situ study of a plasmon-
driven chemical reaction. We begin by identifying the reaction mechanism as a photodriven
disproportionation by measuring the photocatalytic turnover rate at the single molecule level for
various illumination intensities and reducing agent concentrations. We then use single molecule
localization to show a clear correlation between the simulated electric field distribution and the
super-resolution catalysis maps. Our photochemical approach to map scattered near-fields in-
situ and with sub-particle spatial resolution can be extended to systems with different chemical
compositions and complex field distributions and can thereby guide the design of future advanced
materials for photocatalysis, biomolecule sensing, and photonic devices.
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5.5 Supporting information

5.5.1 Synthesis of the Au@mSiO2 catalysts

All the chemicals are used as received, without any further purification. Hexadecyltrimethylam-
monium bromide (CTAB) (98%), NaBH4 (99%), HAuCl4 trihydrate (99.9%), AgNO3 (99.9999%),
ascorbic acid (99%), HCl (37% in water), NH2OH (50% in water), tetraethyl orthosilicate (TEOS)
(99.999%), K2HPO4 (98%), and KH2PO4 (99%) were purchased from Sigma Aldrich. Sodium
oleate (NaOL) (97%) was purchased from TCI. Ethanol (dried, < 0.01% H2O) was purchased
from Merck. NaOH (98%) was purchased from Alfa Aesar. Resazurin (99%) was purchased from
Thermo Fisher. Ultrapure water obtained from a Milli-Q Integral Water Purification System by
Merck Millipore was used for all aqueous solutions.

Au nanorod synthesis

We synthesize Au nanorods using a previously reported seed-mediated growth method.137 Au
seeds are synthesized by mixing 5 mL 0.5 mM HAuCl4 and 5 mL 0.2 M CTAB. 600 µL of fresh
0.01 M NaBH4 is diluted to 1 mL and subsequently added under vigorous stirring. The stirring
is stopped after 2 minutes and the seeds are aged at room temperature for at least 30 minutes
before use. Ideally, the seeds are used within a few hours to avoid CTAB crystallization.

To synthesize the rods, 3.5 g CTAB and 0.617 g NaOL are dissolved in 125 mL water and kept
at 30 ◦C. 12 mL 4 mM AgNO3 is added and the solution is kept undisturbed for 15 minutes.
After adding 125 mL 1 mM HAuCl4, the solution is stirred for 90 minutes to reduce the Au3+

to Au+.137 Then, 750 µL HCl (37% in water) is added to adjust the pH. After 15 minutes of
stirring, 625 µL 64 mM ascorbic acid is added. After 30 seconds of vigorous stirring, 200 µL of
the above seeds solution is added. The resulting mixture is stirred again for 30 seconds and then
left overnight undisturbed at 30 ◦C.

Mesoporous SiO2 coating

The nanorods are coated with mesoporous SiO2 (mSiO2) by adapting a previously reported
method.148,149 40 mL of the above nanorods are centrifuged at 5500 × g for 30 minutes and
redispersed in 40 mL 5 mM CTAB. The nanorods are then centrifuged again and redispersed in
5 mL 5 mM CTAB.

To 3 mL of the above nanorods 7 mL water is added to achieve a final CTAB concentration of 1.5
mM. 100 µL 0.1 M NaOH is added to adjust the pH. Then, while continuously stirring at 30 ◦C,
three injections of 30 µL 0.9 M TEOS in ethanol are done separated by 45 minute time intervals.
After the final injection, the solution is kept stirring at 30 ◦C for ∼40 hours.

After synthesis, the solution is diluted with water to a total volume of 40 mL. This solution is
then centrifuged three times at 7000 × g for 15 minutes and redispersed in 40 mL ethanol to
remove excess SiO2 and CTAB. We observe a slight red shift of the resonance (Figure 5.5a), due
to the increase in refractive index around the nanorods.
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Figure 5.5: (a) Normalized UV-Vis spectra of the rods before (black) and after (blue) mSiO2

coating, and after ligand removal (green). The longitudinal resonances are at 708 nm (black),
717 nm (blue), and 718 nm (green). The transverse resonances are at 531 nm (black), 530 nm
(blue), and 529 nm (green). (b) Size distribution of 80 nanorods before mSiO2 coating. (c) Size
distribution of 89 nanorods after ligand removal. The reported values for the length and width
result from Gaussian fits of the distributions, see the lines in panels (b) and (c). The reported
errors are the standard deviations of the fitted Gaussians. (d,e) Representative TEM images of
the nanorods before mSiO2 coating (d) and after ligand removal (e).

Ligand removal

To further remove CTAB and thereby unblock the mesopores, 85 µL HCl (37% in water) is added
to 10 mL of the above Au@mSiO2 nanorod solution in ethanol.154 This solution is ultrasonicated
for 30 minutes in a Branson 5800 ultrasonic bath. After sonication, the solution is diluted to
40 mL with ethanol and centrifuged twice at 7000 × g for 15 minutes and redispersed in 40 mL
ethanol. Finally, the solution is centrifuged at 7000 × g for 15 minutes again and redispersed in
10 mL ethanol. We observe a slight resonance broadening (Figure 5.5a), which we attribute to a
slight loss in sample uniformity due to HCl etching.

Size distributions

To obtain the nanorod and mSiO2 shell dimensions, we measure size distributions from trans-
mission electron microscopy (TEM) images before mSiO2 coating (Figure 5.5b) and after ligand
removal (Figure 5.5c) using ImageJ. Representative TEM images can be found in Figures 5.5d,e.
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5.5.2 The Au@mSiO2 nanorods show no catalytic activity in the dark

We characterize the catalytic activity of the Au@mSiO2 nanorods in the dark using UV-Vis
spectrocopy. The white light source of the spectrometer (Perkin Elmer Lambda 1050) is not
expected to induce any catalytic activity due to its low power density. We prepare a cuvette
with 1 mL 50 mM pH 7.3 potassium phosphate buffer with 10 µM resazurin and 20 mM NH2OH.
We then add 100 µL of the Au@mSiO2 nanorods after ligand removal at an optical density of
∼0.35 and consecutively measure absorption spectra for 2 hours. The absorption of resazurin is
characterized by a peak at 602 nm (Figure 5.6a) and the absorption of resorufin by a peak at
572 nm (Figure 5.1c). As can be seen in Figure 5.6b, the Au@mSiO2 nanorods show no catalytic
activity in the dark.

Figure 5.6: (a) 172 consecutive absorption spectra of 100 µL Au@mSiO2 nanorods added to 1
mL 50 mM pH 7.3 potassium phosphate buffer with 10 µM resazurin and 20 mM NH2OH. (b)
Extinction peaks of resazurin at 602 nm (black) and resorufin at 572 nm (blue) as a function of
time.
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5.5.3 Microscopy setup

The flowcell consists of a 22 mm × 40 mm coverslip and a 22 mm × 30 mm coverslip separated
by a silicone gasket in a Warner Instruments RC-30 flowcell. All reactant solutions are supplied
at 50 µL min−1 in a 50 mM potassium phosphate buffer at pH 7.3.

The optical setup is based around a Zeiss AxioObserver 7 inverted optical fluorescence micro-
scope. The laser beam from a 532 nm cw laser (CNI MGL-FN-532) is focused into a Thorlabs
P3-488PM-FC-2 single mode polarization-maintaining fiber using a Thorlabs PAF2-7A Fiber-
Port. The fiber is connected to a Zeiss TIRF slider, which focuses the laser on the edge of the
back focal plane of an oil-immersion objective (Zeiss Alpha Plan-Apochromat 63×/1.46NA). The
emission is filtered using a dichroic mirror (Semrock, reflection at λ = 532 nm and λ = 730 nm
and transmission from λ = 550 nm to λ = 700 nm) and a band-pass filter that transmits λ = 585
± 20 nm (Semrock 585/40 BrightLine). The signal is imaged on a Hamamatsu ORCA-Flash 4.0
V3 sCMOS camera with 2048 × 2048 pixels (6.5 µm physical size), which is reduced to 1024 ×
1024 pixels using 2 × 2 binning, resulting in an effective pixel size of 129 nm (63× magnification
objective and an additional 1.6× magnification in the body of the microscope). The integration
time is 100 ms.

During the experiment we correct for in-plane drift by tracking fluorescent impurities and for
out-of-plane drift using a focus correction system built into the microscope. Image filtering and
Gaussian fitting are performed in ThunderSTORM.77,82 Events for which the fitted Gaussian has
a width σ < 35 nm are filtered out, as these are false detections (hot pixels). Events that appear
in consecutive frames are merged. An illustration of the setup can be found in Figure 5.7.

Figure 5.7: Illustration of the optical setup.
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5.5.4 Localization of the catalysts in the microscope

The catalysts are localized using a transmitted white light image (Figure 5.8a). This image is
inverted (Figure 5.8b), so that the catalysts appear as local maxima instead of local minima.
Each local maximum is then fitted to a two-dimensional Gaussian using ThunderSTORM,77 see
also Figures 5.1e,f. The localization precision σloc is calculated using75,77

σ2
loc =

σ2
PSF + a2/12

N
+

8πσ4
PSFb2

a2N2
, (5.4)

where σPSF is the standard deviation of the fitted Gaussian, a is the effective pixel size (129 nm),
N is the number of detected photons, and b is the standard deviation in the residuals between
the experimental emission profile and the fit. This calculation results in an average estimated
localization precision of ∼6 nm (Figure 5.8c).

Figure 5.8: (a,b) Transmitted white light image of the catalysts before (a) and after (b) color
inversion. The image displayed here is cropped from the total field-of-view of 133 × 133 µm2.
(c) Histogram (485 particles) of the estimated localization precision of the catalyst positions,
calculated using ThunderSTORM.77
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5.5.5 Localization precision of the resorufin molecules

Figure 5.9: Histogram (∼6·106 events) of the estimated localization precision of the molecule
positions, calculated using ThunderSTORM.77

5.5.6 The observed power dependencies do not strongly depend on the dis-

tance threshold

In our analysis of the dependence of the turnover rate on the laser power (Figure 5.2) we only
consider events detected within 100 nm of the catalysts. The observed dependencies do not
significantly change for thresholds ranging from 50 nm to 500 nm, as indicated by the relatively
constant value of the fitted power law exponent b (Figure 5.10).

Figure 5.10: Turnover rate as a function of laser power in the absence of NH2OH for different
values of the distance threshold R. Solid lines are a fit to y = axb, where y is the turnover rate,
x is the laser power, and a and b are fitting parameters.

74



5

Chapter 5: Super-resolution mapping of a chemical
reaction driven by plasmonic near-fields

5.5.7 The observed power dependencies are not due to a change in product

detectability

As the 532 nm laser also excites the reactions products, changing its power density could result
in a change in the product detectability. When fitting the experimental data we fit all local
maxima in all frames, i.e. we do not preselect regions of interest at the catalyst locations. By
using this procedure we detect reaction products at the catalyst positions, but we also detect
fluorescent impurities or reaction products that readsorb on the coverslip (Figure 5.11, top).
Since we know the catalyst positions from the transmitted light image (Figure 5.8), we can filter
out these impurities by only considering events detected within 100 nm of a catalyst (Figure 5.11,
middle). Conversely, we can filter out detections on the catalysts and only consider fluorescent
impurities (Figure 5.11, bottom). We find that the number of detected impurities per frame
does not change within the range of laser powers that we use and that, therefore, the product
detectability remains unaltered.

Figure 5.11: (top) Total number of detections per frame in the experiment without NH2OH
reported in Figure 5.2. (middle) Number of detections within 100 nm of a catalyst. (bottom)
Difference between the total number of detections and the detections within 100 nm of a catalyst.
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5.5.8 NH2OH does not influence the reaction kinetics

In this experiment we flow in 200 nM resazurin together with a certain concentration of NH2OH in
a 50 mM pH 7.3 potassium phosphate buffer over a sample of Au@mSiO2 nanorods. We acquire
10,000 frames (∼20 minutes) for every concentration. When switching between reactants, we
allow the system to settle for at least 15 minutes before acquiring the next 10,000 frames.
As can be seen in Figure 5.12, the turnover rate does not vary with NH2OH concentration.

Figure 5.12: Mean turnover rate (averaged over 369 particles) as a function of NH2OH concen-
tration. Error bars are standard deviations.
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5.5.9 Independently exciting the LSPR of the Au@mSiO2 nanorods does not

alter the reaction kinetics

In this experiment we flow in 200 nM resazurin together with a certain concentration of NH2OH
in a 50 mM pH 7.3 potassium phosphate buffer over a sample of Au@mSiO2 nanorods. We acquire
20,000 frames (∼40 minutes) for every concentration. During the first 10,000 frames we only use
a 532 nm cw laser to excite the resorufin molecules and the transverse LSPR of the nanorods.
During the second 10,000 frames, we also use a 730 nm cw laser to excite the longitudinal LSPR
of the Au@mSiO2 nanorods. The 730 nm cw laser only excites the LSPR and does not excite the
resazurin molecules (Figure 5.13a). When switching between reactants, we allow the system to
settle for at least 15 minutes before acquiring the next 20,000 frames.

According to previous density functional theory calculations, the energy gap between the Fermi
level of Au and the lowest unoccupied molecular orbital of resazurin is smaller than 1 eV,135 so
a non-equilibrium electron excited in Au under 730 nm (1.7 eV) irradiation should have enough
energy to occupy this energy level and reduce resazurin. However, for any NH2OH concentration,
the 730 nm cw laser does not change the kinetics of the reaction (Figure 5.13b). Therefore, this
experiment is further evidence that in our system no electron transfer takes place between Au
and resazurin.

Figure 5.13: (a) Resazurin absorption (black) and Au@mSiO2 nanorod extinction (blue). The
730 nm laser (black vertical line) only excites the nanorods and not the resazurin. (b) Mean
turnover rate (averaged over 369 particles) for different NH2OH concentration with the 730 nm
laser turned off (black circles) or on (green triangles). The power density for the 730 nm laser is
2.0 · 106 W m−2. Error bars are standard deviations.
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5.5.10 Photothermal contributions are negligible

The temperature increase ∆Tlocal on a single nanorod can be calculated using155

∆Tlocal =
σabsI

4πβκ̄Req
, (5.5)

where σabs is the absorption cross section of a single nanorod (2 · 10−14 m2), I is the illumination
intensity (1.3 · 107 W m−2), β is the thermal capacitance coefficient of a nanorod, κ̄ is the average
thermal conductivity of the surrounding medium, and Req is the radius of a sphere with a volume
equal to the volume of the nanorod (38 nm). The thermal capacitance coefficient β is defined as

β = 1 + 0.96587 ln2
(

l

w

)

, (5.6)

where l and w are the length and width of the nanorod. With l = 118 nm and w = 54 nm, this
equation gives β = 1.59. The average thermal conductivity of the surrounding medium κ̄ can, in
first approximation, be defined as

κ̄ =
κ + κs

2
, (5.7)

where κ is the thermal conductivity of the medium (0.6 W m−1 K−1 for water) and κs is the
thermal conductivity of the substrate (1.38 W m−1 K−1 for glass). These parameters result in a
local temperature increase ∆Tlocal ≈ 35 mK.

However, the simultaneous illumination of many nanoparticles can lead to macroscopic collective
heating effects, which can be orders of magnitude larger than the local temperature increase.
If we approximate our dropcasted catalysts as a periodically spaced infinite array illuminated
by a Gaussian beam, the collective temperature increase ∆T due to photon absorption can be
calculated using156

∆T =
σabsP

κ̄

√

ln 2

4π

1

HA

(

1 − 4
√

ln[2]A

πH

)

, (5.8)

where P is the power of the illumination (100 mW), H is the full width at half maximum of the
Gaussian beam (100 µm), and A is the unit cell area of the lattice.
In our samples the interparticle spacing is typically > 2 µm, and on average ∼ 6 µm. For example,
in Figure 5.8, an area of ∼100 µm2 contains 17 particles, with an average interparticle spacing of
√

100/17 = 2.4 µm. As we are approximating our dropcasted catalysts as a periodically spaced
infinite array, this interparticle spacing yields a unit cell area A > 4 µm2. The estimated tem-
perature increase, ∆T , for these interparticle spacings is ∼1 - 2 K, see Figure 5.14.

According to the Arrhenius equation, the rate constant k(T ) of a chemical reaction increases
exponentially with temperature:

k ∝ exp

[

− Ea

kBT

]

, (5.9)

where Ea is the reaction activation energy and kB is the Boltzmann constant. Assuming an initial
temperature of 300 K and an activation energy of 38.2 kJ mol−1,157 a 2 K increase would then
give a rate enhancement

k(302)

k(300)
= 1.1. (5.10)

In our experiments we are varying the laser power and the interparticle spacing can locally be
higher than 2 µm, so a rate enhancement of 1.1 is an upper limit. Therefore, photothermal effects
cannot explain the large variations (up to 5-fold) in turnover rate observed in Figure 5.2.
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Figure 5.14: Temperature increase ∆T as a function of the unit cell area A.
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5.5.11 Design of the FDTD simulations, FDTD spectra at normal incidence,

and electric fields monitored at the nanorod center

FDTD simulations are performed using Lumerical FDTD.123 The glass coverslip is simulated as
a semi-infinite lossless dielectric with a refractive index of 1.52. The Au nanorod is simulated as
a 118 nm by 54 nm spherically-capped cylinder with a dielectric function taken from literature.45

The 16 nm mSiO2 shell is simulated as a spherically-capped cylinder with a refractive index of
1.4. The surrounding medium has a refractive index of 1.333. A p-polarized total-field scattered-
field source is injected upwards, from inside the coverslip towards the nanorod. The absorption
and scattering cross sections are monitored by placing a transmission box inside and outside the
source, respectively. The electric field is monitored in three dimensions and we plot x,y slices. A
fine mesh of 1 nm3 is used across the whole volume of the source.

Figure 5.15a shows the absorption and scattering spectra obtained in FDTD simulations with
the source impinging at normal incidence. By summing these spectra, we obtain a simulated
extinction cross section that matches well with the experimentally measured nanorod extinction
(Figure 5.15b). Figures 5.15c,d show the electric field enhancement at the nanorod center for
a source angle of 70◦. These enhancements are lower than those observed at the bottom of the
nanorod (Figure 5.3).

Figure 5.15: (a) Absorption and scattering cross sections when the nanorod is p-oriented (black
and dark grey, respectively) or s-oriented (dark green and light green, respectively). The source
angle φ is 0◦. (b) Comparison between the experimental bulk extinction spectrum (green) and
the simulated extinction spectrum (black). (c,d) Electric field intensity |E|2 normalized to the
incident field intensity |E0|2 at 532 nm, monitored at the center of the nanorod. The nanorod is
p-oriented (c) or s-oriented (d). The source angle φ is 70◦.
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5.5.12 Mislocalization effects

In a semiclassical picture, when a fluorescent molecule emits light in the vicinity of a plasmonic
nanoparticle, the emitted photons can excite the LSPR of the nanoparticle, which can subse-
quently radiate to the far-field. Therefore, the apparent position of the molecule can be pulled
toward the center of the nanoparticle, resulting in mislocalization. The extent of mislocalization
can be minimized by spectrally detuning the emission of the fluorophore and the LSPR.120,121,146

For example, Taylor et al. have used fluorophores emitting at ∼532 nm to optically reconstruct
the geometry of gold nanorods with an LSPR of ∼790 nm, suggesting mislocalization in their
system is minimal.146 In our experiments, the fluorophore emission and the LSPR are similarly
spectrally separated (Figure 5.16), suggesting that also here mislocalization effects should be
minimal.

Figure 5.16: Comparison between the spectral positions of the fluorophore emission and the LSPR
in (a) the work by Taylor et al. and (b) this work. Both panels are plotted on the same energy
and wavelength scale. Panel (a) is adapted from Ref. 146.

Furthermore, any residual mislocalization would mainly influence the radial coordinate of the
detected events rather than their angle, especially for events that are detected at the tips of
the nanorod, which dominate the values A1 and A2. Therefore, this effect would not strongly
influence the single particle angular distributions (Figure 5.4c).

If many events are shifted toward the nanorod center, this would increase the vertical offset A0

in our fits of the angular distribution of catalytic events. Although an increased vertical offset
could influence the exact values of A1 and A2, the trend of A1/A2 as a function of the particle
orientation θ0 should remain unaltered. For this reason, quantitative comparison between the
FDTD simulations and the spatial distribution of catalytic events is challenging and a proper
agreement should rely on exact calculations of the mislocalization effects in our experimental
particle-molecule geometries.

81



5

Chapter 5: Super-resolution mapping of a chemical
reaction driven by plasmonic near-fields

5.5.13 Error in the angle θ of a catalytic event

The angle θ of a catalytic reaction is defined as in Figure 5.4a and can be calculated using

θ = arctan [y/x] , (5.11)

where x and y are the Cartesian coordinates of the event. Note that in reality we use the four-
quadrant inverse tangent in MATLAB to fully resolve all angles between 0 and 2π. This difference
has no influence on the error analysis.

The error σθ in θ can be calculated using

σ2
θ =

(

∂θ

∂x

)2

σ2
x +

(

∂θ

∂y

)2

σ2
y , (5.12)

where σx and σy are the errors in the Cartesian coordinates.

If we then plot histograms of σθ for individual particles (Figure 5.17a) we find distributions that
peak around ∼0.2 rad. For each particle we calculate the median σθ, which we find to be ∼0.3
rad (Figure 5.17b), which justifies our use of π/10 as the bin size in the angular distributions (see
for example Figure 5.4c).

Figure 5.17: (a) Histogram of σθ for five example particles. (b) Histogram of the median σθ for
all particles. The bin size of π/10 that is used in the angular distributions of catalytic activity is
highlighted in both panels with a vertical line.
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5.5.14 Fitting function, θ0 histogram, and fitting error in θ0

We fit the angular distribution of catalytic events to

(5.13)
A0 + A1 exp

[

−(θ − θ0)2

0.9

]

+ A2 exp

[

−(θ − θ0 − π)2

0.9

]

+ A2 exp

[

−(θ − θ0 − 2π)2

0.9

]

+ A2 exp

[

−(θ − θ0 + π)2

0.9

]

,

where A0 is a vertical offset, A1 and A2 are the peak amplitudes, θ is the angle as defined in
Figure 5.4a, and θ0 (0 < θ0 < π) is the orientation of the particle. The peak with amplitude A2

appears several times to ensure continuity at θ = 0 and θ = 2π for all values of θ0. We pick 0.9
as the peak width, as this results in a width similar to that of a cos2 function, see Figure 5.18a.
We can exclude systematic errors in detecting the catalyst positions, as this would result in an
uneven distribution of θ0 values, which is not what we observe, see Figure 5.18b. The fitting error
in θ0 is typically well below π/19 (Figure 5.18c), which is the bin size we use for Figures 5.4d,e.

Figure 5.18: (a) cos2 θ (black) compared to the fitting function for the angular distributions (blue).
The parameters for the fitting function are A0 = 0, A1 = 1, A2 = 1, θ0 = 0. (b) Histogram of the
obtained values for θ0. The bin size is π/19. (c) Histogram of the fitting errors in θ0. The bin
size is 5 mrad. The bin size of π/19 that is used in Figures 5.4d,e is highlighted with a vertical
line.
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5.5.15 Single particle catalysis maps and angular distributions

In Figures 5.4a-c we show how we extract the particle orientation from the two-dimensional
super-resolution catalysis map. Further examples are shown below in Figure 5.19.

Figure 5.19: Further examples of single particle catalysis maps (a,c,e,g,i,k,m) and the correspond-
ing angular distributions (b,d,f,h,j,l,n). Panels (a,c,e,g,i,k,m) contain a white outline depicting
an Au@mSiO2 nanorod. The orientation θ0 is extracted from the fits in panels (b,d,f,h,j,l,n). Bin
sizes are 30 × 30 nm2 (a,c,e,g,i,k,m) and π/10 (b,d,f,h,j,l,n).
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This chapter is based on Ref. 39: ACS Energy Letters 2020, 5(8), 2605-2613.

6.1 Foreword

In section 2.5 and in the previous chapter we have described and studied the different mecha-
nisms by which a plasmon resonance can drive chemical reactions: near-fields, non-equilibrium
charge carriers, and plasmonic heating. As all of these mechanisms happen simultaneously and
on ultrafast timescales, they are difficult to disentangle experimentally.30–39 In this chapter, we
continue our investigation of how these phenomena can be exploited to activate chemical pro-
cesses. In particular, here we study the light-driven growth of an Ag shell around Au nanorods
and individually address the role of each possible activation mechanism of the reaction.

We first perform the shell growth under dark conditions and characterize it using UV-vis spec-
troscopy and transmission electron microscopy (TEM). We therefore establish a clear and repro-
ducible relationship between the optical and structural properties of Au@Ag core@shell nanorods
with different shell thicknesses. We then perform the shell growth under 532 nm illumination,
corresponding to the transverse resonance of the nanorods, and, in a separate experiment, under
730 nm illumination, corresponding to the longitudinal resonance. We pay particular attention
to the laser power we use, as we make sure that the amount of absorbed power and, therefore, the
temperature increase are the same for both light-driven syntheses. We find that under 730 nm
illumination the kinetics of the reaction remain unchanged, whereas under 532 nm illumination

85



6

Chapter 6: Distinguishing among all possible activation
mechanisms of a plasmon-driven chemical reaction

the reaction follows a similar pathway, but at a much faster rate. Although we also perform ther-
mocouple and infrared camera measurements, we can immediately rule out thermal contributions
due to the equal amount of absorbed power between the two light-driven syntheses.

To evaluate the contribution of plasmonic near-fields, we perform FDTD simulations. The mor-
phology of the nanorods at different growth stages are extracted from TEM images and are used
as an input for the simulations. We find that the electric field intensity increases, whereas the
rate enhancement decreases as the reaction progresses. Therefore, contributions of plasmonic
near-fields to the shell growth can be ruled out.

To investigate the role of non-equilibrium charge carriers we perform FDTD simulations of the
absorbed power. We find that the total amount of absorbed power increases as the reaction
progresses, whereas the amount of power absorbed within 4 nm of the surface decreases with a
similar trend as the rate enhancement. This observation points to d-band holes generated via
interband transitions, which have a mean free path of ∼4 nm, as the driving force behind this
chemical reaction.

We further corroborate this statement with single particle experiments, in which we characterize
the anisotropy of the Ag shell. Intraband carriers are preferentially emitted along the polarization
direction of the incident field, whereas interband carriers are emitted isotropically.58 We observe
an isotropic shell growth, which is further evidence for interband carriers driving this chemical
reaction.
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Abstract

Localized surface plasmon resonances (LSPRs) in metal nanoparticles can drive chemical reactions
at their surface, but it is often challenging to disentangle the exact activation mechanism. The
decay of LSPRs can lead to photothermal heating, electromagnetic hot spots, and the ejection
of non-thermalized charge carriers, but all these processes typically occur simultaneously and on
ultrafast timescales. Here, we develop a plasmon-assisted Au@Ag core@shell nanorod synthesis
in which each plasmon-decay mechanism can be independently assessed. Using different illu-
mination wavelengths combined with extinction spectroscopy, transmission electron microscopy,
thermal characterization, and finite-difference time-domain simulations, we unequivocally iden-
tify interband holes as the main driving force behind the silver shell growth. Our conclusion
is corroborated by single-particle studies on gold nanospheres that display isotropic reactivity,
consistent with interband hole-driven nanoparticle syntheses. Our strategy to discern between
plasmon-activation mechanisms can be extended to a variety of light-driven processes including
photocatalysis, nanoparticle syntheses, and drug delivery.

6.2 Introduction

Understanding and engineering light-matter interactions is fundamental to a wide variety of pho-
tochemical processes from photovoltaics,158 to (nano)lithography,159 chemical sensing,160 drug-
delivery,161 nanoparticle syntheses,162 and heterogeneous photocatalysis.23 For example, illumi-
nation of metal nanoparticles can tune their activity and selectivity towards industrially relevant
catalytic processes, as demonstrated for the epoxidation of propylene on copper nanoparticles163

and the hydrogenation of carbon dioxide on rhodium nanocubes.136 Similarly, irradiation of gold
and silver nanospheres can be used to photochemically transform them into larger anisotropic
structures with very high yield.164,165 These examples demonstrate how light can act as an in-
gredient to tailor and accelerate kinetically challenging multi-electron chemical reactions that are
unattainable in the dark.166

Light-activated processes occurring on metal nanostructures are typically attributed to the excita-
tion of localized surface plasmon resonances (LSPRs).20 LSPRs are light-driven oscillations of free
charge carriers in metal nanostructures that give rise to strong scattering and absorption.63 Their
radiative decay (scattering) generates intense electromagnetic fields at the vicinity of the nanopar-
ticle surface, typically known as near-fields, which can activate photosensitive reactions.12 On the
other hand, the non-radiative decay (absorption) of LSPRs can drive chemical reactions via pho-
tothermal heating, that can accelerate temperature-sensitive reactions according to the Arrhenius
relation,27 or via hot charge carriers generated by intraband22 and interband transitions,62,167,168

which can activate redox reactions. In most light-driven processes, however, it is often challenging
to disentangle and quantify the relative contributions of these mechanisms30,31,36–38 due to several
factors, such as the extremely short lifetimes of hot charge carriers,20 the low quantum efficiency
of photochemical processes,167 the similar linear power response of photochemical reactions to
near-fields and hot charge carriers,169 non-linear two photon12 and two electron166 processes, the
typically complex light and heat transport in the reaction volume leading to both nanoscopic and
macroscopic temperature rises,30,170 and the simultaneous generation of interband and intraband
carriers under visible light excitation in metals such as gold and copper.62

Here, we develop a light-driven Au@Ag core@shell nanorod (NR) synthesis in which each plasmon-
activation mechanism can be independently assessed. We first characterize the silver shell growth
rate and reaction evolution in the dark, using in situ extinction spectroscopy and transmission
electron microscopy. We then compare the growth rate in the dark to the one measured under
excitation of either the transverse or the longitudinal plasmon resonances of the gold nanorods,
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using a 532 nm or a 730 nm laser, respectively. The laser intensities in the two cases are tuned to
obtain the same total amount of absorbed optical power in the reaction volume and therefore the
same magnitude of photothermal effects. We find that the silver shell growth rate under excitation
of the longitudinal resonance equals the one in the dark and therefore shows no plasmonic en-
hancement. On the other hand, excitation of the transverse resonance displays strongly enhanced
reaction rates at the beginning of the reaction, and this enhancement drastically decreases as the
silver shell approaches a thickness of about 4 nm. The striking rate disparity of silver shell growth
under identical total absorbed optical power in 532 nm and 730 nm illumination demonstrates
the non-thermal nature of the enhancement mechanism, which is later independently confirmed
by direct thermal measurements and numerical calculations.

Furthermore, using finite-difference time-domain (FDTD) simulations, we show that the intensity
of the near-fields increases with increasing silver shell thickness. As a consequence, near-field
enhancements cannot explain the observed time evolution of the reaction rate when using 532 nm
light. The absence of any rate enhancement under 730 nm irradiation, which corresponds to an
energy just below the interband threshold of gold,50 shows that low energy plasmonic intraband
charge carriers do not contribute to the reaction. Under 532 nm irradiation of gold, however, most
of the energy is used to generate hot interband holes,62 suggesting they are the main contributor
for the observed rate enhancement. Strikingly, these holes have typical mean free paths of a
few nanometers,60 corresponding to the silver shell thickness at which plasmon-driven effects are
effectively quenched, thereby confirming our interpretation. Finally, we corroborate the nature
of the hot charge carriers by monitoring the shell growth at the single-particle level using dark-
field scattering spectroscopy. Here, we observe an isotropic nature of the silver shell growth
under polarized laser irradiation, which is in agreement with the predicted angular distribution
of interband hot holes.58

6.3 Results and discussion

6.3.1 Silver shell growth in the dark

Gold nanorods with a length of 78 ± 10 nm and a diameter of 25 ± 5 nm are colloidally synthesized
using a seed-mediated growth technique (see sections 6.5.1 and 6.5.4 of this chapter’s supporting
information).171 We choose these nanorod dimensions so that we can excite both interband and
intraband charge carriers when illuminating at their transverse resonance with a 532 nm laser
(λtransverse = 514 nm), while selectively exciting only intraband charge carriers while illuminating
at their longitudinal resonance with a 730 nm laser (λlongitudinal = 744 nm) (Figure 6.6). No
interband charge carriers can be generated in gold for excitation wavelengths above ∼700 nm.50

To discriminate the mechanisms underlying our plasmon-driven chemistry, we use an Au@Ag
core@shell nanorod synthesis adapted from a previously reported method.30 Briefly, aqueous so-
lutions of bis(p-sulphonatophenyl)phenylphosphine dihydrate dipotassium (BSPP), AgNO3, and
ascorbic acid are added to a gold nanorod suspension, to yield a final optical density of 0.36 (see
Methods section 6.5.1 and Figure 6.1a). The growth of the core@shell nanoparticle occurs via
the reduction of Ag+ to Ag0 and the concomitant oxidation of ascorbic acid on the gold nanorod
surface.172 The Ag:BSPP ratio is tuned to 2.5, in order to slow down the silver shell growth in
dark conditions. The suspension is kept in a temperature-controlled cuvette holder and is actively
cooled to 6 °C using a water bath, along with magnetic stirring at 300 rpm.
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Figure 6.1: Core@shell growth in the dark. (a) Schematic representation of the Au@Ag core@shell
nanorod synthesis. (b) TEM images and representative sketches of Au@Ag core@shell nanorods
grown in dark conditions at times t = 0 h (NR0), 23 h (NR1), 46 h (NR2), and 76 h (NR3). The
scale bars correspond to 100 nm. (c) Colormap of the time evolution of the extinction spectrum
of the Au@Ag core@shell nanorod solution in the dark. The extinction spectra are measured
through the 4 mm path length of the cuvette. White dashed lines correspond to the times at
which TEM images are taken. The black dashed line indicates the shift in plasmon resonance
with time.

We first perform the core@shell synthesis in the dark for 76 h and monitor the silver shell growth
using transmission electron microscopy (TEM) and in situ extinction spectroscopy (Figure 6.1b,c).
TEM images of the synthesis after 23 h show the growth of a ∼1 nm conformal silver shell around
the gold nanorods (Figure 6.6). This nanorod structure is henceforth referred to as NR1, with
NR0 corresponding to the initial bare gold nanorods. The growth of a 1 nm conformal silver
shell induces a blue shift of the longitudinal plasmon resonance of ∼24 nm, as shown in Figure
6.1c. The initial conformal shell growth is followed by the formation of a cuboidal structure with
sharp corners and a silver shell that reaches a thickness of about 4 nm after 46 h (NR2). The
formation of cuboidal nanorods is accompanied by a red shift of ∼9 nm of their longitudinal
plasmon resonance. Finally, over the course of 76 hours, the reaction proceeds further leading
to even thicker and often asymmetric silver shells (NR3), which gives rise to a blue shift of
the longitudinal plasmon resonance of ∼30 nm. Our proposed correlation between the measured
spectral changes and the morphology of the growing core@shell nanostructures identified by TEM
measurements is consistent with the FDTD calculations (Figure 6.6).

6.3.2 Silver shell growth under plasmon excitation

After studying the silver shell growth dynamics and shape evolution in the dark, we repeat the
synthesis under two different laser illumination conditions. In a 10 × 4 mm cuvette, a 500 µL
nanorod growth mixture is illuminated using a 240 mW 532 nm or a 55 mW 730 nm continuous
wave (cw) laser, in separate experiments. These laser powers are chosen so that the total optical
power absorbed inside the reaction volume is the same in both irradiation experiments, as de-
termined by modeling the photon propagation inside the nanorod suspension using Monte Carlo
calculations (Figure 6.7).170

89



6

Chapter 6: Distinguishing among all possible activation
mechanisms of a plasmon-driven chemical reaction

Figure 6.2: Core@shell growth under illumination. (a, b, c) Time evolution of the extinction
spectra of Au@Ag core@shell nanorods over a period of 24 h under (a) dark conditions, (b) 55
mW 730 nm laser illumination, and (c) 240 mW 532 nm laser illumination. The black vertical
lines in panels b and c correspond to the laser wavelengths which are blocked by notch filters. The
black dashed lines indicate the shift in plasmon resonances with time. (d) Time evolution of the
longitudinal plasmon resonance under different illumination conditions. (e) Rate enhancement of
silver shell growth under 240 mW 532 nm (green) illumination compared to the experiment in
dark, plotted as a function of the reaction time under 532 nm illumination.

From our in situ extinction spectroscopic measurements during 24 hours of illumination with the
730 nm laser, we find a spectral evolution similar to the one measured in dark conditions (Figure
6.2a,b). Similar to the reaction in the dark, the longitudinal and transverse plasmon resonances
blue shift by ∼25 nm and ∼3 nm, respectively, along with an increase in extinction (see also Fig-
ure 6.8). TEM images after 24 h also exhibit similar silver shell growth as in the dark (Figure 6.8).

On the contrary, during 24 h illumination with the 532 nm laser, the in situ extinction measure-
ments display remarkable spectral changes when compared to the experiments in the dark and
under 730 nm irradiation (Figure 6.2c). The longitudinal plasmon resonance initially blue shifts
from 743 nm to 721 nm in 2 h, followed by a 14 nm red shift of the resonance in the next 5 h,
and then again a blue shift of 65 nm at the end of 24 h. The transverse resonance also blue shifts
by 15 nm along with the appearance of a new peak at ∼420 nm (see also Figure 6.8).

We assess the growth kinetics by tracking the changes in the longitudinal plasmon resonance dur-
ing the experiments in the dark and under 532 nm and 730 nm illuminations (Figure 6.2d). The
similar growth kinetics for the 730 nm illumination and the dark experiments show that no sig-
nificant plasmon-driven silver shell growth occurs under these illumination conditions. Strikingly,
the spectral changes under 532 nm illumination over a period of 24 h and under dark conditions
over a period of 76 h are very similar, indicating a similar reaction pathway, albeit with a rate of
spectral changes that is significantly faster for the 532 nm illumination experiment.
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To quantify such rate enhancement, η, we first find the time, tdark, at which a certain LSPR
wavelength is reached in the dark. We then find the time, t532 nm, at which the same LSPR wave-
length is reached under 532 nm illumination (Figure 6.9). From these values, we define the rate
enhancement as η = ∂tdark/∂t532 nm (Figure 6.2e). We observe an initial tenfold rate enhancement
that quickly decreases and stabilizes to roughly a threefold enhancement at growth stage NR2,
corresponding to a silver shell thickness of ∼4 nm.

In the following sections we will show how the observed large rate enhancement under 532 nm
irradiation can be unequivocally attributed to the generation of hot holes in the gold cores via in-
terband transitions, and to which extent other plasmonic activation mechanisms are contributing
to the photochemical rate.

6.3.3 Photothermal effects

The non-radiative decay of LSPRs leads to local temperature increases on the gold nanorod
surface, ∆Tlocal, which under cw irradiation can be quantified using:27,155

∆Tlocal =
σabsI

4πβκReq
(6.1)

where σabs is the absorption cross section of the nanorod, I is the illumination intensity (optical
power per unit area), β is the thermal capacitance coefficient of a nanorod, κ is the thermal con-
ductivity of the surrounding medium, and Req is the radius of a sphere equivalent to the volume
of the nanorod. Under our laser intensities, we calculate that localized photothermal effects are
negligible with ∆Tlocal ≈ 1 - 3 mK (Figure 6.10).

The simultaneous illumination of a large number of nanoparticles in ensemble experiments, how-
ever, can lead to the rise of non-localized, macroscopic collective heating effects accompanied by
large temperature gradients and non-trivial heat transport via conduction and convection. These
collective photothermal effects can be several orders of magnitude larger than the localized ones
and could in principle increase our reaction temperature by tens of kelvin.30,156,170,173 In our
experiments, however, the power absorbed inside the reaction volume is the same under 532 nm
and 730 nm illumination (Figure 6.7) and similar photothermal effects will therefore be gener-
ated in both irradiation experiments. As plasmonic enhancements are only observed for 532 nm
illumination and not for 730 nm illuminations, we can confidently eliminate the contributions of
photothermal effects in our silver shell growth.

Moreover, infrared camera and thermocouple measurements on the nanoparticle suspensions un-
der plasmon excitation reveal experimental temperature increases in the reaction volume smaller
than 1 K (Figure 6.10). Such a low temperature rise, which is corroborated by numerical model-
ing of the heat propagation inside the reaction volume (Figure 6.10), cannot explain the observed
tenfold increase in the reaction rate.

6.3.4 Near-field enhancement

After ruling out any photothermal contribution to the silver shell growth, we investigate the effect
of near-field enhancements using FDTD simulations. We calculate the electric field enhancement
generated under 532 nm excitation using a three-dimensional electric field monitor around Au
and Au@Ag nanorods corresponding to the four growth stages identified experimentally (Figure
6.3a). To avoid artefacts due to a finite mesh size at the nanoparticle surface, we calculate the
average near-field enhancement, 〈NFE〉, at distances between 0.5 nm to 10 nm away from the
nanoparticle surface (Figure 6.11) using:
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Figure 6.3: Near fields and hot charge carrier contributions. (a) 2D slices of the FDTD calculated
electric field enhancements monitored at the center of the Au@Ag core@shell nanorods visualized
at different silver shell growth stages corresponding to NR0, NR1, NR2 and NR3, under 532 nm
illumination. (b) (top panel) Average near-field enhancement, 〈NFE〉, calculated by integrating
the electric field intensities between distances of 0.5 nm and 10 nm from the nanoparticle surface
at different silver shell growth stages. (c) 2D slices of the FDTD calculated absorbed power
distribution monitored at the center of the core@shell nanorod at different silver shell growth
stages, under 532 nm illumination. The white solid lines depict the boundaries of the core@shell
nanorod and the white dashed lines correspond to a distance of 4 nm inwards from the nanorod
surface. (d) (top panel) Total power absorbed (black squares) and power absorbed inside a 4
nm range inwards from the nanorod surface (black circles) under our experimental laser intensity
plotted as a function of the silver shell growth stage. The bottom panels in Figure 6.3b and 6.3d
correspond to the experimentally measured plasmonic rate enhancement at different silver shell
growth stages under 532 nm illumination, extracted from the full time evolution shown in Figure
6.2e. The lines connecting the symbols in Figure 6.3b and 6.3d are guides to the eye.

〈NFE〉 =
1

V

∫∫∫

0.5 nm < r < 10 nm

|E|2
|E0|2 dV (6.2)

where V is the integrated volume, r is the distance from a mesh cell outside of the nanorod to
the nanorod surface, E is the electric field, and E0 is the incident field. The calculated average
near-field enhancement at the nanorod surface increases with the silver shell growth, as shown in
Figure 6.3b. The time evolution of 〈NFE〉 is in sharp contrast with the experimentally measured
decrease in rate enhancement over the course of the reaction (Figure 6.3b, bottom panel), allowing
us to rule out the role of near-fields as the dominant contributor to our plasmon-driven reaction.

92



6

Chapter 6: Distinguishing among all possible activation
mechanisms of a plasmon-driven chemical reaction

6.3.5 Hot charge carriers

The absence of any plasmonic rate enhancement for silver shell growth under 730 nm illumina-
tion (Figure 6.2d) indicates that the generated intraband carriers are not sufficiently energetic to
activate the core@shell growth. The carriers generated under 532 nm illumination, however, are
able to significantly influence the reaction rate (Figure 6.2e). Partially thermalized hot carriers
have energies close to the Fermi level, with the electron temperature of the thermalized distri-
bution being mainly determined by the total absorbed optical power and not by the excitation
wavelength.134,174 The reaction rates observed under different illumination wavelengths therefore
suggest that the main driving force behind the enhancement under 532 nm illumination is due
to non-thermalized (first generation) carriers. To investigate the role of interband and intraband
charge carriers generated under 532 nm illumination, we calculate the power absorbed inside the
nanorods at different stages of the silver shell growth using FDTD simulations (Figure 6.3c). Car-
riers generated in the sp-band of gold, i.e. intraband electrons, intraband holes, and interband
electrons have high carrier velocities and typical mean free paths (MFPs) of 10 – 40 nm.60 As
these MFPs are similar to the nanorod size, all of these carriers could potentially contribute to
the growth of the silver shell. Interband holes in the d-band, however, have significantly lower
carrier velocities and MFPs typically smaller than 5 nm.60 To discriminate the role of interband
and intraband charge carriers, we therefore compare the observed rate enhancement with the
total power absorbed inside the nanorod and the power absorbed within 4 nm from the nanorod
surface for the different silver shell growth stages (Figure 6.3d).

The total power absorbed inside the nanorod under 532 nm illumination (Figure 6.3d, black
squares) increases with increasing silver shell growth. The power absorbed within 4 nm from
the nanorod surface (Figure 6.3d, black circles), however, decreases with increasing silver shell
thickness. In our light-driven synthesis under 532 nm irradiation, the measured plasmonic rate
enhancement decreases roughly 3× from the growth stage NR0 to NR2 (see Figure 6.2e or bottom
panels in Figure 6.3b,d), which is quantitatively similar to the trend calculated for power absorbed
within 4 nm from the nanorod surface (Figure 6.3d). This agreement strongly implies that the
experimentally observed plasmonic enhancement has to be attributed to charge carriers with an
MFP of ∼4 nm, i.e. hot d-band holes generated in the plasmonic gold cores. This interpretation is
also consistent with the low losses in silver at 532 nm,44 which results in carriers being primarily
generated in gold. Such photogenerated carriers have to travel through the silver shell in order to
perform redox reactions at the nanorod surface, which increases their recombination probability
as the silver shell grows beyond a few nanometers in thickness.

The silver shell growth reaction involves the reduction of silver ions and the oxidation of ascorbic
acid at the surface of the metal nanoparticles. However, the drastic decrease of plasmonic rate
enhancement when the silver shell thickness approaches a value comparable to the mean free
path of d-band holes (∼4 nm) indicates that the consumption of holes by ascorbic acid is the
rate-limiting step of the plasmon-driven process.162,167,174,175 Note that no silver shell growth is
observed in a control experiment under 532 nm irradiation in the absence of ascorbic acid. Our
results can therefore be interpreted in the framework of a reduced activation barrier for ascorbic
acid oxidation under 532 nm illumination as compared to the reaction in the dark or under 730 nm
illumination (Figure 6.4).176 Under 730 nm laser irradiation, only intraband absorption can oc-
cur and the photon energy (= 1.70 eV) will be on average evenly distributed between short-lived,
hot electrons and holes with mild reducing and oxidizing potentials.174 Upon 532 nm irradiation,
however, the photon energy (= 2.33 eV) is preferentially absorbed via interband transitions giving
rise to a larger fraction of hot holes with high chemical potentials and therefore low activation
energies towards the oxidation of ascorbic acid.62,174
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Figure 6.4: Hot hole-assisted silver shell growth. Schematic representation of the energy levels
for the plasmon-driven oxidation of ascorbic acid (AA) to dehydroascorbic acid (DHAA) and
subsequent reduction of Ag+ to Ag0 on gold nanorods under (a) dark conditions, (b) 730 nm
illumination, and (c) 532 nm illumination. The red and white circles denote electrons and holes
respectively. The dashed lines in panel b and c represent the average energy of non-thermalized
holes under plasmon excitation. The dotted line in panel c represents the average energy of
non-thermalized intraband holes, which are the only ones contributing to the plasmon-enhanced
reactivity for shell thicknesses >4 nm.

A much lower but still significant residual rate enhancement of ∼3× with respect to the dark
is observed at the growth stages NR2 and NR3, which points to the role of non-thermalized
intraband hot holes, characterized by a relatively high potential energy (dotted line in Figure 6.4c)
and long mean free paths. Ab initio calculations for 20 nm radius gold nanospheres (equivalent
to the volume of our gold nanorods) have previously shown that, under 532 nm illumination,
the amount of generated interband carriers is twice the amount of intraband ones.62 In our
experiments, while both interband and intraband holes contribute to the silver shell growth in
the beginning (NR0), only intraband holes can reach the nanorod surface and drive the oxidation
of ascorbic acid when the silver shell thickness grows above ∼4 nm (NR3). By comparing the
plasmonic rate enhancement at the growth stages NR0 and NR3, and by considering that only
intraband holes contribute at NR3, we find a ratio of 2:1 for interband and intraband holes, which
is in qualitative agreement with theoretical predictions.

6.3.6 Single-particle studies confirm the role of interband holes

Thanks to their high chemical potentials, non-thermalized (first generation) carriers in metal
nanoparticles are the major contributors to plasmon-driven charge injection in photodetection
and photocatalytic processes.168 The angular distribution of these charge carriers strongly de-
pends on their photogeneration mechanism, with interband charge carriers being uniformly dis-
tributed inside the nanoparticles and intraband charge carriers closely following the polarization
of the incident light.58 Such angular dependence suggests an alternative method to distinguish
hot charge carrier processes driven by interband and intraband transition events. Here we use the
same photochemistry used in our ensemble nanorod experiments to study the spatial profile of
laser-driven silver shell growth, by measuring the dark-field scattering spectra of several individual
Au@Ag core@shell nanospheres grown under polarized laser excitation. We choose spheres over
nanorods for single particle measurements as it is challenging to follow the transverse plasmon
resonance of nanorods, due to their extremely low scattering cross-sections. Furthermore, the use
of spherical gold nanoparticles ensures a homogeneous surface chemistry and allows us to com-
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Figure 6.5: Spatial profile of hot charge carriers in single nanoparticles. (a) Illustration of the
dark-field microscope used for single-particle studies of light-driven Au@Ag core@shell nanosphere
synthesis. (b) Dark-field scattering spectra of a single gold nanoparticle (black curve) and corre-
sponding Au@Ag core@shell nanoparticle (red curve) synthesized under 532 nm laser illumination.
(c) Measured LSPR blue shift of several Au@Ag core@shell nanoparticles at polarizations parallel
and perpendicular to the laser polarization. The blue shifts are measured from experiments with
three different illumination periods of 5 min (black circles), 120 min (red circles), and 360 min
(yellow circles). The dashed lines correspond to a difference of silver shell thickness of ± 1 nm at
the orthogonal polarizations. (d, e) Calculated polar plots displaying the spatial ejection proba-
bility of (d) intraband (MFP = 30 nm for both electrons and holes) and (e) interband (MFP = 30
nm for electrons and 5 nm for holes) charge carriers. The red and black lines represent the spatial
profile of electrons and holes respectively. The green arrow represents the laser polarization.

pare orthogonal laser polarizations without adjusting for the different longitudinal and transverse
absorption cross-sections of a nanorod. Briefly, a dilute suspension of 66 nm gold nanospheres is
drop casted on a glass slide and allowed to dry, followed by the assembly of a flow cell around the
nanoparticles using a glass slide and epoxy glue. The flow cell is then mounted on to a dark-field
microscope (Figure 6.5a), where the scattering spectra of single nanoparticles are measured before
and after their laser irradiation (see section 6.5.2). A silver growth solution is injected in to the
flow cell, followed by 532 nm cw laser illumination of several nanoparticles at an intensity of 166
W cm−2. The spectral sensitivity of our dark-field setup allows us to detect spectral shifts down
to ∼1 nm, corresponding to a silver shell thickness variation of ∼2 Å. In our experiments, the
laser intensity is chosen so as to generate negligible local temperature increases of ∼60 mK and
collective heating effects of ∼0.1 K (Figure 6.12). Several experiments are performed by varying
the illumination times from 5 min to 6 h.

In Figure 6.5b, we plot the measured plasmon resonance of a typical single gold nanoparticle
before and after silver shell growth. After laser irradiation, the plasmon resonance blue shifts
by 17 nm indicating the formation of a ∼4 nm silver shell according to Mie theory calculations
(Figure 6.13). No silver growth is observed in the absence of laser irradiation or in the absence
of gold nanoparticles, confirming the plasmonic contribution to the silver shell growth (Figure
6.14). To investigate the morphology of the core@shell nanoparticles, we place a polarizer in the
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dark-field scattering pathway of the nanoparticles (Figure 6.5a). By measuring the plasmon reso-
nance of the nanoparticle before and after illumination at polarizations parallel and orthogonal to
the laser polarization, we can estimate the silver shell growth along different directions. We find
similar LSPR blue shifts at orthogonal polarizations indicating that the light-induced Au@Ag
core@shell nanoparticle growth is isotropic (Figure 6.5c). We compare this isotropic growth to
Monte Carlo simulations of the angular distribution of non-thermalized carriers reaching the
nanoparticle surface (see section 6.5.3 and Figure 6.15). In this model we generate carriers with a
spatial distribution proportional to the absorbed power and we assign a propagation direction to
each carrier. The propagation length follows an exponential distribution with the mean free path
as the characteristic length. The propagation angle follows the predicted distributions for inter-
band or intraband carriers.58,168 We only evaluate carriers that reach the nanoparticle surface
ballistically, by neglecting scattering at the nanoparticle surface and with other carriers. Carriers
generated via intraband transitions have cos2 θ and |cos3 θ| contributions in their angular distri-
bution, as they are accelerated along the direction of the optical field.58,168 Here, θ is the angle
between the laser polarization vector and the carrier propagation vector. This angular dependence
is reflected in the angular distribution of hot carriers reaching the surface (Figure 6.5d). Con-
versely, carriers generated via interband transitions have an isotropic angular distribution, as the
wavevector of the field does not appear in the matrix element of the Hamiltonian describing the
transition.58,168 This lack of angular dependency results in an isotropic distribution of hot carriers
reaching the surface (Figure 6.5e). The observation of isotropic silver shell growth therefore sug-
gests that the reduction of Ag+ ions is not directly driven by non-thermalized intraband electrons.

Furthermore, by grouping the experimentally measured resonance shifts according to the illumi-
nation time, we find that the silver shell growth occurs predominantly between 0 – 2 h, and that
further growth is negligible at longer time scales (Figure 6.5c). An average blue shift of 16 ± 5
nm is observed after 6 h of illumination, suggesting a growth of 3.5 ± 1 nm silver shell around
the gold nanospheres, according to Mie calculations. Similar to our bulk experiments, in which
plasmonic enhancement is quenched after the growth of a ∼4 nm shell, the suppression of silver
shell growth after 4 nm thicknesses also points to the quenching of d-band holes reaching the
nanoparticle surface, due to their extremely short mean free path.

6.4 Conclusion

In summary, we have designed a light-driven Au@Ag core@shell nanoparticle synthesis in which
all mechanisms of plasmon activation can be independently assessed. By proper choice of the
illumination conditions and by accurate characterization and modeling of the structural, optical,
and thermal properties of our growing core@shell nanoparticles, we exclude photothermal and
near-field effects and identify d-band holes in gold as the main driving force behind the silver shell
growth. Single-particle studies corroborate our conclusions from ensemble experiments, showing
a quickly decreasing reaction rate with increasing shell thickness and isotropic silver growth under
polarized illumination. Despite the low reduction potential of silver ions, our experiments suggest
that plasmonic electrons in gold nanoparticles under 532 nm irradiation are able reduce silver
ions only after the corresponding holes have been scavenged through the oxidation of ascorbic
acid. The observed relative contribution of intraband and interband activation mechanisms in
our plasmon-driven reaction is strongly dependent on the chemical properties of the species in-
volved, including their reduction and oxidation potentials, their binding energies to the metal
catalysts, and the evolving surface chemistry of the growing nanoparticle. Our strategy of com-
bining an accurate choice of illumination parameters with detailed numerical modeling of the
irradiated plasmonic nanostructures can be extended to the study of a variety of plasmon-driven
processes in which several mechanisms simultaneously contribute to the observed reaction rate,
from nanoparticle syntheses, to heterogeneous photocatalysis, and photothermal drug delivery.
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6.5 Supporting information

6.5.1 Syntheses

Materials and methods

L-Ascorbic acid (≥99%), bis(p-sulphonatophenyl)phenylphosphine dihydrate dipotassium salt
(97%), silver nitrate (99.9999%), cetyltrimethylammonium chloride (CTAC, 25 wt.% in H2O),
gold(III) chloride trihydrate (≥99.9%), potassium bromide (≥99%), sodium borohydride (99%),
cetyltrimethylammonium bromide (CTAB, ≥98%) are purchased from Sigma Aldrich. All the
solutions are prepared using deionized Milli-Q water (18.2 MΩ cm at 25 ◦C).

Synthesis of gold nanorods

Gold nanorods are synthesized by adapting a previously reported colloidal seed mediated tech-
nique.171 Spherical gold seeds are synthesized first by mixing aqueous solutions of HAuCl4 (5
mL, 0.5 mM) and CTAB (5 mL, 200 mM) in a round bottom flask (RBF). Ice-cold NaBH4 (0.6
mL, 10 mM) is added to the RBF in one shot, under vigorous stirring. The solution is aged for
30 min at room temperature.

To synthesize the nanorods, CTAB (1.8 g) and KBr (0.7 g) are dissolved in 50 mL of warm water
in another RBF, followed by cooling the flask to 30 ◦C. AgNO3 (2.4 mL, 4 mM), HAuCl4 (50
mL, 1 mM), and ascorbic acid (0.9 mL, 64 mM) are added to the above solution at intervals of
15 min. The solution is mixed well after each addition step. Finally, the gold seed solution (0.16
mL) is added to the above mixture and stirred for 30 s, and left undisturbed for 12 h at 30 °C.
The nanorods are washed multiple times in 25 mM CTAC solutions by centrifugation at 8000 ×
g for 25 minutes. The washed nanoparticles are finally dispersed in Milli-Q water.

Synthesis of Au@Ag core@shell nanorods

Au@Ag core@shell nanorods are synthesized by adapting a previous report.30 Gold NRs (60 µL)
are mixed with water (960 µL) to obtain a final optical density of ∼0.36. Aqueous solutions of
BSPP (30 µL, 375 mM), AgNO3 (30 µL, 150 mM), and ascorbic acid (90 µL, 1.5M) are added
sequentially to the above suspension. The suspension is mixed well after the addition of each
reactant.

500 µL of the above suspension is transferred in to a 10 × 4 mm quartz cuvette with a magnetic
stir bar. The cuvette is then placed inside a Quantum Northwest Qpod 2e/MPKIT temperature-
controlled cuvette holder at 6 ◦C, under constant stirring at 300 rpm. The temperature of the
cuvette holder is maintained using an external water bath.

Depending on the experiment, we either keep this suspension in the dark or under illumination
by a 532 nm or 730 nm cw laser. In situ extinction measurements are performed by aligning a
halogen white light source to a fiber spectrometer, through the 4 mm path length of the cuvette.

Synthesis of gold nanospheres

Gold nanospheres of 66 nm diameter are synthesized by adapting a previously reported colloidal
seed mediated technique.177 HAuCl4 (5 mL, 0.5 mM) and CTAB (5 mL, 200 mM) aqueous solu-
tions are mixed together in an RBF, followed by the addition of NaBH4 (0.6 mL, 10 mM) in one
shot. The solution is then immediately stirred for 2 min. The solution is kept undisturbed at 27
◦C for 3 h, to synthesize CTAB capped Au nanoclusters.
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In a clean RBF, CTAC (40 mL, 200 mM), ascorbic acid (30 mL, 100 mM), and the CTAB capped
gold nanoclusters (1 mL) are added in sequence and mixed at 27 ◦C. HAuCl4 (40 mL, 0.5 mM) is
then added to the above mixture in one shot, under constant stirring for 15 min, to form 10 nm
gold nanoseeds. These nanoseeds are initially centrifuged (18,000 × g, 90 min) and redispersed
in water. These gold nanoseeds are centrifuged again (18,000 × g, 60 min) and redispersed in a
CTAC solution (1 mL, 20 mM).

In another RBF, CTAC (40 mL, 100 mM), ascorbic acid (2.6 mL, 10 mM), and 10 nm gold
nanoseeds (0.1 mL) are added in sequence and mixed at 27 ◦C. HAuCl4 (40 mL, 0.5 mM) is then
added to the above mixture using a syringe pump at a rate of 40 mL/h, under constant stirring.
The final product is centrifuged thrice (7200 × g, 10 min) in 20 mM CTAC and finally dispersed
in Milli-Q water.

Synthesis of individual Au@Ag core@shell nanospheres on a glass substrate

Single-particle studies on the growth of core@shell nanoparticles are performed inside a glass flow
cell. Glass slides and coverslips are first treated with 2 M KOH at 80 ◦C for 20 min, followed
by sonication in water, to render their surfaces hydrophilic. A few microliters of a very dilute
suspension (optical density < 0.01) of 66 nm gold nanospheres is drop casted on to the coverslip
followed by atmospheric drying. A flow cell is fabricated around the nanospheres by gluing the
coverslip on to a glass slide with two 1 mm holes, using a two-part epoxy. The two holes on
the glass slide act as the inlet and outlet for the silver shell growth solution. The silver growth
solution which is injected into the flow cell using a syringe pump is similar to the one used in
ensemble experiments, except that the silver to ascorbic acid ratio was reduced to 1:1, in order
to prevent any spontaneous silver formation in the dark. The plasmon resonance of selected
individual nanoparticles is recorded using the dark-field microscope, followed by 532 nm cw laser
irradiation for varying amounts of time, to synthesize the Au@Ag core@shell nanospheres.
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6.5.2 Instrumentation

In situ extinction spectroscopy of Au@Ag core@shell nanorod synthesis is performed by placing
a tungsten halogen light source (Ocean Optics HL-2000) and a spectrometer (Ocean Optics HR
4000) normal to the laser irradiation pathway. A 365 nm long pass filter coupled with neutral
density filters is placed in front of the light source to remove any ultraviolet light which could trig-
ger self-nucleation of silver nanoparticles. In all experiments, including in the dark, the growth of
Au@Ag core@shell nanorods is followed in real time with visible light transmission spectroscopy,
using a low intensity tungsten halogen light source. In order to rule out any contribution to the
reaction rate of the halogen lamp, we performed a control experiment in the absence of continuous
illumination and measuring the plasmon resonance at intervals of 1 hour. We did not find any
difference in the optical properties of the solution when compared to the one under continuous
illumination with the low intensity halogen lamp. Ex situ extinction spectroscopy is performed
using a Perkin Elmer Lambda 1050 UV-Vis-NIR spectrometer. 532 nm laser excitation of gold
nanorods is performed using a CNI-MGL-532 cw laser, whose power can be varied from 0 – 470
mW. 730 nm laser irradiation is performed using a Crystalaser DL730-050-0 cw laser, whose power
can be varied from 0 – 55 mW. Laser powers are measured using a thermopile sensor (Newport,
919P-030-18) which is connected to a power meter (Newport, 2936-R). The laser beam profile and
diameters for ensemble experiments are measured using a CCD camera beam profiler (Thorlabs).
The mean diameter of the 532 nm (240 mW) and 730 nm (55 mW) laser spots are 1.5 mm and
1.7 mm, respectively. TEM measurements are performed by centrifuging the core@shell nanorods
and then drop casting them on carbon membranes supported on a Cu grid, which is then taken to
a JEOL JEM-2001 transmission electron microscope. Thermal characterizations are performed
using a Fluke Ti200 infrared camera and a K-type thermocouple (CHAL-005) connected to a
data logger (OM-ELUSB-TC), both obtained from Omega Engineering Limited.

Dark-field single-particle spectroscopy is performed on a Zeiss Axio Observer microscope equipped
with a scanning x,y piezo-stage. The plasmon resonance of nanoparticles before and after illu-
mination are measured by illuminating them with an LED lamp (Zeiss Illuminator microLED)
focused through an EC epiplan 50× objective (NA = 0.75) via a dark-field reflector. The back
scattered light from the nanoparticles is collected with the same objective and guided to an Andor
Newton EMCCD camera coupled to an Andor Shamrock 500i spectrometer. For laser illumina-
tion experiments, a collimated Gaussian beam (∼308 µm diameter) is directed on to the coverslip
containing gold nanoparticles using the same objective but using a bright-field reflector cube. The
laser beam (CNI laser, MGL-FN-532) power is kept at 43 mW. The laser power at the sample is
measured by keeping the Newport thermopile sensor close to the microscope objective.
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6.5.3 Optical calculations

The absorption and scattering cross-sections, electric field enhancements, and the absorbed power
inside the Au and Au@Ag core@shell nanorods are calculated using Lumerical FDTD.123 All sim-
ulations are performed with a background refractive index of 1.333, corresponding to water. A
total-field scattered-field (TFSF) light source with a wavelength range of 400-950 nm is used in
the simulations. For gold, we use the dielectric function from Johnson and Christy45 and for
silver, we use dielectric functions from Yang et al.44 The mesh size is set to 0.25 × 0.25 × 0.25
nm3. Gold nanorods corresponding to growth stage NR0 are modelled as rounded cylinders with
a length of 78 nm and a width of 25 nm. Au@Ag core@shell nanorods are modeled by replicating
the structures obtained from TEM measurements. The growth stage NR1 is modeled with a con-
formal 1 nm silver shell around the aforementioned gold nanorod. Growth stage NR2 is modeled
as a cuboidal Au@Ag core@shell nanorod, with a silver shell thickness of 3.5 nm on the side, 4
nm on the tips and a 3 nm radius of curvature, while growth stage NR3 is approximated using a
10 nm conformal silver shell.

Monte Carlo modelling of photon propagation inside the reaction vessel is performed using a
Monte Carlo script in MATLAB and the heat transfer simulations are performed using COM-
SOL. A detailed description of these procedures have been reported previously.30,170

Monte Carlo modelling of the hot carrier propagation is performed using MATLAB. 108 carriers
are placed in a 66 nm sphere, with a spatial distribution proportional to the electric field intensity
|E|2 inside the nanoparticle. Each carrier is then given a random displacement (r, θ, φ) in spherical
coordinates, where r is the propagation length, θ the azimuthal angle, and φ the polar angle. The
propagation length r obeys an exponential probability distribution with a 1/e equal to the mean
free path. For interband carriers, θ follows a random distribution in which every angle is equally
probable. For intraband carrier, θ follows an angular distribution Reff(θ):58

Reff(θ) ∝ a

(

3

4
cos2 θ +

1

4

)

+ 2(1 − a)|cos3 θ|

where a is the fraction of carriers generated via phonon/defect scattering. For spherical particles,
a ≈ 0.45.58 Lastly, φ obeys a random distribution in which all angles are equally probable. The
carriers plotted in Figs. 4d,e are those that have their final position outside of the nanoparticle.
For simplicity, we neglect any losses due to momentum mismatch at the interface.

Mie calculations7 of gold nanospheres and Au@Ag core@shell nanospheres in a homogenous en-
vironment are performed using a script in Matlab based on the formalism laid by Bohren and
Huffman.8
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6.5.4 Morphological and optical characterization of Au & Au@Ag core@shell

nanorods

In this section, we present the morphological and optical characterizations of bare gold nanorods
and the Au@Ag core@shell nanorods at different growth stages. We also correlate the spectral
shifts observed during the silver shell growth experiment with their morphological changes, which
is further corroborated using finite-difference time-domain (FDTD) calculations.

The colloidally synthesized bare gold nanorods (NR0) exhibit a transverse and longitudinal res-
onance at 514 nm and 744 nm, respectively (Figure 6.6a). The size distribution of the gold
nanorods is calculated by measuring the length and diameter of individual nanorods in transmis-
sion electron micrographs, using ImageJ software. Similar size distributions from TEM images
have been calculated for different growth stages NR1 and NR2 (Figure 6.6a). For the growth stage
NR3, analyzing size distribution is difficult due to the anisotropic shell growth. The correlations
regarding the spectral shifts in Figure 6.1c with the morphological changes is further corroborated
using FDTD calculations (Figure 6.6b,c,d).

We first simulate the extinction of gold nanorods with a conformal silver shell around them.
The silver shell thickness is varied between 0 - 2 nm in our simulations (Figure 6.6b). We
observe an increasing blue shift of the longitudinal plasmon resonance with increasing silver shell
thickness, which is consistent with the experimentally measured spectral features at the growth
stage NR1. We then simulate the extinction cross-section of cuboidal Au@Ag core@shell nanorods
with varying corner sharpness representing the growth stage between NR1 and NR2. As a starting
point, a 1.2 nm conformal silver shell is considered. We vary the corner radius from 13.7 nm –
3.7 nm corresponding to the transition from a conformal shell to cuboidal shell. A red shift of
the plasmon resonance is observed (Figure 6.6c), corroborating our correlation of the measured
spectral red shifts with the TEM images at the growth stage NR2. After growth stage NR2, a
blue shift of the plasmon resonance is observed as the silver shell thickness increases, which is
simulated using a conformal silver shell over a gold nanorod with shell thicknesses ranging from
4 to 10 nm, in Figure 6.6d.
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Figure 6.6: (a) TEM images, size distribution, and extinction spectra of bare gold nanorods (NR0,
1st row), gold nanorods with 1 nm conformal silver shell (NR1, 2nd row), and gold nanorods with
a 4 nm cuboidal silver shell (NR2, 3rd row). The scalebars correspond to 200 nm. The black line
is the histograms are the corresponding Gaussian fits. (b, c, d) FDTD calculated extinction cross
sections of gold nanorods suspended in water with a dimension of 78 × 25 nm and (b) a conformal
silver shell with thicknesses varying from 0 – 2 nm, (c) a cuboidal silver shell with corner radii
varying from 3.7 nm – 13.7 nm, and (d) a conformal silver shell with thicknesses varying from 4
– 10 nm.
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6.5.5 Modeling photon propagation in our reaction volume

Since our nanorods display strong absorption and scattering properties at their plasmon reso-
nances, the photon propagation inside the reaction volume can be properly calculated only by
solving the complete radiative transfer equation.30 We employ a Monte Carlo model to model the
photon propagation inside the nanorod solution, which has been previously described.30 Briefly,
photons with a spatial distribution corresponding to the experimental laser spatial profile are
injected in to the simulated reaction volume. The simulation region is meshed into cuboidal
volumes. Each voxel occupies a volume of 12.5 × 4 × 10 µm3. The nanorod density that we
employ in our experiments is 8.2 × 109 nanorods/mL. As such, each voxel is expected to contain
approximately 4 nanorods. The photons get scattered and absorbed with probabilities depending
on their FDTD calculated scattering and absorption cross sections. The photons absorbed in each
mesh cell is calculated and plotted in Figure 6.7. Multiple photon scattering events and reflection
and transmission events at the simulation boundaries are also considered in our calculations.

The calculated average absorption and scattering cross sections of the nanorods at 532 nm illu-
mination are 1300 nm2 and 78 nm2, respectively, while under 730 nm illumination the average
absorption and scattering cross sections are 7700 nm2 and 3500 nm2. Intuitively, the larger illu-
mination power required using a 532 nm laser (240 mW) compared to while using a 730 nm laser
(55 mW) can be understood by the larger absorption cross section and scattering cross section
at 730 nm compared to 532 nm of the nanorods. To ensure that the total absorbed power is
the same under the two illuminations, in our Monte Carlo calculation we take into account the
different absorption and scattering cross sections, the effect of multiple scattering events, and the
slightly different beam diameters of the 532 nm (1.5 mm) and 730 nm (1.7 mm) lasers.

Even though the spatial profile of photon absorption under 532 nm and 730 nm illumination are
different, the total power absorbed inside the reaction volume, and therefore any photothermal
heating, under these two conditions will be similar.

Figure 6.7: (a) Schematic illustration of illumination of our reaction vessel containing gold
nanorods. (b, c) Calculated photon absorption inside the reaction volume under (b) 532 nm
and (c) 730 nm laser illumination. On the bottom, heat map of calculated photon absorption at
the center of the reaction volume is displayed.
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6.5.6 Ex situ extinction measurements and morphological characterization un-

der different illumination conditions at t = 0 h and 24 h.

In this section, we present ex situ extinction spectra of Au@Ag core@shell nanorods kept in the
dark, under 730 nm illumination, and under 532 nm illumination at time, t = 0 h and t = 24 h.
TEM images and corresponding size distributions after 24 h of experiment are also presented.

The ex situ extinction spectra of nanorod growth solutions kept in dark and under 730 nm
illumination show similar transverse and longitudinal resonance changes (Figure 6.8a,b) after 24
h, while the solution irradiated using a 532 nm laser shows drastic changes (Figure 6.8c). The
TEM images and the size distributions of Au@Ag core@shell nanorods after 24 h of synthesis
under dark and 730 nm laser illumination look very similar, as can be observed from Figure
6.8a,b. For 532 nm illumination, analyzing size distribution is difficult due to the anisotropic
shell growth.

Figure 6.8: Extinction spectra of the Au@Ag core@shell nanorod synthesis at t = 0 h and t = 24
h in (a) dark conditions, (b) 730 nm, and (c) 532 nm laser illumination. TEM images of Au@Ag
core@shell nanorods and associated size distributions measured after 24 h of experiment are also
presented. Scalebars in the TEM images correspond to 50 nm. The black line in the histograms
are the corresponding Gaussian fits.
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6.5.7 Evaluating plasmonic rate enhancement

To obtain a rate enhancement from the longitudinal LSPR as a function of time (Figure 6.2d),
we first separate the time evolution in three parts: 1) start to first local minimum in the LSPR,
2) first local minimum to the next local maximum in the LSPR, 3) local maximum to the end.
We remove part of the 532 nm illumination measurement, so that both datasets end at the same
LSPR wavelength (Figure 6.9a). As the local minimum and maximum in the two datasets are not
at the exact same wavelengths, we normalize each part of the dataset from 0 to 1 (Figure 6.9b).
For each normalized LSPR wavelength we then find the time at which this LSPR is reached in
the dark, and the time at which this LSPR is reached under 532 nm illumination (Figure 6.9c).
To obtain the rate enhancement in Figure 6.2e, we take the derivative of the time in the dark
with respect to the time under 532 nm illumination, i.e. the derivative of Figure 6.9c below.

Figure 6.9: (a) Longitudinal LSPR as a function of time for the experiment in the dark (blue)
and under 532 nm illumination (grey). (b) Same as panel (a), but each section is normalized
from 0 to 1. (c) Time at which a certain LSPR in panel (b) is reached in the dark as a function
of the time at which that same LSPR is reached in the 532 nm illumination experiment.

105



6

Chapter 6: Distinguishing among all possible activation
mechanisms of a plasmon-driven chemical reaction

6.5.8 Thermal characterization under laser illumination

Illumination of ensemble nanoparticle suspensions can generate both localized and collective pho-
tothermal heating effects.

Localized plasmonic heating

The localized photothermal temperature increase ∆Tlocal on nanorods can be calculated using
(see also the aforementioned equation (6.1)):155

∆Tlocal =
σabsI

4πβκReq

Assuming a nanorod geometry parallel to the incident light polarization in FDTD simulations, we
calculate absorption cross-sections σabs of 1.32·10−11 cm2 and 2.18·10−10 cm2 at 532 nm and 730
nm wavelengths, respectively. Under our illumination geometries, the maximum power density I
at the center of the Gaussian laser beam is 13.38 W/cm2 and 2.25 W/cm2 for 532 nm (power =
240 mW, 1/e2 beam diameter = 1.511 mm) and 730 nm (power = 55 mW, 1/e2 beam diameter
= 1.765 mm) experiments, respectively.

The thermal capacitance coefficient β for a nanorod is defined as:155

β = 1 + 0.96587 ln2 l

w

where l and w are the length and width of the nanorod. We calculate a β of 2.25 for our gold
nanorods of dimension 78 × 25 nm.

The thermal conductivity κ of water is 0.6 W/m/K. The equivalent radius Req of the nanorod,
which is calculated by equating the volume of the nanorod to that of a sphere, in our case is ∼20
nm.

Using the above values, we find a maximum temperature increase of 1.04 mK under 532 nm
illumination and 2.87 mK under 730 nm illumination, on the nanorods. Such negligible local
temperature increases cannot explain the plasmon-driven silver shell growth in our experiments.

Collective heating effects

Under typical illumination geometries, multiple nanoparticles are illuminated simultaneously
which leads to the generation of macroscopic collective heating effects along with heat convection.
We characterize these global heating effects by measuring the temperature on the cuvette walls
using an infrared camera and by measuring the temperature of the nanoparticle suspension using
a thermocouple. Since thermocouples are photosensitive, in our measurements, they are placed
inside the liquid suspension above the laser beam.

We also model heat dissipation inside the reaction vessel by first calculating photon absorption
inside the reaction volume using Monte Carlo simulations (Figure 6.7), and then we use the
calculated absorbed power as an input in COMSOL. In our COMSOL simulations, we fix the
temperature at the outer boundary of the quartz cuvette at 6 ◦C, corresponding to our set tem-
perature in our experiments.

In the infrared camera (IR) measurements, we set an emissivity of 0.93 corresponding to quartz to
measure the temperature of the external surface of the cuvette. Infrared camera measurements
in Figure 6.10 display temperatures of 9 – 10 ◦C, despite setting the cuvette holder to 6 ◦C.
This disparity is attributed to the accuracy of ±2 K of the IR camera, according to the website
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Figure 6.10: (a) Infrared camera measurement at t = 0 min and 15 min, (b) thermocouple tem-
perature measurements as a function of time, COMSOL calculated (c) heat map of temperature
profile, (d) heat map of fluid velocity and (e) evolution of average temperature of the nanorod
suspensions under 240 mW 532 nm cw illumination. (f, g, h, i, j) Similar thermal characteriza-
tion for 55 mW 730 nm cw illumination. The white dashed lines in the infrared camera images
denote the optical window of the cuvette holder, where the quartz cuvette with the gold nanorod
suspension is held.

of the camera manufacturer. The IR measurements indicate a temperature increase of ∼0.5 K
under illumination, on the quartz cuvette walls. In the thermocouple measurements, tempera-
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ture increases of 1 K and 0.5 K are observed for 532 nm and 730 nm illumination, respectively.
The thermocouple measurements have an accuracy of ±2.2 K, according to the website of the
thermocouple manufacturer.

The thermal characterizations shown in Figure 6.10 indicate similar temperature increases of ∼1
K for the nanoparticle suspension under 532 nm and 730 nm illumination. Since the magnitude
of photothermal effects is similar under green and red laser illumination experiments, one would
expect similar silver shell growth kinetics, if the synthesis was driven by photothermal heating.
As we observe silver shell growth only under 532 nm irradiation experiments, we can rule out the
role of photothermal heating.

After calculating the photon absorption inside the reaction volume using Monte Carlo simulations
(Figure 6.7), we use the calculated absorbed power as an input in COMSOL to model heat
dissipation inside the reaction vessel. In our COMSOL simulations, we fix the temperature at
the outer boundary of the quartz cuvette at 6 ◦C, corresponding to our set temperature in our
experiments. From the COMSOL simulations, we predict a similar average temperature increase
inside the reaction volume under 532 nm and 730 nm illumination of ∼0.3 K. The temperature
increases calculated here are consistent with the thermocouple and infrared camera measurements
we performed in the illuminated reaction vessel. Such small temperature increases cannot explain
the silver shell growth rate enhancement we observe under 532 nm illumination.
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6.5.9 Quantifying near-field enhancements

We simulate the electric field enhancements in the vicinity of the nanorod surface at different
growth stages, using FDTD. In Figure 6.11, we plot the average near-field enhancement 〈NFE〉
by integrating the electric fields at various distances from 0.5 to 2, 5, and 10 nm from the nanorod
surface.

In our simulations we observe artifacts in the electric field at the nanorod surface, due the round-
ness of the nanorod tips, resulting in certain mesh cells containing both the metal and the sur-
rounding medium. To avoid these artifacts, we integrate the 〈NFE〉 from 0.5 nm from the surface
to various distances away from the surface (Figure 6.11), since the fields will decay homogeneously
away from the surface. In all these cases, we observe a similar trend where 〈NFE〉 increases with
silver shell growth, while experimentally we observe a decreasing plasmonic rate enhancement
(Figure 6.2d,e), safely allowing us to rule out near-field contributions.

Figure 6.11: Average near-field enhancements around the nanorod surface plotted as a function
of the silver shell growth stage. The fields are integrated at distances from 0.5 nm to 2 nm (blue),
5 nm (gray), and 10 nm (orange) from the nanorod surface.
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6.5.10 Temperature calculations in single-particle studies

In this section, we demonstrate that temperature effects are negligible in our single particle
studies.

Localized plasmonic heating

To calculate the localized temperature increases under illumination in our single particle studies,
we use the following equation:65

∆Tlocal =
σabsI

4πκR
(6.3)

where the absorption cross section σabs of our 66 nm gold nanospheres is 1.371·10−14 m2 and the
laser intensity I is kept at 165·104 W/m2. Since the gold nanospheres lie at the interface of glass
(κglass = 1 W/m/K) and water (κwater= 0.6 W/m/K), an average thermal conductivity κ of 0.8
W/m/K is chosen for the calculations. The radius of the nanospheres is 33 nm.

Using the above values, we find a negligible local temperature increase of 62 mK on the nanopar-
ticle that is located at the centre of the Gaussian beam. Such low heating effects are not enough
to grow a silver shell around the gold spheres.

Collective heating effects

To calculate the temperature increases under collective heating effects, we use the following
equation that has been previously used for two-dimensional nanoparticle arrays:156

∆Tcollective =
σabsP

κ

√

ln 2

4π

1

HA

(

1 − 4
√

ln(2)A

πH

)

where P is the power of illumination, H is the full width at half maximum (FWHM) of the
Gaussian laser beam, and A is the unit cell area of the nanoparticle lattice.

Although our nanospheres are dispersed randomly on a glass substrate (Figure 6.12), in order to
numerically estimate the temperature increases, we assume that these particles are arranged in a
square lattice in order to use the above equation. From the dark-field images of the nanoparticles,
we observe that the average interparticle distance is larger than 10 µm. Even in the case of the
closest spaced nanoparticles, we measure at least an interparticle distance of 3 µm (Figure 6.12).
Assuming an interparticle spacing of 3 µm (therefore A becomes 9 µm2), and using experimen-
tally measured P and H of the laser beam of 43 mW and 153.9 µm, respectively, we calculate a
negligible temperature increase of 0.12 K.

In reality, the average interparticle spacing is much higher than 3 µm, so, therefore, we expect
even lower temperature increases due to collective heating effects.

Figure 6.12: Dark-field scattering of gold nanoparticles dispersed on a glass substrate.
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6.5.11 Mie theory calculations for the growth of Au@Ag core@shell nanospheres

We calculate the scattering cross-section of Au@Ag core@shell nanospheres using Mie theory7,8

to estimate the silver shell thickness in our single-particle studies. In our calculations, we use
dielectric functions for gold and silver reported by Johnson & Christy and Yang et al, respec-
tively.44,45 We model a conformal silver shell with thickness from 0 – 5 nm, over a 66 nm gold
nanospheres.

From these Mie calculations, we observe increasing blue shift of the plasmon resonance with
increasing shell thicknesses. From Figure 6.13, for a plasmon resonance blue shift of 17 nm
observed in Figure 6.5b, we can estimate the growth of a 4 nm silver shell over the gold nanosphere.

Figure 6.13: (left) Scattering cross-section of Au@Ag core@shell nanospheres, where the silver
shell thickness is varied between 0 to 5 nm. (right) From the data on the left plot, the blue shift
of plasmon resonance is plotted as a function of silver shell thickness.
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6.5.12 Control experiments to confirm the plasmonic nature of silver shell

growth

Several control experiments for the dark-field single-particle studies were performed to confirm
the plasmonic nature of the core@shell nanosphere growth.

Single particle experiments were performed in the absence of laser irradiation to characterize the
silver shell growth under dark conditions (Figure 6.14a). In these experiments, the plasmon res-
onance of the gold nanoparticles is measured at the beginning and at the end of the experiment,
while flowing the silver shell growth solution. No significant silver shell growth is observed under
dark conditions even after 6 h, as observed from the similar scattering spectra at the beginning
and at the end of the experiment. Such control experiments show that plasmon excitation is
necessary for the silver shell growth under our reaction conditions.

In order to rule out the possibility of any gold nanoparticle deformation under illumination, we
irradiate the nanoparticles with a 532 nm laser (Figure 6.14b). A solution consisting of BSPP
and ascorbic acid is injected in to the flow cell, but in the absence of any Ag+ ions. Under
illumination, the gold nanoparticles do not show any spectral change as observed in Figure 6.14b,
thus allowing us to rule out any nanoparticle deformation under laser irradiation.

In order to verify if any silver nucleation occurs in the absence of gold nanospheres, we fabricate
a flow cell without depositing any gold nanoparticles on the coverslip. We flow the silver growth
solution through the flow cell and simultaneously illuminate it with a 532 nm cw laser. From Fig-
ure 6.14c, we do not observe the formation of any bright scatterers after illumination, suggesting
that no large silver nanoparticles are formed on the surface.
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Figure 6.14: (a) Normalized scattering spectra of two different single gold nanoparticles at time
t = 0 h and t = 6 h, when kept in the dark while flowing silver growth solution. (b) Normalized
scattering spectra of two different single gold nanoparticles before and after laser illumination for
a period of 2 h, in the absence of Ag+ ions in the growth solution. (c) Dark-field image of the
quartz cover slip before and after 532 nm illumination for 2 h, while flowing the silver growth
solution.
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6.5.13 Monte Carlo simulations of hot carrier propagation

We first simulate the power absorbed Pabs at 532 nm in a 66 nm gold sphere (Figure 6.15a).
108 carriers are then placed in the sphere with a spatial distribution proportional to Pabs, which
is proportional to |E|2: Pabs = 1

2ωε0|E|2Im[ε], where ω is the photon frequency and Im[ε] the
imaginary part of the dielectric function ε. Each carrier is given a random displacement (r, θ, φ)
in spherical coordinates, where r is the propagation length, θ the azimuthal angle, and φ the polar
angle. The propagation length r obeys an exponential probability distribution with a 1/e equal
to the mean free path. These random numbers for r are easily generated using inverse transform
sampling.

For interband carriers, θ follows a random distribution in which every angle is equally probable.
For intraband carriers, θ follows an angular distribution Reff(θ):58

Reff(θ) ∝ a

(

3

4
cos2 θ +

1

4

)

+ 2(1 − a)|cos3 θ|

where, a is the fraction of carriers generated via phonon/defect scattering. For spherical parti-
cles, a ≈ 0.45.58 Generating random numbers from this angular distribution is not trivial, as the
inverse cumulative distribution function of Reff(θ) cannot be calculated analytically. Instead, we
approximate Reff(θ) with a superposition of Gaussian distributions centered at 0, π, 2π, and a
width σ of 0.6 radians (Figure 6.15b).

Lastly, φ obeys a random distribution in which all angles are equally probable. The carriers
plotted in Figure 6.5d,e are those that have their final position outside of the nanoparticle. For
simplicity, we neglect any losses due to momentum mismatch at the interface, so the carriers
plotted in Figure 6.5d,e can also be interpreted as those that reach the nanoparticle surface.

Figure 6.15: (a) Two-dimensional slice of the absorbed power at the center of the nanoparticle.
The units for Pabs are normalized and can be converted to W/m3 by multiplying with the power
that is experimentally injected on an area equivalent to the simulated source area. The polar-
ization is along the y axis. (b) Normalized angular distribution Reff (labeled ‘exact’) and the
approximation used in the simulation (labeled ‘approximated’).
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This chapter is based on Ref. 178: ChemRxiv 2022, 10.26434/chemrxiv-2022-vw6vh.

7.1 Foreword

In the previous chapters we have studied the work of plasmonic near-fields in the context of fluo-
rescence enhancement (chapter 4) and plasmon-driven chemistry (chapter 5 and 6). Furthermore,
we have seen the power of a detailed understanding of the relationship between structure and
optical properties, which allowed us to pinpoint the driving force behind a light-driven synthesis
(chapter 6). In this chapter, we study another plasmonic nanostructure for which this relationship
is particularly relevant, namely silver nanowires (AgNWs). These wires are used in a variety of
applications, ranging from transparent conductive layers to Raman substrates and sensors. Their
performance often relies on their unique optical properties that emerge from localized surface
plasmon resonances in the UV. The colloidal, large scale synthesis of silver nanowires typically
leads to structures with pentagonally-twinned geometries, but their optical properties are often
modeled assuming a cylindrical cross section for simplicity. In this chapter, we study the con-
sequences of such an approximation for different optoelectronic applications and highlight the
importance of a realistic modeling of the geometry of the Ag nanowires to capture all aspects of
their optical properties.

AgNWs are characterized by an extinction spectrum with sharp peaks in the UV. In colloidal
syntheses, the degradation of nanowires is accompanied by a broadening of these peaks and by
an increase in the extinction in the visible. This increase in residual extinction is often due to
the formation of silver nanoparticles as byproducts of the reaction or as the result of nanowire
decomposition. Therefore, the synthesis of AgNWs is typically followed by lengthy and expensive
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purification steps to increase the relative nanowire yield and, consequently, improve the trans-
parency in the visible. Here, however, we find that some of the residual extinction is inevitable,
as it arises due to a silver mirror-like reflection of the long wires. For this reason, the best strat-
egy to obtain AgNW-based transparent electrodes with a high transparency in the visible is not
always purification, but the synthesis of thinner wires, which reflect light much less efficiently,
while maintaining good electrical conductivity.

The optical model of an infinitely long cylinder can already reproduce the residual extinction in
the visible. However, to accurately reproduce the peaks in the UV, the pentagonal geometry of
the wire’s cross section needs to be included in the model. We find that the radius of curvature
of the edges of the wire describes the amount of extinction peaks and how spectrally separated
they are. Our observations demonstrate that UV-vis spectroscopy is a powerful tool to evaluate
the quality of an AgNW synthesis: the existence of byproducts can be identified by comparing
the extinction peaks in the UV to the residual extinction in the visible and the roundness of the
wires can be evaluated by the exact shape of the resonance peak.

Using our improved optical model we can define accurate design recommendations for AgNW-
based devices. Thanks to their low extinction in the visible, networks of AgNWs are particularly
interesting for transparent electrode applications, such as for smart windows, touch screens, or-
ganic light-emitting diodes (OLEDs), and solar cells. In these cases, transparency is mostly
desired in the visible range (450 - 650 nm) for smart windows, touch screens, or OLEDs or in the
above bandgap range (<1100 nm for Si) for solar cells. As the extinction peaks of the wires are
in the UV, where the human eye is not sensitive and solar irradiation is not intense, we find that
the geometrical size of the AgNWs (their diameter) is more important than the exact shape of
their cross section. AgNWs are also used as substrates for surface-enhanced Raman spectroscopy,
in which the plasmonic near-fields are responsible for amplifying the Raman signal. As we have
seen in chapter 6, electric field enhancement increases in the presence of sharper corners and we
find that the use of a pentagonal cross section is instrumental in predicting the performance of
AgNW-based near-field devices, such as Raman substrates.
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Abstract

Silver nanowires are used in many applications, ranging from transparent conductive layers to
Raman substrates and sensors. Their performance often relies on their unique optical properties
that emerge from localized surface plasmon resonances in the ultraviolet. In order to tailor the
nanowire geometry for a specific application, a correct understanding of the relationship between
the wire’s structure and its optical properties is therefore necessary. However, while the colloidal
synthesis of silver nanowires typically leads to structures with pentagonally-twinned geometries,
their optical properties are often modeled assuming a cylindrical cross section. Here, we highlight
the strengths and limitations of such an approximation by numerically calculating the optical
and electrical response of pentagonally-twinned silver nanowires and nanowire networks. We
find that our accurate modeling is crucial to deduce structural information from experimentally
measured extinction spectra of colloidally-synthesized nanowire suspensions and to predict the
performance of nanowire-based near-field sensors. On the contrary, the cylindrical approximation
is fully capable of capturing the optical and electrical performance of nanowire networks used as
transparent electrodes. Our results can help assess the quality of nanowire syntheses and guide
in the design of optimized silver nanowire-based devices.

7.2 Introduction

Silver nanowires (AgNWs) and nanowire networks show high optical transparency in the visible
together with high electrical conductivity, making them appealing for a variety of applications,
ranging from transparent electrodes,179–181 to pressure, temperature, and strain sensors,182–184

substrates for Raman spectroscopy,185 and catalysis.186,187 As their optical and electrical prop-
erties strongly depend on their size and shape,188 it is of paramount importance to tailor their
dimensions to the intended application. Numerical simulations allow to predict the optical re-
sponse of AgNWs and can therefore guide the design of nanowire-based optoelectronic devices.
Usually, the optical extinction cross sections of silver nanowires are simulated by approximating
them to ellipsoids or to infinitely long cylinders using Mie theory.189–193 However, the typical
method by which AgNWs are produced, the so-called polyol synthesis,194,195 leads to nanowires
with a pentagonal cross section.180,196–198 This difference between simulated and synthesized ge-
ometries leads to the prediction of extinction spectra that are inaccurate and miss crucial optical
features. Moreover, the distribution and intensity of the scattered electric fields surrounding the
nanowires, the so-called near-fields, are strongly shape dependent. The use of proper geometrical
models of the nanowires is therefore important for all applications relying on an accurate predic-
tion of the near-fields, such as surface enhanced Raman scattering (SERS), photocatalysis, and
optical sensing.199–203

Here, we use a finite difference time domain (FDTD) method to calculate the light scattering,
absorption, and extinction of AgNWs with realistic pentagonal cross sections. The simulated
extinction spectra accurately reproduce all key features observed experimentally for colloidally-
synthesized nanowires. We show that the residual extinction in the visible is a physical limit
due to the geometry of the system and not, as often assumed, an indication of the presence of
synthetic byproducts. Interestingly, the number and relative intensity of the plasmonic peaks
in the ultraviolet are extremely sensitive markers of the nanowire diameter and of the radius
of curvature of their edges. On the contrary, we show that silver nanowire networks used as
transparent electrode have optical transparencies and electrical conductivities that are insensitive
to the exact shape of the modeled nanowires and mainly depend on the magnitude of their
geometrical cross section. Finally, we compare near-field maps for circular and pentagonal cross
sections and highlight the importance of a proper model of the nanowire shape to predict field
enhancements.
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7.3 Results and discussion

7.3.1 Comparison between measured and simulated extinction spectra

We first compare the experimental extinction spectrum of a solution of 25 nm radius AgNWs
stabilized by polyvinylpyrrolidone (PVP) and suspended in water,204 to the one calculated with
two-dimensional Mie theory assuming an infinitely long cylinder surrounded by a homogeneous
medium (Figure 7.1a).8,205 The silver dielectric function is taken from the literature44 and the
refractive indices of PVP and water are 1.56 and 1.333, respectively. The thickness of the PVP
surfactant layer is 5 nm.206 The polarization of the incoming field is either parallel ( ~E‖) or per-

pendicular ( ~E⊥) to the wire.

For a parallel illumination, we observe a near-zero absorption cross section σabs in the visible
region that rises for λ < 350 nm thanks to interband transitions in silver (Figure 7.1b).51 The
scattering cross section σsca shows a broadband response for λ > 350 nm, similar to the reflectivity
of an Ag mirror (Figure 7.4). For a perpendicular illumination, both σabs and σsca show peaks in
the ultraviolet (UV) corresponding to the transverse plasmon resonance of the wire (Figure 7.1b).

From σabs and σsca we define the extinction cross section σext = σabs + σsca. In colloidal suspen-
sions, the AgNWs are randomly oriented with respect to the polarization of the incoming light.
To reproduce the measured optical properties of colloidal silver nanowires we therefore average
σext over the two incoming polarizations ~E‖ and ~E⊥. The resulting extinction spectrum is shown
in Figure 7.1c and shows two notable features. Firstly, the wire shows an extinction peak in the
UV corresponding to the transverse plasmon resonance. This resonance also appears in the exper-
imental extinction spectrum (solid line in Figure 7.1c). However, the cylindrical shape is not able
to accurately reproduce the characteristic double peak in the UV that is typically observed ex-
perimentally.204,207–211 Varying the radius of the infinite cylindrical wire merely results in a shift
of the transverse plasmon resonance peak, but not in the appearance of a double peak (Figure 7.5).

Secondly, the wire exhibits significant extinction for wavelengths λ > 500 nm (Figure 7.1c and
7.6), which severely limits the transparency that can be achieved when using these wires as
transparent electrodes. This residual optical extinction in the visible is often attributed to the
presence of byproducts in the colloidal synthesis of AgNWs.196,208,212 While byproducts such as
spherical particles can certainly contribute to visible light scattering and absorption, here we show
that light extinction also emerges as a physical limit of the nanowire system, caused by the Ag
mirror-like scattering when the incoming polarization is parallel to the wire. The limited visible
transparency can, therefore, not be indefinitely improved by purifying the products at the end of
the synthesis.

To more accurately reproduce the pentagonal geometry of the AgNWs, we perform simulations
using a finite-difference time-domain method (see Methods section 7.5). We use the same dielectric
function,44 which is now fit to a set of functions that satisfy the Kramers-Kronig relations (Figure
7.7). Figure 7.1d shows the typical pentagonally-twinned cross section of an AgNW with radius
R. We also introduce the radius of curvature Rcurv to account for smooth nanowire edges. To
observe the influence of the pentagonal geometry we vary Rcurv from Rcurv = R = 25 nm (perfect
cylinder) to Rcurv = 5 nm (pentagon with sharp corners) in steps of 5 nm, while maintaining R
= 25 nm. As can be seen in Figure 7.1e, the decrease in Rcurv first results in a redshift of the
resonance and the appearance of a lower wavelength shoulder (Rcurv = 20 nm). The resonance
then further redshifts and the lower wavelength shoulder becomes a well-defined peak (Rcurv =
15 - 10 nm), until eventually the spectrum splits even further into three peaks (Rcurv = 5 nm).
The comparison with a typical experimental extinction spectrum clearly indicates that polyol-
made AgNWs have pentagonal cross sections with partially smoothed edges (Figure 7.1f and 7.6).
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Figure 7.1: Optical response of infinitely long silver nanowires with circular and pentagonal
cross sections. (a) Illustration of a circular infinite nanowire of radius R surrounded by a PVP
layer of thickness t under perpendicular illumination. (b) Simulated scattering and absorption
cross sections under parallel and perpendicular illumination for a circular infinite nanowire with
R = 25 nm and t = 5 nm. (c) Comparison between the simulated (dashed) extinction spectrum of
a circular infinite nanowire with the one measured experimentally for 25 nm radius PVP-stabilized
AgNWs in water (solid).204 The simulated extinction cross section is obtained by averaging over
the two incoming parallel and perpendicular polarizations shown in panel (b). (d) Illustration of
a pentagonal infinite nanowire of radius R and radius of curvature Rcurv. (e) Simulated extinction
cross sections of pentagonal infinite nanowires with R = 25 nm and Rcurv varying from 25 nm
(dark blue) to 5 nm (light blue) in steps of 5 nm. The cross sections are averaged over the two
incoming polarizations ~E‖ and ~E⊥. (f) Comparison between the simulated (dashed) extinction
spectrum of a pentagonal infinite nanowire (Rcurv = 10 nm) with the experimental one shown
also in panel (c) (solid).

The agreement between measured and simulated spectra demonstrates how UV-vis spectroscopy,
when coupled to proper optical modeling, can be a powerful tool in assessing the quality of
AgNW syntheses. For example, the quantity of synthetic byproducts can be properly estimated
by comparing the UV extinction at the transverse resonance of the wires with the one measured in
the visible. Furthermore, the radius of curvature of the wires’ edges, which is a crucial parameter
for near-field applications, can be determined with almost nanometer precision by looking at
the shape and spectral position of the transverse resonance peaks. Such an accurate structural
characterization would otherwise only be possible with the most advanced electron microscopy
techniques.

7.3.2 Nanowire networks as transparent electrodes

Our improved optical model allows us to give several design rules for the use of AgNWs in specific
applications. In particular, due to their plasmon resonance outside the visible and their high elec-
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trical conductivity, networks of AgNWs can be used as transparent electrodes for smart windows,
touch screens, solar cells, and organic light-emitting diodes (OLEDs).213 For these applications,
a minimal extinction in the visible is desired, while retaining a high conductivity of the network.
Upon decreasing the radius of the wire, we observe a blueshift of the transverse plasmon reso-
nance, together with a narrowing of the peak (Figure 7.2a). This blueshift toward the UV region
of the spectrum has been used as a justification for the need of synthesizing thinner nanowires for
applications in transparent electrodes.214 Although this strategy is correct, it can be seen from
Figure 7.2a that the blueshift of the extinction is only a few nanometers. The largest transparency
gain upon decreasing the nanowire radius is due to the lower residual extinction above 500 nm
which results from the decreased geometrical size of the wire.

To quantify the performance of AgNW networks in the context of transparent electrodes, we
calculate the optical transparency and electrical sheet resistance as a function of the wire density
and wire diameter. To calculate the transparency, we first pick an appropriate source spectrum
I0(λ). If we take the example of smart windows, where the electrode needs to be transparent to
the human eye, we can define I0(λ) as the product between the solar spectrum and the response of
a typical human eye to light (Figure 7.2b). We then calculate the wavelength-dependent optical
transmission of the network Tnetwork(λ) using193

Tnetwork(λ) = exp [−σext(λ)Ln] , (7.1)

where σext is in the unit of meters due to the use of two-dimensional simulations, L is the length
of the wire in meters and n is the wire density in #wires per square meter. The integrated
transmission T of the network is then be expressed by

T =

∫

I0Tnetworkdλ
∫

I0dλ
. (7.2)

Note that due to the distinct spectral shape of the human eye response (Figure 7.2b), we expect
T to be similar for all applications where the human eye is the sensor, such as touch screens and
OLEDs. For solar cell applications, however, the electrode needs to be transparent to photon
energies above the bandgap of the semiconductor. In this latter case, a more appropriate choice
for I0(λ) would be the portion of the solar spectrum with photon energies above the bandgap.
For the most widely-used semiconductor Si with a bandgap of 1.12 eV, this portion also includes
the ultraviolet, which overlaps with the extinction peaks of the AgNW network. Therefore, for
Si solar cells, we obtain slightly lower transmission values than for smart windows, touch screens,
and OLEDs (Figure 7.8).

We also calculate the electrical sheet resistance.192 The sheet resistance of an AgNW network has
contributions from the resistance at the junctions between different NWs and from the resistance
of the NW segments between the junctions. When the junctions have poor electrical conductivity,
the sheet resistance of the network is merely determined by the number of junctions.189 For the
same wire length, a smaller radius results in an increased optical transparency (Figure 7.2a), but
does not influence the amount of junctions and, therefore, also does not influence the sheet re-
sistance, making the design recommendation straightforward. In practical applications, however,
AgNW networks are often treated after deposition using, for example, thermal treatment215 or
mechanical pressing216 to minimize junction resistance to the point where the internal resistance
of the wires can no longer be neglected.192,217,218 As the resistance of a single wire scales with
the inverse of its cross-sectional area, a small radius is preferred for highly transparent networks
and a larger radius for highly conductive networks.

Using a previously reported model, we obtain the sheet resistance in Ohm per square, here denoted
using Ω/� (see also Methods section 7.5).192 We model a 30 × 30 µm2 area with contacts on
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Figure 7.2: AgNWs for transparent electrodes. (a) Calculated extinction cross section of an
infinite pentagonal wire. The radius R is decreased from 35 nm to 15 nm in steps of 5 nm.
The radius of curvature Rcurv = 10 nm. (b) Solar spectrum before (black) and after (blue)
multiplying by the human eye sensitivity, and an example of the transmission Tnetwork(λ) of an
AgNW network. (c) Transmission and sheet resistance for AgNW networks consisting of wires
with a pentagonal (closed circles) or circular (open circles) cross section. (d) Transmission and
sheet resistance of networks of pentagonal AgNWs with varying radii, as indicated using the same
color scheme as panel (a). In panels (c,d), every point is a different wire density, which ranges
from 0.05 µm−2 to 0.55 µm−2. The junction resistance is 11 Ω and the wire length is 10 µm.
The error bars are standard deviations resulting from simulating multiple samples (see Methods
section 7.5).

either side along the whole edge. Wires with a length L and a cross-sectional area A are placed
randomly at a density n. Each junction has a resistance Rjunc and the segments between the
junctions have a resistance Rseg that is calculated using

Rseg =
ρl

A
, (7.3)

where ρ = 2.26 · 10−8 Ωm is the resistivity of silver219 and l is the length of the segment. We find
that for fairly poor junctions (Rjunc = 1 kΩ) the sheet resistance is indeed junction-dominated
and depends mostly on the wire density n and only weakly on the wire radius R (Figure 7.9).
For optimized junctions (Rjunc = 11 Ω), however, we find that an increased radius significantly
decreases the total sheet resistance of the network (Figure 7.9).

For these optimized junctions, we first compare infinite cylindrical and pentagonal wires by model-
ing the sheet resistance and transmission of networks consisting of wires with equal cross-sectional
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areas (Figure 7.10). For example, we compare a pentagonal wire with R = 15 nm and Rcurv = 10
nm to a cylindrical wire with R = 14.6 nm. The characteristic extinction peaks that differentiate
these shapes lie in the UV part of the spectrum (Figure 7.1), where solar irradiation is not intense
and where the human eye is not sensitive (Figure 7.2b). Therefore, when calculating T , the re-
sulting transmission values are similar for pentagonal or circular geometries (Figure 7.2c). Due to
this similarity, when altering the NW radius, our improved optical model yields results that agree
with what has been reported previously for cylindrical wires (Figure 7.2d).192 For touch screen
applications, a sheet resistance below ∼100 Ω/� is sufficient. In these cases, AgNW networks
outperform indium tin oxide (ITO) already at moderate NW densities, especially for small radii
(Figure 7.2d). Furthermore, to obtain these sheet resistances, the junction resistance does not
need to be optimized down to 11 Ω, but is allowed to be higher (Figure 7.9). For OLEDs and
solar cell applications, which require a lower sheet resistance of ∼10 Ω/�, the use of optimized
junctions (Figure 7.9) and thin wires (Figure 7.2d) are instrumental.

7.3.3 Nanowires as near-field platforms

Whereas the transmission of an AgNW network mostly depends on the geometrical size of the
AgNW rather than its exact shape, the spatial distribution and intensity of the electric field
around the wire is expected to be strongly dependent on the nanowire cross section and on the
radius of curvature at its edges. Therefore, when estimating the performance of AgNWs for ap-
plications where the electric field strength is a key figure of merit, such as in Raman spectroscopy,
catalysis, and sensing,199–203 it is important to simulate the right geometry and to understand
which optical modes are supported by the AgNW and how these contribute to the near-field
intensity and distribution.

The characteristic UV extinction peaks of AgNWs are associated with the excitation of transverse
plasmon resonances (Figure 7.1a,b). In Figure 7.3, we compare the electric field distributions for
infinite cylindrical and pentagonal wires under perpendicular light polarization. For infinite cylin-
drical wires we use two-dimensional Mie theory,8,205 while for infinite pentagonal wires we obtain
the electric fields via FDTD simulations. In the former case, the contributions to the electric
field and to the extinction spectrum can be decomposed into dipolar, quadrupolar, and higher
order modes. We find that for R = 25 nm, besides the dipolar mode, the quadrupolar mode also
contributes to the extinction spectrum (Figure 7.3a). In fact, the energy range of the transverse
resonances observed here is also the range in which higher order modes in large Ag nanoparticles
occur.220 However, contrary to nanoparticles, here the dipolar and quadrupolar modes appear at
similar wavelengths and, therefore, do not appear as distinct peaks in the extinction spectrum.
For wavelengths below the extinction maximum (λ < 358 nm), the quadrupole contribution is
negligible (Figure 7.3a), resulting in near-field enhancement distributions with a dominant dipolar
character, as indicated by the two opposite charges at the nanowire surface (Figure 7.3b). At the
cylindrical wire resonance, both the quadrupolar (λ = 358 nm) and the dipolar (λ = 364 nm)
resonances contribute to the overall extinction, resulting in an overall near-field distribution
with a quadrupolar character (Figure 7.3c,d). For wavelengths above the extinction maximum
(λ > 364 nm) the quadrupole contribution vanishes and the near-field enhancement distribution
has again a simple dipolar character (Figure 7.3e).

The finite-difference time-domain method does not allow us to decompose the extinction spectrum
into dipolar and quadrupolar contributions easily. However, in the near-field maps we observe two
non-degenerate quadrupolar modes for both extinction peaks of the pentagonally twinned wire,
as shown in Figure 7.3h,i, even though the low energy peak around 375 nm is often attributed to a
dipolar resonance.196,221 This confusion likely stems from the analogy with the optical properties
of large metallic spheres, in which the strong dipolar peak is accompanied by a smaller quadrupolar
peak at a lower wavelength. For wavelengths above and below the extinction maxima we again
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Figure 7.3: Extinction cross sections and electric field distributions for infinite cylindrical and
pentagonal wires. (a) Extinction cross section calculated for an infinite cylindrical silver wire
with a radius of 25 nm (black) and its decomposition into dipolar (dark blue) and quadrupolar
(light blue) contributions. The dashed vertical lines correspond to the wavelengths of the field
enhancement maps in panels (b) 340 nm, (c) 358 nm, (d) 364 nm, and (e) 380 nm. (f) Extinction
cross section calculated for an infinite pentagonal silver wire with a radius of 25 nm and a radius
of curvature of 10 nm. The dashed vertical lines correspond to the wavelengths of the field
enhancement maps in panels (g) 331 nm, (h) 347 nm, (i) 375 nm, and (j) 401 nm. The white
arrows in the field enhancement maps indicate the real components of the vectorial electric field
and the plotted fields are total fields (incident + scattered).

observe a dipolar near-field distribution (Figure 7.3g,j). Most notably, in the transition from
a cylinder to a pentagonally twinned wire we also observe roughly a twofold increase in the
electric field strength, which can be attributed to the presence of sharper corners (Figure 7.3).222

This observation highlights the importance of using an accurate geometrical description when
predicting the performance of AgNW-based devices that rely on near-field enhancements.

7.4 Conclusion

In conclusion, we studied how the optical properties of AgNWs depend on the shape of their
cross section. We demonstrated that comprehensive knowledge of the relationship between the
optical properties and the geometry of AgNWs allows us to extract accurate structural information
from simple UV-vis spectroscopy. We showed that the characteristic double extinction peak of
colloidal AgNWs is a clear marker of a pentagonal cross section and that the exact shape of
the peak is extremely structurally sensitive to the radius of curvature of the edges, which is a
crucial structural parameter for accurately modeling near-fields. On the contrary, when modeling
AgNWs for transparent electrode applications, a simple cylindrical approximation is sufficient to
reproduce the optical and electrical performance of nanowire networks. Our results can help in
assessing the yield of AgNW syntheses, as well as in choosing the right nanowire dimensions for
maximizing the sensing and enhancing effects in applications like Raman spectroscopy.
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7.5 Methods

7.5.1 Mie theory

Mie theory calculations of infinitely long cylinders are performed using MatScat205 with a dielec-
tric function from the literature.44

7.5.2 FDTD simulations

FDTD simulations are performed using Lumerical FDTD123 with a dielectric function from the
literature.44 The nanowire has a pentagonal cross section (see main text and Figure 7.1d) and
is assumed to be infinitely long due to the use of a two-dimensional simulation geometry. The
simulation bandwidth ranges from 315 nm to 800 nm to ensure an accurate fit of the dielectric
function over all simulated wavelengths (Figure 7.7). Around the AgNW a fine mesh of 0.25 ×
0.25 nm2 is used.

7.5.3 Sheet resistance model

The sheet resistance is modeled using a previously reported model.192 The input variables (wire
diameter, wire length, wire density, and simulation box size) are mentioned in the main text. The
model maps the spatial coordinates of the nanowire junctions and assigns either a junction with
a resistance Rjunc or a segment with a resistance Rseg. The corresponding resistance matrix is
solved using Kirchhoff’s circuit law. To obtain accurate sheet resistances and their corresponding
standard deviations, the number of samples is varied from 3, for high nanowire densities, to 100,
for low nanowire densities.
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7.6 Supporting information

7.6.1 Reflectivity of an Ag mirror

For polarizations parallel to the long axis of the wire ( ~E‖) we observe a broadband response in the
scattering cross section σsca of an Ag cylinder (Figure 7.1). To demonstrate the analogy with the
reflectivity of an Ag mirror we simulate the transmission, reflection, and absorption of a 50 nm
Ag film (Figure 7.4). We use a finite-difference time-domain method with a dielectric function
taken from literature.44

Figure 7.4: Analogy between the reflectivity of an Ag mirror and the scattering cross section of
an Ag cylinder for longitudinal polarizations ( ~E‖). (a) Transmission, reflection, and absorption
of a 50 nm Ag film in air. (b) Comparison between the reflection of the 50 nm Ag film (black)
and the scattering efficiency of an Ag cylinder with a radius of R = 25 nm illuminated with a
polarization along its long axis (blue). The scattering efficiency is defined as σsca/2R.

7.6.2 Extinction of Ag cylinders with varying radii

The modeled extinction spectrum of an Ag cylinder with a radius R = 25 nm does not accurately
reproduce the characteristic double peak that is experimentally observed (Figure 7.1). Also for
other values of R the extinction spectrum of an Ag cylinder does not show a double peak in the
UV (Figure 7.5).

Figure 7.5: (a) Extinction spectra of Ag cylinders with different radii. The radius R is decreased
from 10 nm (dark blue) to 40 nm (light blue) in steps of 5 nm. (b) Contributions from the dipolar
(purple), quadrupolar (dark blue), and octupolar (light blue) modes to the extinction peaks in
panel (a).
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7.6.3 Full bandwidth comparison between circular and pentagonal cross sec-

tions

In Figure 7.1c,f we plot comparisons between simulated and measured extinction spectra for
circular and pentagonal cross sections from 320 nm to 550 nm to highlight the transverse plasmon
resonance. Below, in Figure 7.6, we plot the full simulated bandwidth (315 nm to 800 nm) to
also highlight the residual extinction in the visible.

Figure 7.6: Comparison between the simulated (dashed) extinction spectrum of a circular (a) or
pentagonal (b) infinite nanowire with the one measured experimentally for 25 nm radius PVP-
stabilized AgNWs in water (solid).204

7.6.4 Fit of the dielectric function

For the finite-difference time-domain (FDTD) simulations the experimental dielectric function is
fitted (Figure 7.7). As FDTD simulations take place in the time domain, the relation between
the dielectric displacement and the electric field needs to be causal, i.e. materials cannot respond
to fields in the future. This condition places some restrictions on the fitted dielectric function,
known as the Kramers-Kronig relations.42

Figure 7.7: Fitted dielectric function for FDTD simulations. (a,b) Real (a) and imaginary (b)
part of the experimental dielectric function (green squares) and the fit for the FDTD simulations
(blue lines).
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7.6.5 AgNW networks for solar cells

As can be seen in Figure 7.2b, the extinction peaks of AgNW networks lie outside the spectral
range where the human eye is sensitive. Therefore, AgNW networks have a high transparency
for transparent electrode applications (Figure 7.8a). However, solar cells also absorb in the UV,
which coincides with the extinction peaks of the AgNW network. This overlap results in slightly
lower transparency values when AgNW networks are used in solar cell applications (Figure 7.8b).

Figure 7.8: Transmission and sheet resistance values for AgNW networks for (a) transparent elec-
trode and (b) solar cell applications. The simulation parameters are the same as those presented
in Figure 7.2d.
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7.6.6 AgNW network sheet resistance as a function of wire density

The model that we use for simulating the sheet resistance of an AgNW network takes into account
both the resistance at the NW junctions and the resistance of the segments between the junc-
tions.192 When the junctions are poor, the resistance in the NW segments does not contribute
significantly to the sheet resistance. Therefore, in these cases, the sheet resistance is mostly de-
pendent on the NW density, which determines the amount of junctions, and only weakly on the
NW diameter, which determines the resistance of the segments (Figure 7.9a).

As the junctions become better and Rjunc becomes lower, the sheet resistance of the network
decreases and the influence of the NW segments becomes more dominant, which is demonstrated
by the dependency of the sheet resistance on the wire radius R in Figure 7.9b,c.

Figure 7.9: Simulated sheet resistance as a function of the AgNW density. The simulation
parameters are the same as those presented in Figure 7.2d. The wire radius R is increased from
15 nm to 35 nm in steps of 5 nm. The junction resistance Rjunc is (a) 1 kΩ, (b) 100 Ω, or (c)
11 Ω.
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7.6.7 Pentagonal vs circular cross section comparison

To calculate the area of a pentagon with rounded corners, we first define a triangle at one of the
corners (Figure 7.10a). The area A1 of this triangle is

A1 =
1

2
R2

curv/tan 54◦ (7.4)

The part of this triangle that is occupied with the rounded pentagon has an area

A2 =
36

360
πR2

curv =
π

10
R2

curv (7.5)

The amount of area that is taken away by rounding the corners then is

A3 = 10(A1 − A2) (7.6)

The initial unrounded pentagon has a radius Runr that is larger than R (Figure 7.10a):

Runr = R + Rcurv

(

1

sin 54◦
− 1

)

(7.7)

The area of the rounded pentagon then becomes

A4 =
5

4

√

5 +
√

5

2
R2

unr − A3 (7.8)

As can be seen in Figure 7.10b, when simulating cylinders and pentagons with equal cross-
sectional areas, the resulting extinction spectra are similar for wavelengths above ∼450 nm. The
characteristic double peak of the pentagon lies in the UV part of the spectrum, where solar
irradiation is not intense and where the human eye is not sensitive (Figure 7.2b). Therefore,
simulating pentagonal rather than cylindrical wires has no added benefit when calculating the
transmission of AgNW networks for solar cell or transparent electrode applications (Figure 7.2c).

Figure 7.10: (a) Illustration indicating the radius R and radius of curvature Rcurv of an AgNW
with a pentagonal cross section. The triangle at one of the NW corners is used to calculate
the cross-sectional area. (b) Extinction of wires with identical cross-sectional areas, but with a
pentagonal (Rcurv = 10 nm) or circular cross section. The radii R are 15 nm, 25 nm, and 35 nm
(pentagonal cross section), or 14.6 nm, 23.5 nm, and 32.3 nm (circular cross section).
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Chapter 8

Conclusion

8.1 Main findings

In this thesis we have reported a wide variety of studies on the optical properties of metallic
nanoparticles, all linked by the work of plasmonic near-fields.

Here, we summarize the main findings of this thesis.

• In chapter 4 we showed that extended lattice resonances in plasmonic particle arrays have
minimal influence on the spontaneous decay rate of single molecule emitters, but instead
can be exploited to enhance the outcoupling and directivity of the emission. These results
can guide the rational design of future optical devices based on plasmonic particle arrays.

• In chapter 5 we mapped the position of individual product molecules from a chemical
reaction driven by plasmonic near-fields, with ∼30 nm spatial resolution. We demonstrated
a clear correlation between the electric field distribution around individual nanoparticles
and their super-resolved catalytic activity maps. These results can be extended to systems
with more complex electric field distributions, thereby guiding the design of future advanced
photocatalysts.

• In chapter 6 we disentangled every possible activation mechanism of a plasmon-driven
chemical reaction. Using different illumination wavelengths combined with extinction spec-
troscopy, transmission electron microscopy, thermal characterization, and finite-difference
time-domain simulations, we unequivocally identified interband holes as the main driving
force behind a silver shell growth around gold nanorods. This strategy to discern between
plasmon activation mechanisms can be extended to a variety of light-driven processes in-
cluding photocatalysis, nanoparticle syntheses, and drug delivery.

• In chapter 7 we showed that accurately modeling the geometry of silver nanowires is crucial
to deduce structural information from the extinction spectra of nanowire suspensions and
to predict the performance of nanowire-based plasmonic near-field sensors. These results
can help assess the quality of nanowire syntheses and guide in the design of optimized silver
nanowire-based devices.

8.2 Future perspectives

In this section we propose some research directions that emerge from our work and that have the
promise to answer remaining open questions in the generation, control, and utilization of plas-
monic near-fields, non-equilibrium charge carriers, and photothermal effects in metal nanoparti-
cles.

131



8

Chapter 8: Conclusion

In chapter 5 we have seen how super-resolution microscopy could be used to study the role of
plasmonic near-fields in activating photochemical conversions. In the future, super-resolution mi-
croscopy can be extended to study chemical reactions driven by non-equilibrium charge carriers.
The nanometer spatial resolution that can be achieved with this technique can be used to compare
the spatial distribution of catalytic reactions to calculated non-equilibrium charge carrier distri-
butions.132–134 This approach would result in a platform to study charge carrier-driven catalysis
at the nanoscale under in-situ conditions, removing the necessity for ex-situ characterizations, for
example using electron microscopy.39,133,223

Recently, Li et al. have shown that the turnover rate of the fluorogenic oxidation from Amplex
Red to resorufin catalyzed by Au nanorods can be enhanced under 785 nm excitation.140 This
wavelength does not excite the reactant or the product, which excludes plasmonic near-fields from
enhancing any direct excitation in these molecules, but only excites the plasmon resonance of the
catalysts. A 532 nm laser is used simultaneously, at a low power density, to image the fluores-
cent products. Temperature-dependent characterizations of the turnover rate showed a change
in the activation barrier for the first step of the reaction under plasmon excitation, whereas the
activation barrier for the second and final step remained unaltered. The fact that only one of the
two barriers changed under plasmon excitation, combined with temperature measurements and
calculations, excludes plasmonic heating as an activation mechanism, making non-equilibrium
charge carriers the main driving force.

The study by Li et al. unequivocally showed an activation mechanism due to non-equilibrium
charge carriers. One can therefore envision the use of our super-resolution approach to study the
same reaction. The usual figure of merit for the characterization of plasmonic enhancement in
a chemical reaction is the increase in the turnover rate. However, the spatial position at which
the chemical reaction takes place can give further insight in the underlying mechanism of the
acceleration.224 More specifically, the generation of non-equilibrium charge carriers is expected
to follow the light polarization, whereas thermal contributions are expected to be homogeneous
across the particle.58 In practical terms, experiments could be performed on catalysts with an
isotropic in-plane shape, such as nanodisks.225 The catalyst can then be excited with different in-
plane polarizations, without changing the scattering and absorption cross sections. Furthermore,
using isotropic shapes minimizes intrinsic heterogeneities in the spatial distribution of catalytic
activity, which typically happens when catalysts have sharp features such as tips or corners.128

Plasmon excitation can then result in a control over where the chemistry takes place, if the reac-
tion is driven by non-equilibrium charge carriers, or in an enhancement across the whole surface
of the catalyst, if the reaction is driven by photothermal heating.

From a more general perspective, more research is required in the understanding of how photon
absorption eventually results in the excitation of an adsorbate molecule or in charge transfer to
an adjacent semiconductor. In the context of non-equilibrium charge carriers, photon absorption
first results in the formation of an electron-hole pair inside the metal. The electron or hole is
then ‘put to work’ only after being transferred to the adjacent species. This transfer process sig-
nificantly limits the efficiency of non-equilibrium charge carrier-driven processes, due to the high
recombination rates of the carriers involved.60 However, as mentioned in chapter 5, several studies
have proposed a different mechanism to explain their plasmon-driven catalysis enhancement, in
which the plasmonic near-fields induce direct optical excitations of adsorbate molecules.142–145

This mechanism is not limited by fast electron-electron scattering and could therefore result in
high conversion efficiencies. Furthermore, recently, metal to semiconductor charge transfer effi-
ciencies in excess of 80% have been observed, which is substantially higher than what has been
previously reported.26 While exciting, a proper understanding of a ‘direct’ mechanism requires
a more extensive understanding of how electronic states hybridize at a metal-molecule or metal-
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semiconductor interface and requires for experiments to be able to differentiate between this
mechanism and the ‘indirect’ mechanism of electron transfer from the metal.226

One approach often used to characterize the existence of the direct mechanism is by measuring
the change in the plasmon linewidth. Photon absorption via this mechanism adds an additional
loss channel for the plasmon resonance, often referred to as ‘chemical interface damping’, result-
ing in a broadening of the plasmon. This broadening should be the largest when the plasmon
resonance wavelength is matched to the energy of the direct transition that is made available
by adsorbing a molecule. One can therefore envision experiments on nanoparticles with vary-
ing resonance wavelengths and the same adsorbate, or on similar nanoparticles and adsorbates
with varying gaps between their highest occupied molecular orbital and their lowest unoccupied
molecular orbital. The increase in linewidth should then peak when the energy of the plasmon
is matched to that of the direct transition.226 Another possibility would be to control the rate of
energy exchange between a plasmonic nanoparticle and an adsorbate by modifying the coupling
strength, for example by using spacer layers. Simultaneously, it is important to be aware of the
fact that plasmon broadening by molecular adsorbates is not necessarily an indication of charge
transfer. Their presence can also broaden the plasmon by inducing dipoles in the metal227,228 or
due to electron scattering caused by an adsorbate-induced effective roughness of the surface.229

Understanding and being able to control all these mechanisms could then result in the rational
design of photocatalysts with increased conversion efficiencies.
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