


 
 

ABSTRACT 

Hybrid and Molecular Plasmonics for Strongly Coupled 
Nanosystems and Photoelectrochemical Devices  

by 

Andrea E. Schlather 

The field of nanophotonics has realized rapid growth over the past several decades, 

as novel nanoscale materials are consistently being developed and researched for a wide 

variety of promising light-driven applications. Plasmonics is a particularly fascinating 

subset of nanomaterials research, owing to the unique ability of metallic nanostructures to 

interact with light from areas larger than their physical size, effectively focusing it to 

dimensions below the diffraction limit.  This interaction, called a localized surface 

plasmon, arises when the electric field of light induces a coherent oscillation of the 

conduction electrons in the metal.  Tuning the geometry and near-field environment of 

metallic nanostructures allows for controlled light scattering and absorption across a broad 

spectral range.  Moreover, the strong spatial confinement of electric fields near the metal 

surface can remarkably enhance a host of molecular processes, motivating the development 

of plasmonic nanomaterials for single molecule sensing, photocatalysis and 

photoelectrochemical devices.  This thesis will focus on two sets of interactions between 

plasmonic metal nanostructures and molecules in their local environment. Using 

spectroscopic and electrochemical techniques, the experimental far-field responses are 

correlated to the calculated near-field properties of the metal nanostructures. This is 

followed by a demonstration that molecules themselves may sustain plasmon resonances 

through active electrochemical charging.   



 
 

In the first part of this thesis, the near-field coupling of plasmons and molecular 

excitons are studied at the single-particle level.  Polarization-dependent hyperspectral dark 

field microspectroscopy is used to probe the far-field scattering response of plasmonic 

dimers, which is influenced by strong near-field coupling to molecular J-aggregates located 

in the dimer junction. The coupling strengths are quantified and a rigorous theoretical 

investigation reveals that the plexcitonic coupling is dependent on the intensity of the 

plasmonic field enhancement in the dimer junction, which can be tuned by varying the 

polarization of incident light.  These nanostructures represent a class of hybrid plasmonic 

materials that show reversible, all-optical spectral modulation, a necessary feature for a 

number of applications ranging from ultrafast optical switches to tactical obscurants.   

The next part of this thesis investigates the factors influencing the efficiency and 

kinetics of plasmonic hot carrier- driven redox reactions in an photoelectrochemical cell.  

Multi-layered Au-SiO2-Au nanoparticles, called nanomatroyshkas (NMs), serve as nano-

electrodes due to their interesting optical properties.  Strong light absorption by the NM 

electrodes leads to the formation of energetic hot electron-hole pairs that can be utilized to 

drive chemical reactions of surface adsorbates.  The photooxidation of citrate by plasmonic 

hot holes and subsequent reduction of water by hot electrons on the surface of the NM 

electrodes is studied as a function of excitation wavelength, electrode potential and incident 

laser power.  A qualitative system for optimizing plasmon-enabled photoelectrochemical 

reactions is presented by considering the interplay between plasmonic absorption and the 

energy alignment of hot carriers with molecules at the metal-solution interface.  This result 

is an important step toward the ultimate goal of designing optimized nanomaterials for 

efficient photoelectrochemical devices. 



 
 

In the last part of this thesis, a new class of carbon-based plasmonic materials is 

proposed by reconsidering our understanding of the nature of optical transitions in charged 

polycyclic aromatic hydrocarbons (PAHs).  2D- graphene doped with charge carriers has 

been shown to support a surface plasmon resonance that is optically- and electrically-

tunable in the mid-infrared (IR) and terahertz regimes.  This study confirms theoretical 

predictions that spatial confinement of graphene to its smallest dimensions, that is, to 

individual PAH molecules containing only a few tens of atoms, can result in visible optical 

transitions when the molecules are charged with single electrons.  A custom 

spectroelectrochemical setup is built to study the visible resonances of a series of PAH 

molecules in their reduced state, sustained by the absence of water or oxygen in a non-

aqueous electrochemical cell.  Time-dependent density functional theory (TDDFT) 

calculations provide insight into the origins of the broad, intensely-absorbing experimental 

optical spectra, which are concluded to be a superposition of light-induced electronic and 

vibronic transitions that are dipolar in nature.  While efforts to fully understand these 

polarizable molecular transitions are ongoing, a number of research possibilities and 

potential applications arise from the addition of PAH molecules to the nanophotonics 

toolbox.  
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Chapter 1 

Introduction 

The field of nanophotonics has realized rapid growth over the past several decades, 

as novel nanoscale materials are consistently being developed and researched for a wide 

variety of promising applications. Plasmonics is a particularly fascinating subset of 

nanomaterials research, owing to the unique ability of metallic nanostructures to act as 

antennas at optical frequencies, focusing light from areas larger than their physical size, 1,2 

then manipulating it at dimensions far below the diffraction limit.  This occurs when light 

is incident upon a metal nanostructure with a diameter that is much smaller than the 

wavelength of light. The electric field of light drives a coherent, longitudinal oscillation of 

the conduction electrons in the metal, called a localized surface plasmon (LSP).  A direct 

consequence of this strong light-matter interaction is the creation of intense electric fields 

localized near the surface of the metal called hot spots.  Hot spots can greatly enhance the 

physical and chemical processes of a wide variety of materials, inspiring the development 
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of new technologies in fields ranging from biomedical therapeudics3, to photovoltaics4 and 

photocatalysis5, to sensing6.  

The apparent versatility of plasmonic nanostructures arises from the ability to 

engineer LSPs that have specific resonance characteristics. By altering a metal 

nanostructure’s size, shape, material and near-field environment7, the frequency of light 

that drives the plasmon oscillations can be tuned across the electromagnetic spectrum, from 

the ultraviolet, to the mid-infrared.8–11  Arguably, no where else is this “nanophotonic 

toolbox” more well-demonstrated than in the variety of surface-enhanced spectroscopic 

techniques that have been developed to probe molecular transitions.  In fact, strong 

interactions between plasmonic and molecular resonances have always been at the frontier 

of plasmonics research, owing to the discovery that localized electric fields could amplify 

weak Raman transition signals by a factor of 105 in pyridine molecules adsorbed to 

roughened Ag surfaces.12  This was soon followed by other reports of surface-enhanced 

Raman13 and surface-enhanced infrared absorption.14 Almost a decade later, Nitzan and 

Brus predicted that chemical reactions could be driven by energy transfer from plasmonic 

near fields.15,16  It was not until 1997 that researchers directly measured the surface-

enhanced Raman spectrum of a single molecule, with an enhancement factor of  ~1015, 

located in the junction between two closely-spaced metal nanoparticles.17,18  To this day, a 

strong impetus exists to develop nanophotonic devices with higher sensitivities19,20 and 

greater enhancement of molecular processes.  

This thesis will focus on two sets of interactions between plasmonic metal 

nanostructures and molecules in their local environment, employing spectroscopic and 

electrochemical techniques to correlate the calculated near-field properties and 
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experimental far-field responses of the metal nanostructures.  This is followed by a 

demonstration that molecules themselves may sustain plasmon resonances through active 

charging.  The remainder of this chapter will serve as an outline to the remaining chapters, 

as described below. 

Chapter 2 provides background information on the characteristics of plasmonic 

nanostructures that govern their optical and electronic response.  The first section will 

outline the life of a plasmon, from resonant excitation to the possible decay pathways.  

Next, the theory of plasmon hybridization, the electronic coupling of multiple plasmon 

states, will be introduced and applied to explain the optical properties of the nanostructures 

presented in this thesis.   

In Chapter 3, the near-field coupling of plasmons and molecular excitons are 

studied at the single-particle level.  Polarization-dependent hyperspectral dark field 

microspectroscopy is used to probe the far-field scattering response of plasmonic dimers, 

which is influenced by strong near-field coupling to molecular J-aggregates located in the 

dimer junction. The coupling strengths are quantified and a rigorous theoretical 

investigation reveals that the plexcitonic coupling is dependent on the intensity of the 

plasmonic field enhancement in the dimer junction, which can be tuned by varying the 

polarization of incident light. 

Chapter 4 examines the factors influencing the efficiency and kinetics of plasmonic 

hot carriers in an photoelectrochemical cell.  Multi-layered Au-SiO2-Au nanoparticles, 

called nanomatroyshkas (NMs), are employed as nano-electrodes due to their interesting 

optical properties.  The light-driven oxidation of citrate by plasmonic hot holes and 
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subsequent reduction of water by hot electron –charged NMs is studied as a function of 

excitation wavelength, electrode potential and incident laser power.  A system for 

optimizing plasmon-enabled photoelectrochemical reactions through hot carrier 

photocharging and discharging is presented by considering the interplay between 

plasmonic absorption and the energy alignment of hot carriers with molecules at the metal-

solution interface. 

In Chapter 5, a new class of carbon-based plasmonic materials is proposed by 

reconsidering our understanding of the nature of optical transitions in charged polycyclic 

aromatic hydrocarbons (PAHs).  2D- graphene doped with charge carriers has been shown 

to support a surface plasmon resonance that is optically- and electrically-tunable in the 

mid-infrared (IR) and terahertz regimes.  This study confirms theoretical predictions that 

spatial confinement of graphene to its smallest dimensions, that is, to individual PAH 

molecules containing only a few tens of atoms, can result in visible optical transitions when 

the molecules are charged with single electrons.  A custom spectroelectrochemical setup is 

built to study the visible resonances of a series of PAH molecules in their reduced state, 

sustained by the absence of water or oxygen in a non-aqueous electrochemical cell.  Time-

dependent density functional theory (TDDFT) calculations provide insight into the origins 

of the broad, intensely-absorbing experimental optical spectra, which are concluded to be 

a superposition of light-induced electronic and vibronic transitions that are dipolar in 

nature.  While efforts to fully understand these polarizable molecular transitions are 

ongoing, a number of research possibilities and potential applications arise from the 

addition of PAH molecules to the nanophotonics toolbox.   
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Chapter 2 

Background 

This chapter introduces important concepts discussed throughout this thesis. Key 

equations derived from the quasistatic approximation of plasmon formation in a spherical 

nanoparticle are discussed, as well as dielectric functions and plasmon hybridization 

theory.  Brief topical discussions on nanoparticle electrodes and graphene as a plasmonic 

material are also given. 

2.1. Localized surface plasmons and the dielectric function 

The conductivity of metals that governs their optical, electrical, and thermal response 

is the result of charge carriers that can move freely across the metallic valence band. This 

delocalization of electrons from the fixed atomic lattice also means that the charges can be 

perturbed by an external electric force and thus sustain plasma oscillations.  A plasma 

oscillation is the coherent oscillation of the conduction electrons in a metal; the 
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quantization of a plasma oscillation is called a plasmon.  The electrons in a bulk metal can 

be visualized through the Drude model, which describes them as part of a free electron gas, 

interacting only through inelastic collisions with other electrons.21  The collective 

polarization of the electron gas is the combination of individual electron dipole moments 

created by an an external electric field, while the oscillation results from the spatial 

propagation of an oscillating electric field (i.e. light) through the electron gas in the time 

domain. According to the Drude model, the propagation of light through a bulk metal is a 

function of the frequency-dependent dielectric function, ε(ω):1 

𝜀 𝜔 = 1 − )*+

)+
    2.1 

where ωp is the frequency of the bulk plasma oscillation. Solving the wave equation for ω 

> ωp describes a plane wave propagating through a material without attenuation.  

Conversely, for ω  <  ωp, the wave will decay exponentially as it travels through the metal. 

For most metals, ωp is in the deep ultraviolet (UV) region of the electromagnetic spectrum, 

which explains why bulk metals reflect visible light.   

The conditions change drastically when the dimensions of the metal are shrunken 

to nanoscale regime, because the wavelength of incident light is now much larger than the 

particle size. For particles with radius R<<λ,  Mie theory provides an exact analytical 

solution for the polarizability of the electron gas, α,  using the quasistatic 

approximation.7,22,23 The quasistatic approximation assumes that a particle with sufficiently 

small radius will be equally polarized by an incoming plane wave across its entire volume, 

thus the problem can be treated electrostatically.  The particle is described by the bulk 
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frequency-dependent dielectric constant of the metal, 𝜖 𝜔 = 𝜀- 𝜔 + 𝑖𝜀--(𝜔), 

surrounded by a homogenous dielectric medium, 𝜀2(𝜔).  The complex dielectric 

constant,	𝜖 𝜔 , contains a real component, 𝜀′, and an imaginery component, 𝜀′′.   The real 

component describes the magnitude to which a material will polarize in response to an 

external field.  The imaginary component is a measure of the phase-matching between the 

material and the applied field. The larger the value of 𝜀′′, the more the material response 

will be out-of-phase with the external field, leading to destructive interference, or damping 

of the resonance.  Both the real and imaginary components are equally important to the 

resonance condition of a particle and together contain all of the frequency-dependent and 

–independent properties that are intrinsic to a material.   

It can be shown that by applying the appropriate boundary conditions to Laplace’s 

equation,7,24 we can can solve for the electric potential, and thus the related electric fields, 

for inside and outside the sphere. The expression describing the electric field inside the 

sphere (found elsewhere) can be used to find the internal polarization density, P(r): 

𝑷 𝒓 = 7879
:;

𝑬 = =
:;

7879
7>?79

𝑬𝟎    2.2 

Equation 2.2 confirms that the polarization of the electron gas is equal over all points in 

the sphere.  The dipole moment, p(r), can be found by integrating over the sphere volume:  

𝒑 𝒓 = 7879
7>?79

𝑅=𝑬B    2.3 

The polarizability, α, can be determined by p=αE0: 

𝛼 = 7879
7>?79

𝑅=     2.4 
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Equation 2.4 demonstrates that particle is most polarized, and thus resonant, when 𝜀 +

2𝜀2is minimized.  When the surrounding medium is non-conductive, 𝜀2 is positive and 

real, and so the particle resonance will occur at a frequency at which the real component 

𝜀- = −2𝜀2.  In a non-conductive medium, the resonant condition requires a negative 𝜀′ , 

which explains why only conducting materials (i.e. metals) can sustain a plasmon 

resonance.1  The fact that metal nanoparticles resonate at frequencies lower than their bulk 

plasmon frequency can be justified by making 𝜀 = −2𝜀2 in Equation 2.1 and solving for 

ω: 

𝜔 = )*
E>?79

     2.5 

Equation 2.5 establishes that the LSPR frequency of a particle in vacuum (𝜀2 = 1) will be 

lower than the bulk plasmon by a factor of 1/ 3.  Additionally, it predicts that the LSPR 

frequency will shift to lower frequencies when the dielectric constant of the surrounding 

medium increases (𝜀2 > 1).7 

 The magnitude of  (𝜀 + 2𝜀2)-1 describes the strength of the resonance and is 

affected by the imaginary part of the complex dielectric function, 𝜀′′.  The smaller the value 

of 𝜀′′ at the resonance frequency, the stronger the resonance will be.  For metals such as 

Au, Ag and Al, interband transitions from filled d-band states to the partially-filled sp-

conduction band make up a large contribution to 𝜀′′ at visible to near-IR frequencies.25,26  

At frequencies with a large of value of (𝜀 + 2𝜀2)-1, damping through interband transitions 

is strong enough to essentially kill the plasmon resonance.27  To account for interband 



 9 
 

transitions in a material, the Drude expression ε(ω) can be modified by adding an additional 

frequency-dependent term, 𝜀HI 𝜔  : 

𝜀 = 𝜀HI 𝜔 + 1 − )*+

)+>H)J
    2.6 

From the polarizability in Equation 2.4, the corresponding scattering and absorption cross-

sections 𝜎LMNO and 𝜎NIL can be calculated by the Poynting vector:28  

𝜎LMNO =
E?P;Q79+

=RQ
𝛼 ? = E?P;QST79+

=RU
7879
7>?79

?
   2.7 

𝜎NIL =
P;+ 79

R
𝐼𝑚 𝛼 = P;+SX 79

R
𝐼𝑚 7879

7>?79
           2.8 

The absorption cross-section depends on the imaginary part of the frequency-dependent 

dielectric polarizability term, (𝜀 − 𝜀2)/(	𝜀 + 2𝜀2), while the scattering cross-section is 

dependent on the magnitude of that term.  This dependence explains why the maximum 

scattering and absorption frequencies both overlap with the plasmon resonance frequency.  

Additionally, 𝜎NIL scales with R3, while 𝜎LMNO scales with R6, meaning absorption will 

dominate in small particles, while scattering becomes more prominent as R increases.  An 

interesting consequence of the dependence of 𝜎NIL on Im[(𝜀 − 𝜀2)/(	𝜀 + 2𝜀2)] is that at 

interband frequencies, when the plasmon resonance is damped, a particle will continue to 

absorb light very strongly.  This is apparent in a Mie calculation of a R=25 nm Au 

nanoparticle (NP) in vacuum, as shown in Figure 2.1.  The Au dielectric function was taken 

from Johnson & Christy.29  The onset of Au d-band transitions occurs at a wavelength 

λ~530 nm, which overlaps with the LSPR of the NP.  The extinction, shown in black, is 
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the sum of the scattering and absorption components.  At R=25nm, absorption of green 

light dominates scattering, thus the visible color of the solution would be pink- red. 

 

Figure 2.1 Dipolar plasmon extinction, scattering and absoprtion cross-sections for a 
spherical Au NP with a radius of 25 nm, calculated from EquationXX using the 
Johnson & Christy dielectric function for Au.  

One consequence of increasing the NP size, thereby increasing 𝜎LMNO, is that radiative 

damping results in substantial broadening of the plasmon linewidth23, described by γ in 

Equation 2.6.  Once the NP diameter becomes sufficiently large that it approaches the 

wavelength of incident light, the quasistatic approximation can no longer be applied.  In 

this regime, retardation effects appear from a phase delay in the electric field response 

across the particle.  This results in a red-shifting of the LSPR to longer wavelengths.  As 

the quasistatic solution describing the electric field contains the spherical harmonics, we 

know that plasmonic NPs can support resonance from higher-order multipoles.  However, 

for a resonance to be driven by an external electric field, Equation 2.3 tells us that the 
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resonance must have a net non-zero dipole moment.  Since higher-order modes, such as 

quadrupoles, do not have a net dipole moment, they cannot be directly excited by light.  

Interestingly enough, multipole resonances can still be visible in the extinction spectrum 

of large metal NPs due to retardation.30  In the case of a R=125 nm Au NP, plane wave 

excitation at 500 nm generates a strong quadrupole that is absorbed by an otherwise highly-

scattering NP.  Multipolar modes cannot radiate into the far field, thus they are 

characterized as “dark modes,” and are known for being highly absorptive31.  Conversely, 

dipolar excitations can undergo radiative decay and are called “bright modes”. 

 

Figure 2.2 LSPR extinction, scattering and absoprtion cross-sections for a spherical 
Au NP with a radius of 125 nm, calculated from EquationXX using the Johnson & 
Christy dielectric function for Au. The dipole mode is very broadened, due to 
radiative damping, while the absorption of a quadrupole mode can be seen at 500 nm 
from retardation effects. 
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Theoretical simulations are extremely valuable for investigating and understanding 

complex light-matter interactions, as often the experimental extinction or scattering spectra 

do not give a full description. Mie theory does not provide analytical solutions for non-

spherical particle geometries, so for modeling complex systems, we turn to alternative 

computational methods such as finite-difference-time-domain (FDTD), discrete-dipole 

approximation (DDA), and finite element method (FEM), among others.  Such techniques 

have the ability to solve for complex geometries by employing a meshing approach to solve 

Maxwell’s equations at individual, discrete units in space.23,32 These tools greatly expand 

the amount of quantitative information we can obtain about complex NP geometries and 

particle-to-particle interactions, but can lack the means to provide a complete qualitative 

description of those interactions. 

2.1. Plasmon hybridization theory 

When two or more metallic NPs are placed in close enough proximity that their near-

fields spatially overlap, a strong coupling of the resonances results in frequency shifts33 

and changes in the optical lineshape34,35.  This phenomenon is extremely interesting 

because it provides researchers the ability to engineer nanophotonic materials with 

specifically tuned far- field scattering profiles, for example to overlap the near-IR 

transparency window of cells for optimized in vivo photothermal tumor ablation.36   

Moreover, local electric fields are intensified at the junctions between closely-spaced NPs, 

allowing for spectroscopic detection of analytes down to the single-molecule regime.27,37  
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Here, it is advantageous to have a theoretical framework that both accurately predicts 

intraparticle coupling and provides an intuitive understanding of the physical interactions.   

Plasmon hybridization theory, developed by Prodan and Nordlander,38,39 provides a 

complete quantitive and qualitative picture of complex plasmon interactions by breaking 

the system down into a combination of simpler, primitive plasmon geometries, such as 

spheres, films, and cavities.  The plasmonic response of a complex nanoparticle is the result 

of hybridization between the primitive plasmons of the individual geometries.39  Analogous 

to molecular orbital theory, which describes how atomic wavefunctions overlap to make 

stable molecules, plasmon hybridization predicts that the strength of plasmon interactions 

depends on the geometry of complex nanostructure.  Plasmon hybridization treats each 

primitive plasmon mode as a quasistatic, irrotational and incompressible liquid of negative 

charge (i.e. electrons) that sits on a fixed background that is positively charged (i.e. atomic 

lattice).39–43   

Consider the hybridization of the primitive dipole modes of two spherical Au NPs of 

identical size.  The dipole modes couple and result in the formation of two new hybridized 

modes- the lower-energy bonding mode and the higher-energy anti-bonding mode.39  In 

Figure 2.3, the hybridized dimer plasmon energies are shown for a fixed NP distance, with 

plasmon polarization along the longitudinal dimer axis.  The charge configuration of the 

bonding mode results in a collective dipole oscillation across both NPs, while the anti-

bonding mode causes the dipoles of the individual NP plasmons to oppose each other.  This 

effectively cancels out the net dipole moment of the anti-bonding mode, meaning that it 

will not couple effectively to incident light and is considered a dark mode.  However, the 
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bonding mode has a large net dipole moment and thus will couple very efficiently to light. 

Decreasing the spacing, D, between the two NPs, results in an increased energy splitting 

between the bonding and antibonding modes by 1/D3. The splitting for the l=1 mode 

becomes asymmetric, resulting in a larger energy Δ for the bonding mode than the 

antibonding mode.  Hybridization with higher-order modes (l >1) is possible and depends 

on the geometry of the system. If the energies of higher-order modes are relatively close to 

the dipole mode, the admixture of l = 1 modes with l = 2 and higher modes can result new 

hybridized modes (green lines in Figure 2.3) that may have a small net dipole and can thus 

be excited by light.  The resulting extinction spectra of a hybridized dimer will be a 

superposition of all of the dipole-active modes that result from hybridization.33,39  The 

dimer spectra shown in Figure 3.2, for example, have only one extinction peak, 

representative of the lowest energy bonding dipole plasmon mode. 
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Figure 2.3  Schematic showing the plasmon hybridization model for a Au NP dimer 
plasmon.  The creation of two new bonding and antibonding dipole modes results 
from the hybridization of two primitive NP dipole plasmons. 

Besides describing the interactions of closely-spaced nanoparticles, plasmon 

hybridization theory can also accurately describe the hybridization of plasmon modes 

within a single NP that contains multiple metallic layers.  The extinction spectrum of a 

plasmonic nanoshell (NS), a dielectric core NP surrounded by a thin metallic shell, is 

modeled by the hybridization of a primitive NP plasmon with a primitive cavity plasmon.40  

The resulting hybridized NS plasmon is strongly influenced by the shell thickness, a 

consequence of the inner- and outer- shell charge configurations.  A NS extinction 

spectrum consists of a single, broad dipolar bonding plasmon that overlaps with a dark 

quadrupole plasmon that can become dipole-active through retardation effects.10,43  

Adding more primitive plasmon modes increases the complexity of the 

hybridization, as is the case with a Au-SiO2-Au multi-layered nanomatroyshka (NM).  NM 
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plasmons arise from hybridization by a primitive Au NP and a hybridized Au NS.44,45  The 

result is a low-energy bonding dipole and a high-energy antibonding dipole plasmon, as 

seen in Figure 2.4.  The antibonding plasmon is blue-shifted from the primitive modes, but 

the charge configuration still results in a net dipole.  Thus,  two bright modes appear in the 

extinction spectrum, as seen in Figure 4.3.  For simplicity, only the l = 1 mode is shown in 

the schematic below, but in reality, multiple hybridized modes, both bright and dark, can 

result in the admixture between l =1 and higher-order oscillations.  Thus, the extinction 

spectrum of a NM is highly dependent on the thickness of the Au shell, the size of the inner 

NP, and the thickness of the dielectric spacer between the two (see Figure 4.2).44–46 

 

Figure 2.4 Schematic for the l = 1 plasmon hybridization of a multi-layered Au-SiO2-
Au NP called a nanomatroyshka (NM).  Hybridization of a primitive Au NP and an 
Au nanoshell result in splitting of the dipole plasmon modes with bonding (low-
energy) and antibonding (high-energy) dipole resonances. The anti-bonding NS 
plasmon is a non-bonding dark mode.  
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2.1. The life of a plasmon 

Processes that occur in plasmonic systems, such as electron transfer reactions or 

surface-enhancement of molecular transitions, are governed not only by spatial proximity 

and energetic overlap between plasmons and surrounding states, but also by temporal 

overlap of those states.  The application-driven design of plasmonic and nanophotonic 

systems necessitates a full understanding of the decay channels that govern the optical 

response. Approximately 10 femtoseconds after excitation of the coherent plasmon, the 

oscillating electrons begin to dephase from each other.47  At this point, the coherent 

plasmon decays by the creation of a hot electron-hole pair via Landau damping.48  Landau 

damping is a quantum mechanical process where a plasmon quantum can induce electronic 

transitions into unoccupied states above the Fermi level.49  Tthe plasmon can re-radiate 

into the far-field without any energy loss by Rayleigh scattering.  The efficiency of a NP 

to undergo scattering versus absorption is determined by the relative cross-sections, as 

described in Section 2.1.  Alternatively, the NP will undergo non-radiative decay, i.e. 

absorption.  The hot electrons generated by Landau damping can have energies 

significantly higher than the thermal distribution of electrons near the Fermi energy50 and 

can be used to drive chemical reactions of surface adsorbates51–53 or be collected as current 

in a Schottky-diode configuration54.  As such, efficiently harnessing hot electron hole pairs 

for photocurrent generation and photocatalysis has been at the center of recent research 

efforts.  At a timescale of 1-100 fs after Landau damping, hot electrons will undergo 

inelastic electron-electron scattering, resulting in a hot electron distribution that is out of 

thermal equilibrium.30  One particular challenge to generate and utilize useful hot carriers 



 18 
 

is to figure out how to compete with or suppress completely the inherent relaxation of hot 

electrons and holes after formation. While this process is well-understood for planar metal 

surfaces55–58, carrier relaxation dynamics in NPs remains poorly understood.  Hot carriers 

continue to relax over a comparatively long time scale of hundred of picoseconds (ps) to 

nanoseconds (ns) by thermal dissipation of low energy electron through phonon 

interactions and lattice vibrations.  The total time it takes for a NP to undergo full energy 

transfer to its surroundings is ultimately dependent on its size, shape, and conductance 

properties.25,30 
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Chapter 3 

Near-Field Mediated Plexcitonic Coupling 
and Giant Rabi Splitting in Individual 

Plasmonic Dimers 

This chapter describes strong coupling between resonantly-matched localized surface 

plasmons and molecular excitons that result in the formation of new hybridized energy 

states called plexcitons. Understanding the nature and tunability of these hybrid 

nanostructures is important for both fundamental studies and the development of new 

applications. We investigate the interactions between J-aggregate excitons and single 

plasmonic dimers and report for the first time a unique strong coupling regime in 

individual plexcitonic nanostructures.  

3.1. Introduction 

 Future nanodevices will most likely include hybrid nanostructures that combine the 

intrinsic properties of dissimilar materials to forge new and interesting tunable 
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properties.59–64 Although plexcitonics (i.e. the study of plasmon-exciton coupling) is still 

an experimentally and theoretically challenging subject, several studies have reported 

plexcitonic nanostructures composed of metallic nanostructures interacting with molecular 

materials64–71 and semiconductors72–76. In a plexcitonic device, the localized surface 

plasmon resonance (LSPR) of a metallic nanostructure couple with the excitons of a 

complementary material. The resulting hybrid nanostructures provide a uniquely adaptable 

platform for the design and the implementation of functional optical devices at the 

nanoscale. Important already demonstrated applications include chemical sensors,77 pH 

meters,78 light harvesting,79 and optically active devices.80,81 The molecular complexes can 

also be used to tune the optical properties of the metallic nanostructure through a local 

modification of the dielectric environment.82 These are all examples of light-matter 

coupling in the weak regime, where the LSPR modes are perturbed by the presence of the 

molecule. Several concepts such as hybridization,38 Fano resonances,83 and Rabi splitting84 

have been successfully transferred from atomic and molecular physics to describe analog 

phenomena seen in plasmonic systems. In the strong coupling regime,65–71,38,83–89 the 

coupling between a molecular exciton and a plasmonic cavity results in anticrossings of 

the hybrid plexciton dispersion curves and the formation of two hybrid energy states 

separated by a Rabi splitting energy. More recently, dynamic tuning70,85 and ultrafast 

manipulation65,67,68 of the plexcitonic coupling have been investigated in such hybrid 

nanostructures. However, all of these studies have involved arrays of nanostructures,65,67,70–

72,74,86 or an ensemble of nanoparticles.66,68,69,73,87  

 Previous studies have shown that coupling between elementary excitations can be 

mediated by the near-field, and in particular by the highly enhanced electric field near the 
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surfaces of plasmonic nanostructures, known as “hot spots”.88–92 The strong and localized 

field in a plasmonic hot spot enhances the interaction between LSPRs and the local 

excitons, much as it enhances other molecular excitations. Plasmonic dimers are the 

canonical geometry for the generation of high-intensity hot spots, where the local field is 

sufficient to give rise to surface enhanced Raman spectroscopy at the single molecule 

level.93 Plasmonic dimers have been widely studied due to their simple geometry and the 

tunability of their far-field scattering properties in the visible/NIR range.33 Here, we 

investigate the strong coupling between individual nanostructured plasmonic dimers and 

J-aggregate complexes. By tuning the dimensions of a plasmonic dimer we are able to 

create spectral overlap with the J-aggregate exciton transition as well as large near-field 

enhancements. This allows us to report for the first time a unique strong coupling regime 

in individual plexcitonic nanostructures. 

3.2. Methods  

3.2.1. Dimer fabrication  

The plasmonic dimers were created using planar fabrication on an ITO-coated SiO2 

wafer. Arrays of nanodisk dimers, spaced with a pitch of 10µm, were patterned by electron 

beam lithography using a ~70 nm thick poly(methyl methacrylate) positive resist (PMMA, 

950 wt.). Electron beam evaporation was used to deposit a 2 nm Ti adhesion layer followed 

by a 35 nm Au layer, where the layer thicknesses were monitored via quartz crystal 

microbalance. The excess metal and resist were removed by liftoff in NMP (1-methyl-2-

pyrrolidone) at 65°C for two hours to reveal the nanostructures. Plasma cleaning (O2, 50W, 
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100mT) was performed for one minute to remove traces of residual resist around the 

nanostructures after liftoff, as well as after scanning electron microscope (SEM) imaging 

(FEI Quanta 650) to remove carbon contamination from the electron beam. 

3.2.2. J-aggregate formation and characterization 

J-aggregates were formed from monomers of a cyanine dye, 2,2′-dimethyl-8-phenyl-

5,6,5′,6′-dibenzothiacarbocyanine chloride (DPDC) which was purchased from 

Hayashibara Biochemical Laboratories, Japan. Polyvinyl alcohol (PVA) (Sigma Aldrich)  

dissolved in ultrapure water (Millipore, 18 MΩ cm) provides a charged environment to 

induce J-aggregate formation. J-aggregates were formed by adding 5 µL aliquots of 

monomers in ethanol (3 µg/mL) to 3 mL of a 5 mg/mL polyvinyl alcohol (PVA) solution. 

UV-vis spectroscopy (Cary 5000 spectrophotometer, wavelength range of 200–2000 nm, 

Agilent Technologies) was used to monitor J-aggregate formation. The resulting 

spectrograph (Figure 3.1) shows DPDC monomer absorption at λ=599 nm. The intensity 

of the exciton transition peak at λ=693 nm increases as more aliquots of dye monomers in 

ethanol are added, while the intensity of monomer absorption subsequently decreases. The 

J-aggregates were then spin cast from solution at 3000 rpm onto the patterned ITO 

substrate, resulting in a J-aggregate/PVA film with a thickness of 15-25 nm, as determined 

by AFM measurements. In all cases, J-aggregates were deposited onto the substrate within 

24 hours of formation. 
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Figure 3.1 Absorption spectrograph monitoring the formation of J-aggregates from 
DPDC dye monomers through the development of the exciton transition peak at 693 
nm/ 1.79 eV. Inset: chemical structure of DPDC dye monomer. 

The square of the transition dipole moment of the J-aggregate exciton transition is 

proportional its coherent size, which is defined as the number of molecules that the exciton 

can move across.94 The coherent size can be substantially smaller than the physical size of 

the J-aggregate due to disorder in the stacking of molecules as well as exciton-phonon 

interactions.95 The coherent size of the DPDC J-aggregates was estimated from 

equation,96,97  

𝑁∗ = ∆\] +(^)
∆\] +(_)

																																																										 3.1 
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where  ∆𝑣E ?(𝑀)∆vE ?(M) and ∆𝑣E ?(𝐽) are the FWHM bandwidths (cm-1) for the DPDS 

monomer and J-aggregate absorption peaks, respectively. We determined ∆𝑣E ?(𝑀) to be 

1092 cm-1 and ∆𝑣E ?(𝐽) to be 345 cm-1, giving a coherent size of N*=10.  

3.2.3. Hyperspectral dark field microspectroscopy 

 Scattering measurements were taken using a hyperspectral transmission dark-field 

microscope from Cytoviva HSI. In this configuration, scattered light is collected over the 

entire sample surface area and each pixel of the image produced contains a complete 

spectral profile. Unpolarized white light was focused onto the sample through a high NA 

condenser lens at an angle varying between 66° and 72° (corresponding to NA 1.2-1.4). 

Scattered light from the nanostructures was collected by a 40x objective (NA 0.6) and 

passed through a 360° rotating linear polarizer before entrance into a spectrograph and 

CCD camera. 

3.2.4. Finite- difference- time- domain simulations 

 We used the finite-difference time-domain (Lumerical Solutions) method to 

calculate the optical properties of the hybrid plexcitonic nanostructures. Geometrical 

parameters have been extracted from SEM images of individual dimers in Figure 1. The 

dimers were coated with a continuous layer of PVA and J-aggregates and supported by an 

ITO-coated SiO2 substrate. The bulk dielectric function tabulated by Johnson and Christy 

was used for Au29 and the dielectric function from Palik was used for SiO2.121 The J-

aggregate complex was modeled as a dispersive medium with dimensions set from 

approximated values obtained through dynamic light scattering measurements (not shown) 
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of the J-aggregates in a PVA solution. In order to account for the J-aggregate exciton, the 

dielectric permittivity of the J-aggregate/PVA mixture has been described by the Lorentz 

model as 

𝜀_ 𝜔 = 𝜀∞ +
f)g+

()g+8)+8HJg))
      3.2 

 

 
where ε∞= 2.5 is the high frequency component of the J-aggregate/PVA matrix dielectric 

function, f = 0.4 is the reduced oscillator strength, ℏω0 = 1.79 eV is the exciton transition 

energy, and γ0 = 52 meV is the exciton linewidth. 

3.3. Results 

 The plasmonic dimers used to probe the LSPR-exciton interaction were created 

using planar fabrication on an ITO-coated SiO2 wafer. The J-aggregates used to form our 

structures have been shown to exhibit strong coupling in a number of other plexcitonic 

systems,66,68,70,71,98 due to their narrow exciton transition linewidths and high oscillator 

strengths at room temperature. J-aggregates were formed from monomers of a cyanine dye 

in a polyvinyl alcohol (PVA) matrix (Figure 3.1). The J-aggregates were then spin cast 

onto the patterned ITO substrate, resulting in a J-aggregate/PVA film with a thickness of 

15-25 nm.  Scattering measurements of single hybrid nanostructures were taken using a 

hyperspectral transmission dark-field microscope. 
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Figure 3.2 Bare gold nanodisk dimers. (a) From top to bottom: SEM images of five 
gold dimers with diameters increasing from top to bottom (diameters are 60, 70, 85, 
100, and 115 nm). The interparticle gap is fixed at 15 nm. The scale bars correspond 
to 100 nm. (b) Longitudinally polarized scattering spectra measured for the five bare 
dimers. The exciton absorption peak from the J-aggregate complex is shown as 
reference (gray line). 

 Plasmonic dimers have two distinct dipole LSP modes in the longitudinal and 

transverse directions. Light scattered by each LSP mode can be collected independently, 

depending on the angle of the linear polarizer in the collection path. The geometries of the 

Au dimers were chosen so that the longitudinal plasmon resonance overlaps with the J-

aggregate exciton peak at 693 nm (1.79 eV). Individual nanodisk diameters of 60, 70, 85, 

100, and 115 nm were used, with a fixed gap size of 15 nm to ensure the creation of an 

intense hot spot in each dimer gap. Scanning electron micrographs and longitudinal 

scattering spectra of the bare dimers confirm the nanostructure dimensions and spectral 

overlap of each dimer with the J-aggregate exciton peak (Figure 3.2). The longitudinal 
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LSPR is red-shifted with respect to the uncoupled nanodisk plasmon resonance due to 

hybridization between the nanodisks,38,99 and is accompanied by a large near-field 

enhancement in the dimer gap.100 The transverse LSP mode gives rise to a near-field 

enhancement weaker by an order of magnitude and a weaker hybridization between the 

nanodisks resulting in a higher resonance energy that, in the case of the smaller dimers, 

does not overlap with the J-aggregate exciton. 

 When the J-aggregate/PVA layer is added, the longitudinal LSP resonance of each 

dimer is strongly modified (Figure 3.3a). The single scattering peak splits into two separate 

peaks, separated by a peak minimum at the exciton wavelength (693 nm) revealing a 

strong, coherent coupling between the longitudinal LSP of the dimer and the exciton. In 

contrast, when the transverse LSP of the dimer is excited, the resonance peak for each 

structure is notably blue shifted. While the spectral position of the smaller dimers has been 

detuned from the J-aggregate exciton (cf. green spectra in Figure 3.3e,f), the larger dimers 

still have a large degree of spectral overlap (cf. black spectra in Figure 3.3e,f). However, 

no peak splitting is observed with this polarization for any of the dimers in the series, 

indicating a much weaker coupling between the transverse LSPR and the J-aggregate 

excitons. 

 We used the finite-difference time-domain (FDTD) method to calculate the optical 

properties of the hybrid plexcitonic nanostructures. The scattering profiles for all hybrid 

dimers were calculated for both longitudinal and transverse polarizations. Calculated 

spectra (Figure 3.3b,e) are in very good agreement with the experimental spectra (Figure 

3.3a,d). Specifically, the calculated longitudinally polarized spectra exhibit a strong dip at 

693 nm and two distinct plexciton resonances: a higher energy mode on the blue side of 
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the exciton which will be referred to as the upper branch (UB) and a lower energy mode 

on the red side referred to as the lower branch (LB). In contrast, the transverse polarized 

spectra show a very weak dip at 693 nm (not resolved experimentally). Figure 3.3c,d 

displays the calculated near-field enhancement distributions |E/Eo|2 for the longitudinal and 

transverse polarizations, respectively. The largest near-field enhancement for the 

longitudinally polarized dimer occurs inside the dimer gap, where the maximum 

enhancement is ~250 for the largest dimer in the series (Figure 3.3c). The transverse near-

field maps, magnified by a factor of 10 for clear visualization, illustrate the absence of any 

near-field enhancement inside the dimer gap (Figure 3.3d). The maximum transverse near-

field enhancement occurs outside the gap and is no larger than 25 for the largest dimer, i.e. 

an order of magnitude smaller than the largest longitudinal mode gap enhancement. This 

suggests that strong near-field enhancements in the center of the dimers are essential for 

the plexciton formation seen in the longitudinally polarized spectra (Figure 3.3a,b). 
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Figure 3.3 Size dependence of hybrid nanodisk dimers. Scattering spectra of 
plexcitonic gold dimer – J-aggregate nanostructures with nanodisks ranging from 60 
to 115 nm in diameter recorded for (a) longitudinal, and (e) transverse polarizations. 
Corresponding calculated spectra are shown for (b) longitudinal, and (f) transverse 
polarizations. The exciton transition (693 nm/ 1.79 eV) of the J-aggregate is indicated 
by the light blue vertical line. Near-field enhancement maps E EB ? calculated at the 
exciton energy are displayed in the center panels for both (c) longitudinal and (d) 
transverse polarizations. The near-field intensities calculated for the transverse 
excitation have been multiplied by a factor of 10. 

 To further investigate the dependence of the coupling behavior on the polarization-

dependent near-field enhancement in the dimer gap, a spectrum was collected from each 

individual nanostructure as the polarization angle was varied by 5° increments. The linear 

polarizer in the collection path of the microscope was rotated and a spectrum was collected 

at each angle from 0° to 90°, corresponding to the longitudinal (horizontal arrow) and 

transverse (vertical arrow) polarizations, respectively (Figure 3.4). The results for the 70 
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nm nanodisk dimer, shown in Figure 3a in 15° increments, show a progressive emergence 

of the two plexcitonic peaks as the polarization is shifted from transverse (90°) to 

longitudinal (0°). Results from FDTD calculations show an identical trend (Figure 3b). As 

the polarization angle decreases (polarization changes from transverse to longitudinal), the 

UB plexciton shifts to longer wavelengths and the LB mode appears gradually on the red 

side of the exciton transition (693 nm/ 1.79 eV). The intensity of the LB peak increases as 

the polarization angle approaches 0 corresponding to the maximum coupling. Each 

individual polarized spectrum was normalized to the maximum scattering amplitude of the 

UB, so that the relative amplitudes of the LB could be compared (cf. Figure 3.4a). Identical 

measurements were performed on dimers with 85 nm and 100 nm disk diameters, which 

exhibit the same polarization dependence, as seen in Figure 3.5 and Figure 3.6 respectively. 

The polarization dependence of the UB shift (Figure 3.4d) and the LB intensity (Figure 

3.4e) are found to correlate very well with the calculated near-field enhancement. The 

polarization dependence of the UB shift and LB intensity is most pronounced around 40-

50 where the near-field intensity varies most strongly and weakest around 0°and 90°, where 

the intensity of the near-field levels out.  These similarities provide strong evidence that 

the plexcitonic coupling is dependent on the strength of the near-field enhancement inside 

the dimer gap.  
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Figure 3.4 Polarization dependence of plexcitonic properties on a single plasmonic 
dimer with individual disk diameters of 70 nm and a 15 nm gap. (a) Polarized 
scattering spectra of plexcitonic dimer with detected polarization angles of 0°, 15°, 
30°, 45°, 60°, 75°, and 90°. (b) Scattering spectra calculated for the same polarization 
angles. (c) Calculated near-field enhancement |E/Eo|2 corresponding to increasing 
polarization angles. Polarization directions are shown with the white arrows. (d) shift 
of the UB mode as a function of the polarization angle (green dots). (e) Relative 
scattering intensity of the LB mode as a function of the polarization angle (green dots). 
Both quantities are compared to the polarization dependence of the near-field 
intensity calculated in the dimer gap (blue line). 



 32 
 

 

Figure 3.5 Polarization dependence of plexcitonic properties on a single 100 nm gold 
nanodisk dimer with a 15 nm gap. (a) Polarized scattering spectra of plexcitonic 
dimer with detected polarization angles of 0°, 15°, 30°, 45°, 60°, 75°, and 90°. (b) 
Scattering spectra calculated for the same polarization angles. (c) Calculated near-
field enhancement |E/Eo|2 corresponding to increasing polarization angles. 
Polarization directions are shown with the white arrows. (d) shift of the UB mode as 
a function of the polarization angle (green dots). (e) Relative scattering intensity of 
the LB mode as a function of the polarization angle (green dots). Both quantities are 
compared to the polarization dependence of the near-field intensity calculated in the 
dimer gap (blue line). 
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Figure 3.6 Polarization dependence of plexcitonic properties on a single 85 nm gold 
nanodisk dimer with a 15 nm gap. Polarized scattering spectra of plexcitonic dimer 
with detected polarization angles of 0°, 15°, 30°, 45°, 60°, 75°, and 90°. 

3.4. Discussion 

 Hybridization diagrams are useful for visualizing the interaction between the modes 

in complex systems. For longitudinal polarization, the coupling of the individual nanodisk 

LSPRs leads to the formation of a bright bonding and a dark anti-bonding dipolar dimer 

LSPR modes.100 In Figure 4a, we show how the bright dipolar LSPR mode of the dimer 

interacts with the exciton transition dipole of the J-aggregate complex (Jex), leading to the 

formation of the two plexcitonic UB and LB modes. For a symmetry broken dimer, the 

dark LSPR mode could also couple to the J-aggregate33,101 but due to large energy detuning 

between the exciton and the dark LSPR mode of the dimer, we rule out the possibility of 

the exciton coupling to the higher order plasmon modes. 
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Table 3.1- Rabi splitting energy comparison with highest reported literature values: 
Here, we report giant Rabi splitting ranging between 230 meV and 400 meV. These 
energies are among the highest energies reported in literature up to date and the 
highest ever reported for an individual plexcitonic nanostructure. 

 

 

 The interaction between the bonding dimer LSPR and the excitons of the J-

aggregate results in hybridized plexciton states which exhibit typical anti-crossing 
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behavior. The energies of the UB and LB plexciton states are calculated using a coupled 

harmonic oscillator model,102 

𝐸jklmMHOno
pq,sq ℏ𝜔j = ℏ)*>ℏ)g

?
± E

?
(ℏΩS)? + (ℏ𝜔j − ℏ𝜔B)?    3.3 

 

where ℏωB and ℏωx are the uncoupled exciton and dimer LSPR energies, respectively. 

The coupling energy, ℏΩy also called Rabi splitting, is given by the spatial overlap of the 

excitonic transition dipole moment 𝛍B 𝐫  and the induced surface plasmon electric field 

𝐄x 𝐫 :	ℏΩy = 𝛍B 𝐫 ∙ 𝐄x 𝐫 dV. Previous works have reported splitting energies ranging 

from few millielectron volts to several hundreds of millielectron volts.65,66,68,71,74,85,103–106  By 

extracting the LSPR energy from the scattering spectra from the bare nanodisk dimers and 

the measured UB and LB modes as shown in Figure 3.7b, the Rabi splitting is found to be 

approximately 230 meV which is in good agreement with the highest values previously 

reported. Moreover, for several hybrid dimer nanostructures (cf. Figure 3.4a and Figure 

3.7b) we were able to observe even larger coupling leading to giant Rabi splitting energies 

of ~400 meV comparable to the largest values previously reported in literature (Table 3.1). 

Energy transfer (i.e. Fano resonance and Rabi splitting) and plasmonic splitting have been 

shown to occur in different coupling regimes defined by the relative resonance linewidths 

(γ���y and γB) and by the oscillator strength, f, of the excitonic resonance. Plasmonic 

splitting is observed with large oscillator strengths (f > 2) and large molecular resonance 

linewidths (γ0 > 200 meV).  In our case f = 0.4 and γ0 = 52 meV are indicative of an energy 

transfer. Moreover, the transition from Fano resonance to Rabi splitting has also been 
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theoretically investigated.84 It has been shown that Rabi splitting occurs when ℏΩy >

(γ���y − γB)/2. Our hybrid system satisfies this criterion, as (γ���y − γB)/2 ≈ 160	meV. 

 

Figure 3.7(a) Hybridization energy diagram of the plexcitonic dimer. (b) Dispersion 
curves of the hybrid plexcitonic states extracted from experimental data (stars and 
diamonds), and calculated from Equation 2 (blue and red lines). Experimental points 
come from two sets of samples: a thin J-aggregate layer formed at the surface of the 
gold dimers (stars)(Figure 3.9), and J-aggregates formed in the PVA covering the 
dimers (diamonds). The black and green dashed lines represent the uncoupled exciton 
and surface plasmon energies, respectively. 

 The large Rabi splitting energies in these hybrid nanostructures arise from 

alignment of the J-aggregate transition dipole moment with the polarized near-field inside 

the dimer junction.69 When the J-aggregate complex is moved away from the center of the 

gap, the plexcitonic coupling becomes strongly suppressed. To demonstrate the spatial 

dependence of the J-aggregate position, FDTD simulations were performed to calculate the 
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scattering spectra of a gold 70 nm disk dimer (gap of 15 nm) in the presence of J-

aggregates. The position of the J-aggregate material is controlled. Results are shown in 

Figure 3.8 for the longitudinal polarization and for the same total amount of J-aggregate 

complex. The largest plexcitonic coupling occurs when the excitonic material is located in 

the gap (Figure 3.8d), i.e. where the near-field is largest, and a smaller coupling can be 

observed when the J-aggregate is located at the ends of the dimer (Figure 3.8c), i.e. where 

the near-field is not negligible. If the J-aggregate transition dipole is moved only 30 nm 

away from the gap center (Figure 3.8b), the near-field is at least one order of magnitude 

weaker and no measurable Rabi splitting can be detected. 

 

 

Figure 3.8 Probing of plexcitonic coupling locality. Scattering spectra of a plexcitonic 
gold nanodisk dimer – J-aggregate nanostructure. The nanodisk sizes are 70 nm and 
the dimer gap is 15 nm. The J-aggregates are assumed to be located (a) at the side of 
nanodisks, (b) at the side of the gap, (c) at the ends of the disks, and (d) within the 
gap. Upper panels show the different geometries. 
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 The position of the J-aggregate complex relative to the dimer junction is vital to 

obtain large plexcitonic coupling energies. In order to obtain better control of the J-

aggregate size and location, an alternate hybrid dimer geometry was fabricated. Instead of 

being cast from a PVA solution, t the J-aggregates were allowed to self-assemble on the 

surface of the metallic disks from a solution of dye monomers.66 In this case, J-aggregates 

cover the entire surface of the metallic disk107, including the surface near the dimer gap. 

Adsorption of dye molecules on the metal nanodisk surface occurs through a combination 

of van der Waals forces and electrostatic attraction between the Au and the positively-

charged nitrogen atoms on the benzothiazole rings.66 The UB and LB energies were 

extracted from the measured longitudinal scattering spectra (Figure 3.9) and overlaid with 

the calculated dispersion curve and the first data set (Figure 3.7). The Rabi splitting 

energies of this second set (stars) are smaller than the first set (diamonds) and more closely 

follow the theoretical plexciton dispersion curves. This observation can be explained by 

considering the position of the J-aggregates on the metal surface. In the self-assembly 

method, only a small fraction of the J-aggregates form on the nanodisk region that 

experiences strong near-fields, i.e. inside the dimer gap. Most of the J-aggregate complexes 

form on the Au surfaces outside of the dimer gap region and do not contribute to plexcitonic 

coupling. While not all Au dimers showed strong coupling with J-aggregates formed in 

solution (J-aggregates did not always successfully align inside the dimer gaps), the 

coupling energies measured for these structures (diamonds, Figure 3.7) were overall larger 

than that obtained when the J-aggregates self-assembled directly at the nanodisk surface 

(stars, Figure 3.7), due to greater interaction with the intense near-field. 
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Figure 3.9 Self-assembled J-aggregate monolayers on gold nanodisks. Scattering 
spectra of (a) bare gold nanodisk dimers and (b) plexcitonic gold nanodisk dimer – J-
aggregate nanostructures. Experimental spectra are obtained for longitudinal 
polarization. Corresponding SEM images are shown in panel (c). Nanodisk 
diameters, D, and gap sizes, g, are indicated on the SEM images. The exciton 
transition (693 nm/ 1.79 eV) of J-aggregate is indicated by the light blue vertical line. 
Scale bars correspond to 100 nm. 

 Moreover, the high quality of the J-aggregates allows us to perform a direct and 

rigorous comparison of the coupling intensities for different gap sizes. For hybrid dimers 

with gap sizes exceeding 25 nm, the plexcitonic coupling was found to be too weak to 

induce significant Rabi splitting. Dimers with gap sizes of 30 nm and 60 nm showed no 
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peak splitting with either J-aggregates formed on the surface or in solution (Figure 3.10). 

In both cases, only weak coupling was evident, as determined by the LSPR shift.108 The 

reason for the weak coupling for these larger gap dimers is the reduced near-field in the 

junction: the near-field intensity being three times smaller than that of the 15 nm gap dimer.  

 

Figure 3.10 Weak plexcitonic coupling regime. Scattering spectra of bare gold 
nanodisk dimers and plexcitonic gold nanodisk dimer – J-aggregate nanostructures. 
The gold nanodisks are 85 nm in diameter. Spectra are obtained for a gap size of (e) 
30 nm, and (f) 60 nm, for longitudinal polarization. Corresponding SEM images are 
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shown in panels (a) and (b), respectively. The J-aggregate absorption spectrum is 
shown as reference (gray line) showing the exciton peak at 693 nm (1.79 eV). Scale 
bars correspond to 100 nm. Large nanodisk separation gives rise to weaker near-field 
enhancement in the gap. Near-field distributions around bare dimers have been 
calculated for a gap size of (c) 30 nm, and (d) 60 nm, for longitudinal polarization. 
The absence of coupling dips in the spectra, despite the large spectral overlap of the 
LSPR and the exciton, reveals a weak coupling regime due to a weaker near-field 
enhancement. 

3.5. Conclusion 

In conclusion, we have reported a rigorous investigation of plexcitonic interactions 

between localized surface plasmon resonances in individual hybrid metallic nanodisk 

dimers and J-aggregate excitons. We have shown spatially-resolved, field-enhanced 

coherent coupling between two discrete optical excitations, leading to a plexciton-induced 

transparency (i.e. almost complete suppression of far-field scattering) in the visible range. 

Careful geometrical design allowed a near-field enhanced plexcitonic coupling, giving rise 

to giant Rabi splitting. Further engineering of these hybrid nanostructures, by introducing 

symmetry breaking for instance, can lead to comparably larger near-field enhancements 

and introduce the possibility of coupling excitons to higher order dark LSP modes. The 

quantitative investigation of plexciton formation, we reported here with an unprecedented 

control in the single particle regime, opens up a new way to promising nanoscale 

applications at optical frequencies. 

Reprinted with permission from Schlather, A.E., et al. Nano Lett., 2013, 13 (7), pp 3281–
3286 Copyright 2013 ACS Publications 
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Chapter 4 

How Local Absorption and Surface 
Chemistry Determine the Efficiency of Hot 

Carrier-Driven Photochemistry in Plasmonic 
Nanoparticles 

4.1. Introduction 

Hot carrier-driven chemical reactions of molecules adsorbed on photoexcited metals 

has been a subject of interest to researchers for many years. Early studies distinguished 

photo-driven reactions of adsorbed molecules from those accomplished by thermal 

activation using femtosecond pump-probe techniques on single-crystalline metal surfaces 

under ultrahigh vacuum.57,56,58  Further studies drew an important conclusion— that the 

photochemistry of surface adsorbates on planar metal surfaces exhibits no dependence on 

incident photon energy—the relaxation of high-energy hot electrons to energies within the 

Fermi-Dirac distribution, EF ±kBT, occurs too quickly on extended surfaces, preventing 

state-selective adsorbate reactions.55 
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 The strong surface field enhancements and light-focusing capabilities provided by 

plasmonic NPs makes them a promising candidate for overcoming limitations in planar 

systems.  Due to confinement and reduced inelastic electron scattering events109, the 

energies of hot electrons in plasmonic nanostructures can be long-lived30 and substantially 

above the Fermi level50,110–112, giving them the capability to populate the lowest unoccupied 

molecular orbital (LUMO) of surface-adsorbed molecules and thus drive state-specific 

chemical reactions.  Such reactions have been reported, including room-temperature 

hydrogen disassociation on Au NPs on a SiO2 support to yield HD52, and photocatalytic 

oxidation of ethylene by elemental oxygen51.  In both cases, hot electron transfer to the 

anti-bonding orbitals of gas molecules could effectively lower the activation barrier of a 

reaction that would normally be energetically unfavorable.  Reciprocally, hot holes can 

have strong oxidizing power, driving the transfer of electrons from the HOMO of 

molecules.  This effect can be especially powerful when located in the d-bands of noble 

metals111, where the large imaginary component of the dielectric permittivity results in high 

absorption efficiencies.   

Recently, theoretical and experimental investigations have focused on 

understanding and exploiting the physical properties that govern the efficiency of high-

energy hot carrier generation in confined plasmonic systems. The relationship between 

decreasing NP size and increased hot carrier production is well-established,113,114 since 

non-radiative decay dominates in smaller NPs, and the surface-to-volume ratio is 

maximized.  It has also been shown that the energy of hot electrons can be tuned according 

to the plasmon resonance, which is easily accomplished in hybridized systems such as 

nanoshells.50  The size and shape of a plasmonic nanostructure have been predicted to 
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govern non-thermalized hot carrier distribution, i.e. the transient energetic state prior to 

thermal relaxation by electron-electron collisions,115 but do not affect the electron-phonon 

scattering that contributes to cooling of the non-thermal hot carrier distribution.30  Carrier 

relaxation rates have been shown to increase with the strength of electronic coupling 

between surface states and chemical adsorbates, suggesting that electron scattering at the 

metal-molecule interface can be tuned with ligand binding strength.116  Overall, the lifetime 

and energy distribution of hot electrons in plasmonic nanoparticles, and thus the efficiency 

of surface reactions, depend on a complex interplay of parameters that are both intrinisic 

and non-intrinisic to a given material and geometry. 

In this chapter, we explore the optical efficiencies of hot carriers in a plasmonic 

nanomatroyshka (NM), using the sacrificial photooxidation of citrate53,117,118 to generate 

hot hole-driven photovoltage on a NM-decorated electrode in an open circuit 

electrochemical cell.  The complex optical properties of Au NMs make them interesting 

candidates for hot carrier studies, including large absorption efficiencies36 and strong field 

enhancements arising from hybridization between the inner Au core and outer Au shell.44,45  

We demonstrate that the photocharging rate of NM electrodes by hot hole photooxidation 

of surface citrate molecules is proportional to the absorption cross-section at the NM 

surface, while also showing a large increase of photovoltage with increasing photon 

energy.  The increase corresponds to the onset of d-band transitions in the Au NMs and is 

likely due to greater energetic overlap between the citrate HOMO and IB holes generated 

far below the Fermi level.  The rates of dark electrochemical discharge of hot electrons 

through the cathodic hydrogen evolution reaction (cHER) are modeled using Butler-

Volmer kinetic theory.  A distinct kinetic difference is shown between discharge rates of 
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photovoltage generated by plasmon decay versus from d-band excitation, arising from 

difference in energy overlap of the hot carrier states with the donor and acceptor molecular 

energy levels.    

4.2. Methods 

4.2.1. Reagents  

50 nm Au NanoXact gold colloid, (7.0 x 1010mL, citrate-capped) was purchased from 

Nanocomposix. Ethanol, 200 proof was purchased from Koptec. 3-aminopropyl-

triethoxysilane (APTES) and tetraethoxysilane (TEOS) were purchased from Gelest. 

Potassium carbonate (anhydrous) was purchased from Fischer Scientific. Ammonium 

hydroxide solution (28% in H20,), formaldehyde (37% in H2O), Gold (III) chloride hydrate 

(99.999% trace metals basis), polyvinylpyrrolidone (avg. mol. wt 40000) (PVP), 

Trisodium citrate dihydrate (>99.0%), and potassium nitrate (>99.0%) were purchased 

from Sigma Aldrich. All chemicals were used without further purification. 

4.2.2. Synthesis of nanomatroyshka seeds 

The synthesis of multi-layered Au nanomatroyshkas (NMs) was completed over a 

period of 4-5 consecutive days. First, Au colloid was coated with APTES-doped silica 

using a modified-Stöber process. A 250-mL Erlenmeyer flask with a ground glass joint and 

a large stir bar were cleaned by soaking in aqua regia (3:1 HNO3:HCl) (Caution! Strong 

oxidizer.) then subsequently rinsed with ultrapure Millipore water at least 20 times. 

Finally, the flask and stir bar were rinsed with ethanol and dried in an oven at 100°C.  The 
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flask was removed and allowed to cool to room temperature, after which 21 mL of 50 nm 

Au colloid was added under medium stirring. This was followed by slow pouring of 180 

mL of 200 proof ethanol and swift injection of 1.8 mL ammonium hydroxide. Next, 36µL 

of fresh 10% solutions of APTES  and TEOS, both in ethanol, were subsequently added. 

The flask was sealed and the solution was stirred at room temperature for 65 minutes, 

followed by stirring at 4°C for 24 hours.  The solution was then transferred to a dialysis 

membrane (Spectra/POR6, MWCO=10,000), which was prepared by soaking for 1 hour in 

ultrapure water.  This was followed by several rinses with ultrapure water to remove 

surfactant chemicals and a final ethanol rinse to remove water from the membrane. The NP 

solution was dialyzed in 1 gallon of ethanol for 16 hours under medium stirring to remove 

free silanes.  Next, the NP solution was transferred to an airtight jar (cleaned using the 

same protocol as the flask) and sat undisturbed for 3 hours at 4°C to let aggregated NPs 

and free silica settle to the bottom. Using a pipet, 15mL aliquots of silica-coated NPs were 

taken from the top of the solution and centrifuged in 50 mL polypropylene tubes for 30 

minutes at 1500 rcf. All but ~300 µL of supernatant was then pipeted from the tubes , and 

pellet was redispersed in the remaining liquid by sonication and vortexing. The volumes of 

the tubes were combined and added under sonication to 40mL of Duff colloid (aged for 1-

2 weeks, protocol found elsewhere119) preceded by 600µL of 1M NaCl. The solution was 

then vortexed and sonicated for an additional 20 minutes. 

The NP cores + Duff colloid solution was left in a dark drawer for 1.5 days, during 

which time the APTES-doped silica was simultaneously etched and functionalized by the 

1-2 nm Duff colloid that would serve as seeds for the final Au shell. The seeded NPs were 
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sonicated for 10 minutes then separated into 10 mL aliquots and centrifuged for 25 minutes 

at 900 rcf. The supernatant was removed and immediately centrifuged again. Each pellet 

was redispersed in 1 mL of ultrapure water, sonicated for 5 minutes and transferred to a 2 

mL centrifuge tube. After a final centrifugation for 20 minutes at 800 rcf, the pellets were 

redispersed in ultrapure water to a final volume of 500 µL. 

4.2.3. Fabrication of Au nanomatroyshkas from seeded precursors 

Growth of the final Au shell for Au NMs occurs through reduction of Au3+ from a 

plating solution onto the Au seeded NPs, where the seeds act as nucleation sites for the Au 

growth. The plating solution was made 9-16 hours before fabrication by combining 200 

mL ultrapure water, 50 mg anhydrous potassium carbonate, and 3 mL of a 1% w/v HAuCl4 

solution into a 500 mL amber bottle and vigorously shaken. In a 4.5 mL methacrylate 

cuvette, 1.5 mL of plating solution was combined with 10 – 20 µL of the NM or NS seed 

particle solution. Next, 7.5 µL of 37% formaldehyde solution was placed in the cuvette cap 

and once closed, the cuvette was shaken vigorously for 1 minute, followed by 3 minutes of 

rest to allow for the shell growth to complete. A visible color change of the solution from 

red to purple was witnessed due to the formation of the outer shell. The extinction spectrum 

of the NMs was measured using a UV-vis-NIR spectrophotometer (Varian Cary 5000, 

Agilent Technologies). This process was repeated with varying seed particle solution 

volumes until the targeted plasmon resonance peak positions were reached. The completed 

NM solutions were diluted to 5 mL and centrifuged in 50 mL tubes for 20 minutes at 700 

rcf to remove small colloids that formed in the shell reduction.  The washed NMs were 

redispersed in 250 µL ultrapure water to a final concentration of 3.4 x 1010 particles/mL.  
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NM imaging and sizing was done using JEOL 1230 high contrast transmission electron 

microscope (TEM).  

4.2.4. Fabrication of nanomatroyshka electrodes 

ITO-coated glass slides (Delta Technologies, 15-25 Ω) were cut to a size of 1 cm x 3 

cm and cleaned by stepwise sonication in acetone and isopropyl alcohol for 5 minutes each. 

The slides were dried with a stream of N2 and submerged in a 2% w/v ethanolic solution 

of polyvinylpyrrolidone (PVP) for 24 hours. This was followed by thorough rinsing with 

ethanol and drying with N2. Deposition of NMs was accomplished by drop-casting 50 µL 

of a MP solution (3.4 x1010 particles/ mL, as described above) onto PVP- functionalized 

ITO slides, which were then placed in an air-tight canister with a beaker containing 1 mL 

of ethanol and allowed to dry overnight.  The NM electrodes were then subjected to 3 

minutes of O2/Ar plasma treatment to remove PVP from the ITO surface.  The electrodes 

were imaged using an FEI Quanta 650 scanning electron microscope (SEM). The 

extinction spectra of the NM electrodes in electrolyte solution (see below) were recorded 

using a liquid light guide attached to a white light source and an Ocean Optics fiber-coupled 

spectrometer. 

4.2.5. Photoelectrochemical measurements 

Photoelectrochemical and dark electrochemical measurements were done using a three-

electrode cell configuration. The NM electrode was attached to a silver wire using copper 

tape and functioned as the working electrode, a Pt mesh soldered to a silver wire (100 mesh, 

99.9% trace metals basis, Sigma Aldrich) served as the counter electrode and an Ag/AgCl 
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electrode in 3.5M potassium chloride (KCl) isolated by a fritted glass tube (Pine 

Instruments) served as the reference electrode.  The cell was a 4 cm x 1 cm fused quartz 

cuvette (Starna Cells) and the electrolyte/analyte solution was 0.1 M potassium nitrate 

(KNO3) with 5 mM sodium citrate in ultrapure water. All measurements were conducted 

at room temperature (21°C) and without stirring or purging with inert gas. Open circuit, 

voltammetric and chronoamperometric experiments were carried out using a PARSTAT 

4000 potentiostat (Princeton Applied Instruments).  

Wavelength-selective laser excitation was accomplished with a Fianium 

supercontinuum laser source equipped with a grating, and the bandwidth of each 

illumination band was set to 25 nm.  The beam was expanded 4X using spherical plano-

convex lenses and had a measured area of 0.636 cm2. The output laser power was measured 

using a low-power thermal power sensor (Thor Labs). When stated, the photon flux for 

each illumination band was normalized to 1 x 1016 photons per second using a neutral 

density gradient filter wheel.  

4.3. Results and Discussion 

4.3.1. Characterization of Au nanomatroyshkas 

Multilayered gold nanoparticles (Au-SiO2-Au), also known as Au nanomatroyshkas, 

possess interesting near- and far-field optical properties, owing to hybridization between 

the inner Au core and the outer Au shell.44,120 Distinct changes in the structure and plasmon 

resonance with the growth of each NM layer can be witnessed by UV-vis spectroscopy and 

TEM imaging. Figure 4.1a shows a red-shifting and broadening of the plasmon resonance 
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of the Au colloid, from 527 nm to 553 nm, due to the addition of the SiO2 shell (Figure 

4.1c) and subsequent electrostatic binding of 1-2 nm Au seed particles (Figure 4.1d). 

Reduction of aqueous Au3+ onto the seed particles by formaldehyde, which acts as the 

reducing agent, results in the growth of a continuous Au shell and the appearance of a new 

extinction peak at 765 nm.  

 

Figure 4.1 Synthesis of Au Nanomatroyshkas. Synthesis and TEM images of gold 
nanomatroyshkas (NMs) [r1, r2, r3]= [26, 38, 53] nm (a) UV-vis spectra showing the 
plasmon resonance of particles at each subsequent synthetic step. Corresponding 
TEM micrographs of (b) Au nanoparticle cores, (c) silica- coated cores, (d) seeded 
NM precursors, and (e) NMs with completed shells.  All scale bars are 100 nm. 
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As discussed in Chapter 2.2, the high-energy and low-energy extinction peaks in 

the Au NM spectrum can be attributed to the anti-bonding (ABD) and bonding (BD) 

dipolar plasmon modes, located at 550nm and 780 nm, respectively, resulting from 

hybridization between the Au NP core plasmon the Au NS shell plasmon.40,44,45  These 

modes are apparent in synthesized NMs shown in Figure 4.1d, with average dimensions 

[r1 ,r2,r3]=[25.5±3.0, 38.4±1.3, 53.0±3.3]nm, taken from the TEM images of 50-100 

particles per average. In order to get a deeper understanding of the optical response of these 

nanoparticles we calculate their extinction cross section using Mie theory.28  We use 

dielectric functions for gold and silica taken from from Johnson & Christy29 and Palik121, 

respectively. The theoretical calculations show that the plasmon resonance energy of an 

Au NM is extremely sensitive to size changes in each layer.  In particular, they demonstrate 

that varying the radius of one layer by one nanometer, while keeping the other two radii 

constant, can result in shifts of the bonding NM plasmon from 10 nm to well over 50 nm. 

The effect is most dramatic for changes in r1 and r2, corresponding to the core and SiO2 

shell radii, which dictate the distance-dependent strength of the hybridized interaction, as 

seen in Figure 4.2. Compared to the bonding plasmon, the high-energy anti-bonding 

plasmon is not as strongly affected by changes in core and shell radii.  
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Figure 4.2 Mie theory calculations of an (a) Au nanomatroyshka with multilayer 
thicknesses of radii [r1, r2, r3] ]= [26, 38, 53] nm. By varying the value of (b) r1, (c)  r2, 
and (d) r3 independently in 1-2 nm increments while keeping the other two dimensions 
fixed, the optical effects of changing each value can be seen.  For spectra b-d, the 
experimental extinction spectrum is overlaid as a reference. 

Overlapping the calculated NM spectra with the experimental extinction spectrum 

(Figure 4.2) reveals that there is a large discrepancy between the full-width- at-high-

maximum (FWHM) linewidths of the experimental and calculated bonding modes. The 

FWHM broadening in the experimental extinction is not surprising, considering that it is 

an ensemble measurement of NMs, containing inherent size inhomogeneities due to 

solution processing. Conversely, a single calculated NM spectrum represents one out of 

many size combinations possible from a batch synthesis.  In order to more accurately model 

any experimental results from ensemble of NMs, we must account for the inhomogeneity 

in NM sizes.  This was accomplished by calculating an effective extinction cross section 
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from the average of the extinction calculations of an ensemble of NMs with dimensions 

given by 27 possible combinations of radii from Figure 4.2: 

𝑟E → 26 − ∆, 26, 26 + ∆ 𝑛𝑚 

𝑟? → 38 − ∆, 38, 38 + ∆ 𝑛𝑚          4.1 

𝑟= → 53 − ∆, 53, 53 + ∆ 𝑛𝑚 

where ∆ is a parameter that quantifies the size dispersion. Here, we choose ∆= 2.25 nm, 

which is in compatible with the uncertainty in the measurements of the particle radii.  The 

averaged extinction cross-section is given by: 

   4.2 

From this average, we can simulate the extinction, scattering and absorption spectra of a 

NM ensemble. The resulting spectra are shown in Figure 4.3, overlaid with the 

experimental extinction spectra. 

σ ext ω( ) = 127 σ ext r1 + jΔ,r2 + kΔ,r3 + lΔ;ω( )
l=−1

1

∑
k=−1

1

∑
j=−1

1

∑
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Figure 4.3 Averaged theoretical NM extinction (green), scattering (red), and 
absorption (blue) spectra calculated using Mie theory, overlaid with experimental 
extinction spectrum (black). 

4.3.1. Electrode characterization 

Fabrication of a solution-cast nanoparticle (NP) electrode requires that NP coverage on 

the electrode must be dense enough to provide an adequate ensemble optical signal, but 

remain below monolayer coverage to ensure minimal aggregation and intra-particle 

coupling effects. The transmission spectrum of the NM electrode immersed in the 

electrolyte solution is overlaid onto the UV-vis spectrum of NMs in solution in Figure 4.4c, 

confirming that the NM electrode has minimal particle aggregation. Even though ITO is a 

high-index substrate, a small (<10 nm) red shift of both dipole plasmon modes suggests 

that the NM-ITO interface is small and that the NM-electrolyte solution interface 

dominates the average dielectric environment.  
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Figure 4.4 Nanoparticle electrode fabrication and characterization Electrode 
fabrication and characterization (a) Schematic showing NM deposition from aqueous 
solution using Marangoni flow in an ethanol vapor environment to achieve dense, 
unaggregated coverage of NMs on an ITO surface, as seen on the (b) SEM micrograph 
of the NM electrode. The scale bar is 500 nm. (c) Extinction spectra of the NMs (i) 
before deposition in aqueous solution and (ii) after deposition on ITO-coated glass in 
electrolyte/ citrate solution. 
 

Additionally, the NM density and area must be repeatable over multiple electrode 

samples. An SEM image of a representative NM electrode with a particle density of 1.1 x 

109 particles/ cm2 (Figure 4.4b) shows minimal particle aggregation and an average particle 

separation over 100 nm. The area of the NM spot on the 1 x 3 cm2 ITO surface was ~ 0.70 

- 0.75 cm2 to ensure that the 0.64 cm2 laser spot used in the photoelectrochemical 

experiments illuminated as many NMs as possible.  Careful surface preparation ensured 

that the 50 µL volume of NMs in solution repeatedly resulted in near-identical coverage 
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area of the ITO electrode. Wettability of an oxide surface, such as ITO, is dependent on 

the percentage of hydroxylated surface oxygen atoms.122  An oxide surface with little or no 

surface hydroxyl groups is considered hydrophobic and has a liquid contact angle of 90° 

or higher (Figure 4.5a).  Evaporation of the concentrated NM solution results in multi-

layered nanoparticle aggregation. Hydroxylation of surface oxides can be accomplished 

through exposure to oxygen plasma, which will render the surface hydrophilic and 

drastically lower the contact angle.122  A drop of NMs spreads across the surface and results 

in a low particle density (Figure 4.5b). In order to slightly increase the wettability of the 

ITO surface while maintaining control of the drop diameter, an un-hydroxylated ITO 

substrate is treated with polyvinylpyrrolidone (PVP). This should not be confused with 

polyvinyl pyridine, which is a widely-used surface treatment to electrostatically attach NPs 

to oxide surfaces.123  PVP in ethanol is weakly-attracted to surface oxides through dipole 

interactions and forms a sub-monolayer on hydrophobic ITO.  This effectively lowers the 

contact angle by almost 50% (Figure 4.5c). When a drop of NP solution contacts the PVP-

modified surface, the PVP (pKa=10.46) provides charge stabilization to prevent NP 

aggregation.  The NM solutions were allowed to dry for 8-10 hours in a closed container 

containing a beaker of 2 mL EtOH. As the NM drop evaporates, the ethanol vapor generates 

a surface tension gradient at the interface between the air and the solution.  This gradient 

effectively pushes particles back into the solution phase and prevents the “coffee-stain” 

rings of aggregated particles, instead leading to uniform deposition of NMs.124  After 

drying, the NM electrodes were cleaned in a 40 W oxygen plasma for 2 minutes to remove 

organic contaminants and excess polymer from the electrode.  
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Figure 4.5 Illustrating the effect of ITO surface functionalization on liquid contact 
angle and NM deposition. (a) An unhydroxylated metal oxide film will have a liquid 
contact angle around 90° and is considered hydrophobic. A drop of 1010 NM/mL 
solution evaporated in EtOH environment will result in a dense monolayer of 
aggregated NMs. (b) A metal oxide film that is hydrophilic will exhibit a much smaller 
contact angle. The 1010 NM/mL drop will wet the entire ITO surface and lead to a 
sparse coverage of NMs. (c) Controlled lowering of the contact angle can be 
accomplished through surface functionalization by a polar, aprotic polymer, such as 
PVP.  

Figure 4.6 shows a cyclic voltammagram (CV) of the NM electrode in a solution 

of 0.1M KNO3 and 5 mM sodium citrate. CVs are extremely useful for identifying and 

characterizing various electron transfer processes that occur at a nanoparticle electrode 

surface.125,126  Under no illumination, the potential was swept from 0 V to 1.5 V vs. 
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Ag/AgCl at a rate of 50 mV/s.  The oxidation peak at 1.0 V vs. Ag/AgCl is attributed to 

the electrochemical oxidation of citrate on Au.127,128  The large peak at 1.4-1.5 V vs. 

Ag/AgCl is a superposition of several peaks, including the oxidation of Au producing 

Au2O3,129 the oxidation of H2O, as well as the further oxidation of the irreversible biproduct 

of citrate oxidation, 1,3-acetonedicarboxylic acid.126,130  The cathodic peaks are due to the 

reduction of Au surface adsorbates, such as Au-O and Au-OH, at 0.5 V vs. Ag/AgCl131 and 

the reduction of dissolved oxygen at 0.2 V vs. AgAgCl.  Successive potential cycling also 

served to prime the Au surface with a monolayer of citrate by desorbing residual 

bicarbonate ions from synthesis of the shell surface at sufficiently oxidizing potentials.128  

This was apparent by an increasing citrate oxidation wave with increasing CV cycles.  Also 

shown in Figure 4.6 is the CV of bare ITO electrode that was prepared identically to the 

NM electrode, with the exception of NM deposition, to show that the electrode processes 

described above are attributed to NMs on the surface, not to the ITO electrode.   



 59 
 

 

Figure 4.6  Cyclic voltammagram of NMs on an ITO electrode (black) and a plain 
ITO electrode (grey) in 0.5 mM sodium citrate and 0.1 M potassium nitrate with no 
laser irradiation. The scan rate was 50 mV/s. Redox potentials are reported against a 
Ag/AgCl reference electrode. 

4.3.1. Photocurrent measurements 

Figure 4.7a shows a plot of the closed-circuit photocurrent of a NM electrode in 0.5 

mM sodium citrate solution as a function of laser power density at 550 nm, which 

corresponds to the extinction maximum of the NM electrode.  This graph shows a linear 

relationship between the photocurrent and the light intensity, signifying that the 

photoreaction is a one-photon process in the NM electrode.51  Figure 4.7b shows that the 

photocurrent does not decay over many cycles, indicating that the photocurrent does not 

involve any change in the morphology of the Au NMs due to laser irradiation or possible 
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surface reactions involving Au that would change its photochemical properties.  Extinction 

spectra of NM electrodes before and after laser irradiation confirm that little to no damage 

to NMs was caused by prolonged exposure to the laser.  The absence of saturation in Figure 

4.7a also suggests that at these low laser power densities, the photoreaction is not limited 

by the diffusion of citrate into the interfacial region nor by the adsorption of citrate onto 

the Au NMs from solution.132 

 

Figure 4.7 (a) Closed- circuit photocurrent of a NM electrode in 0.5 mM sodium 
citrate solution with 0.1 M potassium nitrate as a supporting electrolyte as a function 
of the laser power density at 550 nm. The black line is a linear best-fit. (b) Closed-
circuit photocurrent of an NM electrode as a function of time. The blue shaded 
regions represent the time periods that the laser was turned on. 

To investigate the nature of the photocurrent generation on NM electrodes, staircase 

chronoamperometry was performed to probe the region from 0 V to 2.4 V vs. Ag/AgCl on 

a NM electrode in 0.5mM sodium citrate with 0.1M KNO3 as a supporting electrolyte. The 

potential was increased in 0.2 V increments, first with no laser illumination, followed with 

550 nm laser illumination. The experiment was also repeated with laser illumination of a 
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NM electrode in 0.1M KNO3 electrolyte solution without the presence of citrate. Figure 

4.8 shows that with increasingly positive potentials, the anodic photocurrent increases on 

the NM electrode in citrate solution, to a maximum value of 8.7 x 10-6 A/(mW/cm2) at 1.5 

V vs Ag/AgCl.  The maximum photocurrent for the NM electrode in the absence of citrate 

(blue circles) is 5.3 x 10-7 A/(mW/cm2), at 1.6 V vs. Ag/AgCl. In both cases, the 

photocurrent begins to rise significantly around 1.2 V vs Ag/AgCl, which corresponds to 

the initial oxidation of Au.   In studying photoreactions involving hot holes in Au thin film 

electrodes, Watanabe et al. also witnessed considerable photocurrent with the incipient 

oxidation of Au and concluded that the formation of surface oxides (Au-O, Au-OH) may 

play a role in the photoactivity of Au at anodic potentials129  The photocurrent decreases at 

wavelengths more positive of 1.6 V vs. Ag/AgCl, due to the formation of Au2O3.  

Interestingly, Au2O3 is a narrow band gap semiconductor with an optical absorption of 720 

nm. It was concluded that the absorption coefficient of surface oxides is larger than that of 

Au2O3, thus explaining the decrease in photocurrent at ENM >1.6 V vs. Ag/AgCl.131  
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Figure 4.8  Photocurrent of an Au NM electrode in 0.5 mM sodium citrate and 0.1 M 
potassium nitrate (black squares), an Au NM electrode in 0.1 M potassium nitrate 
(blue circles) and a bare ITO electrode in 0.5 mM sodium citrate and 0.1 M potassium 
nitrate (red diamonds). The voltage was increased linearly in 0.2 V increments to 
higher potentials. Photocurrent is defined as the difference in measured current from 
laser off to laser on. The laser illumination wavelength was 550 nm and the laser 
power density was 18 mW/cm2. 

4.3.1. Open circuit photovoltage measurements  

Photovoltage is the driving force for electron transfer to surface adsorbates.  An 

electrode at its rest potential is in thermal and kinetic equilibrium with its surroundings, 

thus there is no net current flow toward or from the working electrode.  Reaching the rest 

potential in solution is an inherently slow process, involving the complex arrangement of 

electrolyte ions, solvent molecules, and surface adsorbates at the electrode interface.  
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Reaching the rest potential also involves equilibration of Fermi level of the ITO-NM-

solution interface.133  The electrolyte solution contains sodium citrate to act as a sacrificial 

electron donor in the photocharging process.53  Sodium citrate is a widely-used reagent in 

colloidal synthesis of noble metals such as Au and Ag, first acting as a weak reducing agent 

to form NPs in solution from metal ions, then as an ionic surfactant.  Oxidation of citrate 

can proceed thermally, but is extremely slow at room temperature.134  Millimolar solutions 

of citrate and metal ions are kinetically stable in the dark132, yet photoreduction of aqueous 

metal ions is known to occur at room temperature. At near-neutral pHs, citrate binds to the 

metal surface through a nucleophilic interaction between two of its three carboxylate 

groups, with the third carboxylate free to the solution. Both steric and electrostatic 

repulsive forces of surface citrate molecules provide excellent charge stability in aqueous 

solutions,135 due to the formation of a negative double layer at the NP-solution interface.  

Previous studies53,118,126 of citrate photooxidation on Au and Ag NP electrodes found a 

dependence of the photocurrent on citrate concentration, but only when the concentration 

of citrate in solution was below 10-6 M.  At concentrations above 10-6 M, citrate forms a 

monolayer on the NPs, and the photocurrent depends on laser power, not citrate 

concentration.  The open circuit rest potential of the NP electrode becomes more negative 

with increasing citrate concentration in the 10-6 to 10-3M concentration regime, signifying 

an increased number of surface citrate molecules contributing to the interfacial capacitive 

double layer.126,133  The double layer remains stable until a sufficient cathodic photovoltage 

(i.e. negative electrode polarization) is reached (VOC -100 mV in the case of a Ag NP 

electrode53), resulting in surface charge repulsion of the negatively-charged citrate anions 

inside the double layer.136  
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In the context of this experiment, we are using millimolar citrate concentrations to 

ensure both monolayer coverage and good surface charge stability.  The electrode was 

allowed to equilibrate in the citrate-electrolyte solution overnight before laser illumination.  

A typical equilibrium rest potential for the NM electrode in citrate-electrolyte solution 

ranged between VOC= 90 – 150 mV vs. Ag/AgCl. Laser illumination at the plasmon 

resonant wavelengths of the NM electrode drives the oxidation of surface citrate molecules 

by photogenerated Au hot holes to yield 1,3,-acetonedicarboxylate via a photo-Kolbe 

reaction:53,117,118,126 

4.3 

The generalized Kolbe reaction occurs by either a one- or two-electron oxidation of a 

deprononated organic acid R-CO2
-, with the latter case resulting in decarboxylation and 

subsequent nucleophilic attack to form R-Nu.  In the 1970’s, Kraeutler and Bard 

determined that this reaction could be light-driven using n-doped TiO2 single crystals and 

powders as photocatalysts.137–139  Briefly, light adsorption drives the promotion of an 

electron from the valence band to the conduction band of TiO2, followed by fast electron 

transfer from an adsorbed carboxylate molecule.  The electron promoted to the conduction 

band was measured as photocurrent in an electrochemical cell.  This work paved the path 

for future experiments aimed at understanding the mechanism of photocatalyzed growth of 

citrate-stabilized Ag NPs.  It also established the irreversibility of the photo-Kolbe reaction 

by showing the inability of the electron to back-transfer from the semiconductor to the 
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molecule. Later work by the Mirkin and Brus groups expanded the understanding of the 

photo-Kolbe reaction of citrate on photo-excited Ag and Au surfaces: Xue and Mirkin 

performed 1H nuclear magnetic resonance (NMR) spectroscopy on Ag prism solutions after 

photocatalyzed growth in citrate to confirm the presence of 1,3- acetonedicarboxylate and 

acetoacetate.134  Wu and Brus. confirmed conversion of citrate to 1,3- acetonedicarboxylate 

on resonantly excited Au NP electrodes using 1H NMR.117  Thrall and Brus. distinguished 

the unique ability of citrate photoxidation to compete with the fast relaxation of metallic 

hot electron-hole pairs, thus resulting in significantly higher reaction quantum yields 

compared to other organic acids capable of undergoing Kolbe-type photodegradation.118  

Figure 4.9 is a plot of the open circuit (OC) electrode potential as a function of time 

for a NM electrode before, during, and after laser irradiation at 550 nm in a solution of 0.5 

mM sodium citrate and 0.1 M KNO3.  The steady state potential before illumination 

represents the dark equilibrium potential, VOC, of the NM electrode. Resonant laser 

illumination causes the formation of hot electron-hole pairs generated from surface 

plasmon decay, which drive the transfer of electrons from surface citrate molecules to NM 

hot holes.  
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Figure 4.9 (a) Mechanism of photocharging in Au nanoparticles. (a) Schematic shows 
laser illumination of NP electrode in an electrochemical cell at open circuit conditions, 
i.e. net zero current flow. Non-radiative plasmon decay creates a hot electron-hole 
pair. Hot holes participate in photoxidation of surface citrate molecules, while hot 
electrons collect on the NP surface, resulting in measurable photocharging. (b) Open-
circuit potential vs. time for a NM electrode (i) before, (ii) during, and (iii) after laser 
irradiation with 550 nm light in a solution of 0.5 mM sodium citrate and 0.1 M 
potassium nitrate. The laser power density was 18 mW/cm2. 

The photogenerated hot electron thus becomes excess charge that accumulates at 

the interfacial double layer, resulting in a decrease in the OC potential, also known as 

photovoltage.  This can also be viewed as an increase of the Fermi level of the NM 

electrode.133,140  After ~2000 seconds under laser irradiation, the electrode potential 

approaches a photostationary state, signifying that rate of charging by photoxidation of 

citrate molecules is equal to the rate of electron discharging through surface interactions.  

Discharging of surface Au hot electrons occurs by electron tunneling across the interfacial 

double layer to an acceptor species.  In a solution containing only citrate and supporting 
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electrolyte, the process of discharging an electron from a metal surface occurs through the 

reduction of water to form elemental hydrogen.129,131,141,142  While the initial electron 

transfer from citrate to the Au hot hole is fast, the consequent reduction of surface 

adsorbates is slow, indicating that the interfacial hot electron is long-lived.141,143 This has 

been demonstrated in the photocatalyzed Ag reduction onto photocharged Ag NPs, which 

does not just occur along the direction of incident laser polarization, where the surface flux 

of ballistic electron-hole pairs is highest.53  Instead, surface reactions occur independent of 

incident laser polarization and are spatially limited by the mean free path of the metallic 

electron.131  

A key goal in the understanding of plasmon-enabled photochemistry is to reveal if, 

and to what extent, photo-driven reaction rates depend on the plasmon resonance.  This can 

be investigated by the construction of an action spectrum, which relates the measure of a 

photoprocess, whether it be photocurrent, the rate of product formation, or in this case, the 

photovoltage, to the NP extinction spectrum by plotting it as a function of wavelength and 

comparing the lineshape to the plasmon resonance.  In measuring the photovoltage action 

spectrum for Ag NPs on conducting substrates, Thrall et al. concluded that the 

photovoltage action spectrum for citrate photooxidation was not a function of the plasmon 

resonance, but instead relied on the incident photon energy.118  

We construct a photovoltage action spectrum (Figure 4.10) by illuminating 

different bands across the NM electrode extinction spectrum with a supercontinuum white 

light source affixed with grating filters and normalized to the minimum photon flux using 

neutral density filters. NMs exhibit two extinction peaks, the low-energy BD mode and the 
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high-energy ABD mode (see Section 4.3.1).  The photovoltage drop is defined as the 

difference between the rest potential before laser illumination and the new photostationary 

potential under laser illumination, as a function of wavelength. Local absorption maps 

(Figure 4.10a) are calculated by taking the product of the local electric field enhancement, 

|E(r)/E0|2, the light frequency, and the imaginary component of the dielectric function for 

Au (Johnson & Christy) at the specified wavelength regions. We obtain the local electric 

field enhancement from the rigorous solution of Maxwell’s equations using the boundary 

element method.144,145 The experimental NM electrode extinction spectrum is plotted 

(black line) with the photovoltage action spectrum, along with the theoretical local 

absorption spectrum (blue), calculated 1 nm below the NM surface (to simulate the surface 

where electron transfer events occur) and averaged over all polarizations on the three-

dimensional NM spherical surface to simulate the response of a NM ensemble.  

 In regions I and II of Figure 4.10b, the photovoltage action spectrum exhibits a 

peak at 525 nm  that is similar to the surface absorption spectrum and blue-shifted from the 

ABD peak at 550nm in the NM extinction spectrum.  There is negligible photovoltage 

produced in region III, which corresponds to an absence of plasmon states, as shown by a 

dip in both the extinction and the local absorption.  The low energy BD mode peaks at 

~750 nm in Region IV, as is evident in both the extinction and local absorption spectra; 

however, there is only a weak photovoltage response. The photovoltage action spectrum 

does follows the general shape of the averaged local surface absorption spectrum, not the 

overall extinction spectrum, but the low response at longer wavelengths suggest that 

incident photon energy also plays a role in the photovoltage drop.118  
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Figure 4.10 Photovoltage action spectrum and local absorption profiles. (a) Local 
absorption maps calculated at (I) 475 nm, (II) 525 nm, (III) 660 nm, and (IV) 750 nm 
show the absorption cross-section of an NM due to near-field enhancements and the 
imaginary component of the dielectric constant. (b) The measured photovoltage (red 
squares) is plotted as a function of the excitation wavelength. The local absorption 
averaged over the 3D Au surface simulates the average response of the NM surface. 
Both the photovoltage and surface absorption spectra are blue-shifted with respect to 
the experimental extinction spectrum of the NM electrode.  
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As discussed in Chapter 2.1, the extinction spectrum of a NP is the measure of both 

the absorption and scattering events that simultaneously occur when the NP is excited with 

resonant light.  From Figure 4.3, we see that the absorption cross-section of a NM makes 

up approximately 50% of the total extinction cross-section, signifying that ~50% of the 

total photons that interact with the NM will generate plasmons that decay non-radiatively 

into hot electron-hole pairs. Using Mie theory, one can easily calculate the absorption 

averaged over an entire NP.  Often times, the position and shape of the averaged absorption 

spectrum will look similar to the averaged scattering and extinction spectra.  However, 

probing the absorption at localized areas of a nanostructure can often tell a different story, 

especially for complex geometries whose spectral response and near-field properties arise 

from the constructive and destructive interference of multiple eigenmodes.35,120 

Following the surface absorption spectrum, the largest measured photovoltage drop 

occurs at 525 nm. At wavelengths below 525 nm, corresponding to a photon energy of 2.35 

eV, interband transitions from filled d-band states to partially-filled sp-bands damp the 

plasmon resonance and dominate absorption events at the NM surface.146  This is verified 

by the uniform absorption (i.e. absence of a polar charge distribution) across the outer shell 

in the absorption maps for region I.  The absorption cross-section remains large even as the 

dipole resonance is damped due to a sharp increase in the imaginary component of the 

dielectric function. With the understanding that the local absorption maximum overlaps 

with the onset of IB transitions, the photovoltage action spectrum can be fully explained. 

Consider the absorption maps in Figure 4.10a- surface absorption is most intense in region 

IV, arising from large local electric field enhancements corresponding to the strong 

coupling of the BD plasmon mode to incident light.  However, the resulting photovoltage 



 71 
 

is weak.  Region II marks the energy border between interband transitions and pure 

plasmonic absorption. Hot holes both above and within the d-band may simultaneously 

contribute to the photovoltage in Region II.  It is important to distinguish the difference in 

locality of hot holes produced from each transition, as the d-bands are located 2.3 eV below 

the Fermi level,146 while plasmonic hot holes are generated closer to the Fermi level50.  Hot 

holes produced from plasmon decay are likely not deep enough below the Fermi level to 

participate in citrate photooxidation as efficiently as d-band holes. Finally, the 

photovoltage produced from Region I is likely composed almost entirely from d-band 

transitions. Uniform absorption and the absence of a dipolar plasmon mode on the Region 

I absorption map support this conclusion.  Although no photovoltage data was collected at 

wavelengths smaller than 475 nm, we hypothesize that the photovoltage may continue to 

increase as the holes become more energetic and a there exists a large density of states, but 

eventually may drop off as the energies move far from the plasmon excitation.   Further 

experimentation is needed to explore this regime.  

Our results strongly suggest that plasmon- generated photovoltage on NP electrodes 

is not solely dependent on photon energy, but also on the absorption cross-section of the 

plasmonic nanostructures.131  Arguably, the electronic interaction between an adsorbate 

and a metal surface plays the largest role in any electron-transfer process, as strong metal-

molecule interactions can result in substantial broadening of the molecular orbital, so that 

the once discrete molecular orbital of energy E exhibits a Lorenzian resonance with a 

linewidth, Γ(E) that depends on the metal-molecule interaction strength.147  The CV of the 

NM electrode (Figure 4.6) reveals that citrate is oxidized approximately 0.9 V positive of 
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the open circuit potential of the NM electrode (VOC=0.1 V vs. Ag/AgCl), which corresponds 

to a Fermi level of EF=-4.8 eV vs. vacuum. (The conversion of relative electrode potential 

to absolute vacuum energy is made by considering the relationship 0.205 V vs. Ag/AgCl = 

0 V vs. NHE =-4.55 eV vs. vacuum148) This explains why citrate photooxidation proceeds 

over a range of visible excitation energies, with photooxidation rates increasing with holes 

created deeper below the Fermi level. 

Hot-hole-mediated electron transfer events from surface adsorbed molecules will 

thus depend on the position of the hot hole with respect to the Fermi level and also with 

respect to the HOMO of the molecule. The local absorption cross-section gives the 

probability that a hot carrier will be formed through plasmon generation and decay. If the 

photon flux (φ = 1/s) remains constant across all excitation bands, the transient absorption 

cross-section at a given photon energy can be described as the probability of photon 

absorption per second, with units m2/s. This value will be proportional to the rate of 

photocharging and demonstrates that the photocharging rate of a NP can change with 

incident photon energy. The kinetics of electrode charging and discharging can be modeled 

by the Butler-Volmer equation, which describes the fundamental relationship between 

charge flow and electrode potential.149  We recall that at open circuit conditions, all process 

at an electrode are in equilibrium, and thus there is no net current flow.  Therefore, any 

change in the electrode potential during laser irradiation can be attributed to photodriven 

charge transfer at the electrode surface.  In Equation 4.4, we use the Butler-Volmer 

equation to express the change in net photocharge on the NM electrode, Q, as a function of 

the open circuit potential shift, η=V-Veq, where V is the measured electrode potential, Veq 
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is the dark electrode rest potential, and of the wavelength-dependent photocharging rate, 

J(λ): 

𝑑𝑄
𝑑𝑇 = 𝑖B 𝑒8�f� − 𝑒 E8� f� − 𝐽(R)   4.4 

Here, α is the charge transfer coefficient, i0 is the exchange current, f = F/RT, F is Faraday’s 

constant,  R is the universal gas constant, and T is the the temperature. The Butler-Volmer 

reaction assumes that a reversible redox process occurs at the same electrode. The first 

exponential term, 𝑒8�f�, describes reduction at an electrode, while the second exponential 

term, 𝑒E8�f�, describes the reverse reaction, oxidation at an electrode. We recall that 

electron discharge at the NM electrode occurs through reduction of water to yield hydrogen 

(cHER): 

𝐻?𝑂 + 1𝑒8 →
E
?
𝐻? + 𝑂𝐻8    4.5 

We assume that the overpotential for the reverse reaction, the hydrogen oxidation reaction, 

is sufficiently large that the reaction is negligible, due to the weak interaction between 

hydrogen and Au.150  Thus, the second exponential term produces very small values and 

for demonstration, we only consider the first exponential term.  At the open circuit potential 

with no laser, η=0 and J=0, therefore dQ/dt =0.  Under laser illumination when η is small, 

the exponential term is small, so dQ/dt  is dominated by J and charge builds up on the 

electrode, causing a decrease in the OC potential. As η becomes larger, the exponential 

term approaches J and dQ/dt approaches zero. At this point, the electrode has reached a 

photostationary potential, where the rate of photocharging becomes equal to the rate of 

electrochemical discharging.  Once the laser is turned off, J=0, and the electrode will 
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discharge at a potential-dependent rate, slowing down considerably as η à 0.  Equation 

4.4 shows that the charge generated at the electrode depends exponentially on the 

photovoltage. We know from Figure 4.7 that photocurrent is linear with laser intensity.   

Consequently, we can also establish that the photovoltage is proportional to the logarithm 

of the laser intensity, as seen in Figure 4.11. 

 

Figure 4.11  Semilog plot showing the relationship of photovoltage to incident laser 
power at 525 nm. 

 The total capacitance of the NM electrode is defined as C=Q/V, and so we can 

express the rate of discharge in Figure 4.9 after the laser is turned off by setting J=0.  After 

rearranging Equation 4.2 and taking the logarithm, this yields:  

log ��
�O
[1 − 𝑒f�]8E = 𝑙𝑜𝑔 Hg

¡
− �f�

?.=
   4.6 
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The photovoltage decay in Equation 4.6 follows a y=mx + b format, where a semilog plot 

of dV/dt(1-efn)-1 versus η has a slope of -αf/2.3 and a y-intercept of log[i0/C].  Figure 4.12 

shows the potential decay at the NM electrode as a function of the shift from the rest 

potential, η=V-Veq, for a photovoltage created by laser illumination at 525 nm (green) and 

750 nm (maroon), corresponding to the peak ABD and BD plasmon absorption 

wavelengths, respectively (see Figure 4.10).  From the best-fit line in Figure 4.12, we can 

easily solve for the charge transfer coefficient, α, also known as the symmetry factor as it 

is a non-dimensional measure of the symmetry of the energy barrier for an electron transfer 

process.149  The slope of the photovoltage decay for the λex=525 nm case is -16.9, 

corresponding to an α=0.98. The slope of the photovoltage decay for the λex=750 nm case 

is -5.6, corresponding to an α=0.33.  We can conclude that in the case of the cHER reaction, 

discharge proceeds very slowly for both situations.  A difference in the transfer coefficient 

for each excitation suggests that the buildup of charge from each excitation results in a 

different double layer capacitance. The change in capacitance arises from a different 

distribution of non-thermalized electrons contributing to the total charge on the NM 

electrode. 
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Figure 4.12 Decay of photovoltage from an NM electrode at two laser excitation 
wavelengths, λex=525 nm (green) and λex=750 nm (red) by electrochemical reduction 
of surface water molecules, as a function of the shift from the rest potential, η.  The 
best-fit lines were extrapolated to solve for the experimental transfer cofficient, α.  
The electrode is immerside in a solution containing 0.5mM sodium citrate and 0.1 M 
potassium nitrate. 

This result can be intuitively understood by considering an energy diagram of the 

NM electrode,, where hot electron-hole pairs on NMs are separated by an energy of 

ΔEex=1240/λex.  Going forward, ΔEH=1240/525nm=2.36 eV and ΔEL=1240/750 nm=1.65 

eV. in Figure 4.13.  As previously established, the citrate photooxidation rate by ΔEH 

photons is greater due to an exergonic interaction between the citrate HOMO and hot holes 

generated from deeper below the Fermi level.  The higher photon energy allows for hot 
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electrons to populate states above the Fermi level that are unoccupied, even as the Fermi 

level increases due to increased charging.  In the case of ΔEL, the hot electron distribution 

above the Fermi level will be overall less energetic, due to the smaller energies of hot 

electrons produced by ΔEL.  These two scenarios are illustrated in Figure 4.13, where the 

vacuum energy is shown against Ag/AgCl for convenience.  The overall energy of the 

Fermi distribution of hot electrons in Figure 4.13b is higher than in Figure 4.13c, so the 

reaction proceeds easier, as is evident by the higher value α for the ΔEH reaction. 

 
 Figure 4.13 Energy band schematic showing the electron transfer processes occuring 
at a NM electrode. (a) The approximate reaction energies, determined by cyclic 
voltammetry, are plotted against the equilibriated Fermi level and d-band alignment 
of the NM electrode, with respect to vacuum (left) and the Ag/AgCl reference 
electrode (right). (b) The hot carrier photoelectrochemical reaction couple under 
ΔEH=2.36 eV photon excitation: hot carriers created from lower below the Fermi level 
produce sufficient photovoltage through citrate photoxidation, and the Fermi 
distribution of hot electrons reduces water through HER. (c) Under ΔEL=1.65 eV 
excitation, electrons and holes are limited by the slow photoxidation of hot holes near 
the Fermi level.   
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It is important to discuss the full implications of comparing the experimental charge 

transfer coefficients, as it would be a facile measurement to qualitate the overall efficiency 

of a photo-driven redox reaction under various conditions.  As mentioned above, the 

transfer coefficient represents the symmetry of an activation barrier on a one-dimensional 

reaction coordinate.  It does not contain any specific information about the classical and 

quantum processes occurring at the electrode-solution interface, rather it is an all-

encompassing measure of where equilibrium will lie between an oxidized and reduced 

species, given a set of specific reaction parameters.149  In the case of the experimentally-

derived transfer coefficients above, we assume identical reaction parameters, with the 

exception of the incident photon energy.  Corroboration of the data is further complicated 

by the fact that the experiment measures an ensemble photovoltage signal.  Hyperspectral 

studies on the optical properties of charged NP electrodes151 have shown that a single NP 

response can deviate largely from the bulk NP response.  Substantial surface defects, poor 

electrical contact and side reactions are both possible scenarios that could cause single 

NMs to deviate from bulk photovoltage response. 

4.4. Conclusion 

Plasmonic NM electrodes were shown to generate photovoltage under resonant 

excitation through the photooxidation of citrate molecules at the nanoparticle surface.  

Electron transfer from surface citrate molecules to photoexcited hot holes can occur 

competitively with hot carrier relaxation in metal NPs.132  At the laser power densities used 

in this experiment, photocharging of NMs measured as photocurrent was shown to be linear 
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with light intensity.   This suggests that in the low-power regime, the reaction kinetics are 

first-order in hot hole formation, while it has been previously established that the kinetics 

are zero-order in citrate concentrations above 10-6M.53,126  At sufficiently high laser power 

densities, we project that the reaction rate should become limited by the diffusion of citrate 

to the NM electrode surface.  Photocharging rates were shown to be a function of the 

nanoparticle absorption spectrum, where high- energy excitation wavelengths created hot 

holes from Au d-bands deep below the Fermi level, providing an energetically-favorable 

reaction path for irreversible citrate oxidation.  Photooxidation by hot holes created from 

plasmonic excitation with lower-energy wavelengths proceeded with less efficiency, 

assumable due to the less exergonic nature of the electron transfer.  Photovoltage in the 

NM electrode was discharged through the reduction of water by hot electrons stored in the 

capacitive double layer at the nanoparticle- solution interface.  Under identical reaction 

conditions, the charge transfer coefficients for each excitation were curiously dissimilar, 

providing evidence that the discharge reaction may be dependent on the electrochemical 

potential of the hot electrons in the IDL.   

Owing to the remarkable light-focusing properties of plasmonic nanostructures, hot-

carrier-driven photochemical reactions are a promising means of converting light energy 

to chemical energy.  The high surface-to-volume ratio and double-layer capacitances of 

nanoparticles makes them ideal candidates for electron transfer reactions with surface 

adsorbates.  Hot carriers produced through plasmon decay can have remarkably long 

lifetimes at electrochemical interfaces141,152 and can be energetic enough to drive many 

important chemical reactions.  In order for the realization of efficient plasmonic hot carrier 

devices to occur, further research must be focused on optimizing plasmonic geometries 
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that show efficient plasmonic light absorption on an ensemble scale.  This should be 

coupled with a multidisciplinary emphasis on plasmonic and chemical surface properties 

to maximize the throughput of nanoscale interfacial reactions. 
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Chapter 5 

Molecular Plasmonics 

This chapter presents a collaborative investigation (Adam Lauchner, Dr. Alejandro 

Manjavacas, Yao Cui, equal contribution) into the existence of molecular plasmon 

resonances in the visible for ionized polycyclic aromatic hydrocarbons (PAHs), which we 

reversibly switch by adding, then removing, a single electron from the molecule. It has 

been shown that graphene supports surface plasmons that can be tuned both electrically 

and geometrically across a wide spectral region, from the mid-infrared to the terahertz 

regime. The identification of a general class of plasmonic excitations in systems containing 

only a few dozen atoms permits us to extend this versatility into the visible and ultraviolet. 

As appealing as this extension might be for active nanoscale manipulation of visible light, 

its realization constitutes a formidable technical challenge. We experimentally 

demonstrate the existence of molecular plasmon resonances in the visible for ionized 

polycyclic aromatic hydrocarbons (PAHs), The charged PAHs display intense absorption 
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in the visible regime with electrical and geometrical tunability analogous to the plasmonic 

resonances of much larger nanographene systems.  

5.1. Introduction 

Collective oscillations of conduction electrons known as surface plasmons couple 

strongly to light and are confined to dimensions substantially below the diffraction limit, 

giving rise to large near-field enhancements. These properties, together with the strong 

sensitivity of plasmons to the morphology of the structures, have generated great 

expectations for technological applications, particularly in optical sensing down to the 

single-molecule limit.153,154,54  Graphene has recently surfaced as an outstanding material 

for supporting plasmons.  In addition to exhibiting strong planar confinement, graphene 

plasmons have been demonstrated to be electrically tunable in nanoribbons,155–157 

nanodisks,158 nanorings,158 and other confined morphologies at mid-infrared and lower 

frequencies,157,159–163 scaling as ~n1/4/D1/2 with the doping density n and the lateral size of 

the structure D. However, many promising applications of plasmonics (e.g., sensing,154 on-

chip communications,164 and photocatalysis165) exploit the visible and near-infrared 

regions of the spectrum.  The extension of graphene plasmons to these higher frequency 

ranges is thus an important goal, which requires moving towards smaller sizes or higher 

doping densities.166,167 Unfortunately, reaching the visible regime with state-of-the-art 

doping technologies requires patterning graphene down to sizes <10 nm, which is 

unattainable by currently available top-down fabrication methods.  However, this length 

scale is commensurate with that of polycyclic aromatic molecules, which can readily be 
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obtained in high purity using chemical methods.  In particular, polycyclic aromatic 

hydrocarbons (PAHs) can be regarded as molecular versions of graphene, edge-passivated 

with hydrogen atoms.168,169 

Insights from recent Time-Dependent Density Functional Theory169–171 (TDDFT) and 

Random Phase Approximation172,173 (RPA) theoretical work imply that molecular-scale 

systems support some excitation modes which are indeed collective in nature. The 

description of a molecular plasmon as a collective electronic excitation rather than a single-

electron transition, is supported by three primary attributes: (1) The strong dependence on 

the electron-electron interaction strength; (2) The excitation being a superposition of many 

elementary single-electron excitations (i.e. Slater determinants); and (3) the Coulomb 

potential from the plasmon induced charges provides the dominant restoring force for the 

mode. These descriptions lead to the specific result predicted by Manjavacas et al.17 that 

charged PAH molecules possess a set of molecular plasmon resonances that are remarkably 

sensitive to their charge state. As neutral molecules, PAHs exhibit large energy gaps 

rendering most of them transparent in the visible range. Aromatic molecules possess 

overlapping p orbitals, which provide them with remarkable chemical stability, resulting 

in six-membered benzene rings that support delocalized valence electrons. In an extended 

hexagonally packed lattice of such rings, the valence electrons recover the well-known 

band structure of graphene, in which the electron mobility reaches high values when the 

material is doped with charge carriers, giving rise to metallic behavior supporting long-

lived plasmons. Likewise, a discrete PAH molecule is predicted to support visible 

plasmons with the addition or removal of one or more electrons.168  The added carrier in 

the PAHs plays only an indirect role in the plasmon motion. The addition of the extrinsic 
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carrier changes the electronic structure of the molecule so that collective excitations 

become possible. The plasmon “motion” does not primarily involve the added carrier, but 

is a coherent superposition of multiple electron-hole pair excitations involving the other 

electrons.  This is in sharp contrast to plasmons in graphene, where the electrons forming 

the plasmon are the extrinsic dopants. In the limit of a very large system with a continuous 

electronic structure the descriptions become equivalent.  

The radical anions of PAH molecules are known to support visible resonances which in the 

past have been interpreted as single-electron excitations within the realm of molecular 

orbital theory.174–176  The spectra we observe are consistent with those reported in the 

previous literature, confirming that the molecular plasmon is switched on by the addition 

of a single electron to the molecule, and providing a radically new understanding of 

plasmon resonances in molecular-size systems.  This finding represents an extrapolation of 

the high electrical tunability of nanographene plasmons to an extreme limit of spatial 

confinement, demonstrating a change of paradigm in plasmonics that holds great potential 

for visible light modulation.  This is illustrated in Figure 5.1a, which represents the electron 

density of the highest occupied molecular orbital (HOMO) of anthracene in its neutral and 

charged states, as well as the charge density induced upon resonant light irradiation, which 

constitutes the molecular plasmon. 
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Figure 5.1 Molecular plasmons in electrically doped PAHs. (a) Upon addition of a 
single electron, the outer valence electron density of a neutral PAH molecule (upper 
panel) undergoes dramatic changes (central panel) that enable the excitation of a 
plasmon upon exposure to visible light (lower panel). We illustrate this concept with 
densities calculated from TDDFT for anthracene. (b) An electron is transferred from 
a metallic gate to dispersed molecules placed in its vicinity when the lowest 
unoccupied molecular orbital (LUMO) is tuned to the Fermi level of the gate. This 
process results in visible color changes of the solution. 

5.2. Methods 

5.2.1. Solution preparation 

All PAH molecules- anthracene, tetracene, tetraphene, phenanthrene, triphenylene, and 

supporting electrolyte tetrabutylammonium perchlorate (TBAP) were purchased from 

Sigma Aldrich and purified via recrystallization from diethyl ether. Dimethylformamide, 

propylene carbonate, and dimethylsulfoxide were purchased from Sigma Aldrich and 

purified using vacuum distillation and/or the freeze-pump-thaw method. Tetrahydrofuran, 

pyridine, and acetonitrile were purchased from Sigma Aldrich and purified through a high 
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pressure solvent purification system. Karl Fischer titration of all solvents showed less than 

50 ppm water impurity. Solutions for electrochemical measurements contained 5 mM of 

the PAH under investigation with 500 mM of supporting electrolyte (tetra butyl ammonium 

perchlorate, TBAP), unless otherwise noted.  All solutions were prepared, stored, and 

transferred under inert (N2 or Ar gas) conditions. 

5.2.2. Spectroelectrochemical measurements  

A schematic of the spectroelectrochemical cell is provided in Figure 5.2. A three 

electrode measurement is taken using platinum mesh working- and counter-electrodes with 

a Ag-wire pseudo-reference electrode. Ag wire is used due to the non-aqueous conditions 

to prevent side reactions from occurring between PAH anions and ions leaked from a 

conventional reference electrode. In order to compare measured reduction potentials 

against reported values, the Ag wire pseudo-reference electrode is externally calibrated 

against the ferrocene redox couple177 (Fc/Fc+). All reduction potentials are reported 

relative to this value.  
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Figure 5.2 Spectroelectrochemical Setup. A three-electrode electrochemical cell 
configuration forms a complete circuit, controlled by potentiostat. White light is 
transmitted through the working electrode and recorded by a spectrometer. For the 
measurements conducted in this manuscript, the working electrode was always set as 
the negative voltage.  The solution in the cell consists of 500 mM supporting electrolyte 
and 5mM PAH molecule in a dry organic solvent purged with argon. 

The reduction and re-oxidation of anthracene in THF occur at approximately -2.20 

V and -1.15 V vs. Fc/Fc+ (see Figure 5.3), respectively.  The measured reduction potential 

for the tested molecules is consistently in agreement with previously reported experimental 

values.178,179 The electrochemical potential ranges accessible in many organic solvents 

readily support the reduction of small PAHs and the observation of their (-1) molecular 
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plasmon. Absorption measurements are taken concurrently with voltage sweeps using a 

white light source (dual lamps: halogen and laser-driven plasma) incident on the working 

electrode, transmitted to the spectrometer where the spectrum is recorded.   

 

Figure 5.3 Cyclic Voltammogram. Current measured as a function of voltage sweep 
for THF (with 500 mM TBAP) both with 5mM Anthracene (solid, black line) and 
without Anthracene (dashed, grey line).  
 

5.2.3. Chronoabsorptometry 

This measurement is nearly identical to the spectroelectrochemical measurements 

except that an ITO-covered glass slide (Delta Technologies, 15-25 Ω) was used as the 

working electrode.  The change in optical absorption is directly proportional to the change 

in measured current, both of which are linear for short time scales (within the first few 
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seconds after applying the potential).  The molar absorptivity of the reduced state can be 

derived by substituting the Cottrell equation (for current in an electrochemical cell as a 

function of time and neutral analyte concentration) into Beer’s law.180  We used the 

diffusion coefficient calculated from the measured current over the same time period as the 

absorption was measured so that, as expected, the diffusion constant remained uniform 

over the calculation region.  The molar absorptivity of neutral and charged anthracene was 

obtained for solutions in DMF with 100 mM TBAP as the supporting electrolyte. 

5.2.4. Device preparation and measurement 

Anthracene, supporting electrolyte tetrabutylammonium hexafluorphosphate 

(TBAPF6), and poly(methyl methacrylate) (PMMA)_average Mw ~996,000 were 

purchased from Sigma Aldrich and purified by means of recrystallization from THF.  The 

conductive gel was prepared by dissolving 80 mM anthracene, 80 mM TBAPF6, and 10% 

wt. PMMA in THF under dry Argon flow and stirring overnight.  The gel was dropcast 

onto two ITO-covered glass slides (Sigma Aldrich, 8-12 Ω/sq) in a dry N2 glovebox and 

allowed to cure for 8 minutes before sandwiching the two ITO/glass slides together.  360 

µm thick adhesive (Grace Biolabs SecureSeal) was used as a spacer layer and an adhesive 

layer for the two slides.  Cu-tape and Ag wire was used to connect the ITO surfaces to the 

potentiostat for a two-electrode measurement.  All other electrical and optical 

measurements for this device were performed in the same manner as described in the 

Spectroelectrochemical Measurement and Chronoabsorptometry paragraphs. 
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5.2.5. Theoretical Calculations 

All theoretical calculations were performed using Gaussian 09.181 We performed 

Density Functional Theory (DFT) calculations to optimize the molecular geometry and 

computed the ground state properties (e.g., electron affinity and vibrational modes). We 

used the hybrid B3LYP functional and the 6-31+G(d) basis set consisting of a valence 

double-zeta basis set complemented with s and p diffuse functions, as well as d polarization 

functions for the carbon atoms. The choice of the functional and the basis set is consistent 

with previous work182,183 in which the suitability of different basis sets to describe the 

response of PAHs was analyzed. The absorption spectra and the induced charge density 

distributions were obtained using Time-Dependent Density Functional Theory (TDDFT) 

with the same combination of functional and basis set. The effect of the solvent was 

incorporated in all calculations using the Polarizable Continuum Model (PCM).181 The 

vibrationally-resolved absorption spectra were calculated following the procedure 

developed by Barone et al.,184 which relies on the Franck-Condon principle to obtain the 

strength of the transitions between the vibrational levels of the ground and the excited 

electronic states. 

5.3. Results  

To facilitate charge transfer to and from PAH molecules, a three-electrode 

electrochemical cell with optical access was designed (see Figure 5.1b and Figure 5.2), 

where current is passed through a nonaqueous electrolyte solution that contains a known 

concentration of PAH molecules.  The PAH molecules were dissolved in dry organic 
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solvent along with a supporting electrolyte and probed electrochemically.  Electron transfer 

to the PAH molecules occurs at a Pt mesh working electrode, where the voltage is changed 

by passing an electrical current to and from an auxiliary electrode and measured relative to 

an Ag wire pseudo-reference electrode.  The addition and subsequent removal of an 

electron to the molecule is confirmed by the observation of reduction and re-oxidation 

peaks in a cyclic voltammogram.185,186 Optical measurements of the solution were obtained 

simultaneously with the electrochemical measurements, using white light illumination 

transmitted through the working electrode to a spectrometer, which continuously recorded 

the transmission spectrum.  The color change during this process occurred across the full 

area of the 1 cm × 1 cm electrode, making the spectral changes easily observable to the 

naked eye. The present experimental setup does not allow the applications of sufficiently 

strong voltages to create the doubly negative charged anion or the positively charged 

cation. We are thus not able to verify the predicted scaling with charge (doping) density of 

the PAH molecules. 
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Figure 5.4 Electrical tunability of visible light absorption in PAHs. Five different 
PAHs are studied (from top to bottom): anthracene, phenanthrene, tetracene, 
tetraphene, and triphenylene. All solutions contain 5 mM PAH in THF with 500 mM 
supporting electrolyte. (a) Visible images of the PAH solution in the neutral state (left, 
grey borders) and -1 charge state (right, colored borders) for each molecule. (b) 
Measured absorption spectra for the neutral (grey) and -1 charge-state (colored) PAH 
molecules. (c) TDDFT calculated spectra for the PAH molecules in THF. 

The absorbance spectra of isomeric three- and four-unit planar aromatic ring 

molecules in tetrahydrofuran (THF) were measured in their neutral and negatively charged 
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states (Figure 5.4). In their neutral state, these molecules have well-known electronic 

absorption bands in the near-UV, corresponding to HOMO-LUMO transitions.187 In 

particular, the linear four-ring molecules, tetracene and tetraphene, have comparatively 

lower energy gaps, resulting in a noticeable yellow tint of the neutral solution. At the first 

reduction potential, the molecules accept a single electron.  This creates a negatively-

charged radical anion and a dramatic color change (Figure 5.4a), corresponding to the 

excitation of a resonance that dominates the visible absorption spectra (Figure 5.4b).  The 

energy of the peak resonance in the experimental data is in excellent agreement with results 

from TDDFT calculations, as can be seen by comparing the peak positions in Figure 5.4b 

and Figure 5.4c (see Methods for more details). 
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Figure 5.5 Vibrationally-resolved absorption spectra. We show a comparison between 
measured spectra (colored curves) and theoretical calculations (black curves) 
including coupling to vibrational sublevels for two representative singly- 
charged PAHs (anthracene and tetracene), both in THF. 

In contrast to larger graphene nanostructures, the PAH absorption spectra possess 

a rich and complex fine structure. A series of side bands is observable at higher energies 

with respect to each primary absorption peak virtually in all molecules studied. We 

attribute these additional bands to the coupling between the molecular plasmon (i.e., the 

primary peak) and the vibrational modes of the molecules. This hypothesis is well 
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supported by theoretical calculations of the vibrationally-resolved absorption spectrum 

(Figure 5.5), which are in excellent qualitative agreement with the structure of the 

experimentally measured spectra for both anthracene and tetracene (see Methods for details 

of the calculation method). Clearly the agreement between theory and experiment is not as 

good as we typically obtain for conventional metallic nanoparticle plasmonic structures. 

There are a number of possible reasons: First, the theoretical formalism underlying 

vibrational couplings are much more complex and incomplete than for classical 

electromagnetic simulations; Second, the experiment involves ensembles of PAH 

molecules that may both couple to the solvent molecules and to each other; Third, the 

vibrationally resolved theoretical spectra take into account only the strongest transition 

peak for each molecule within the spectral region considered.  However, as seen in Figure 

5.4, both anthracene and tetracene possess additional weaker peaks within ~0.5 eV of the 

strongest peak.  These modes can also couple to molecular vibrational modes and give rise 

to further (but less pronounced) structure in the vibration sidebands.  

The strength of the plasmon coupling to light is an important parameter that 

determines the concentration of molecules required for practical applications (e.g., visible 

light modulation and switching).  As the measured plasmon is likely broadened by 

interaction with the stochastic distribution of solvent molecules (e.g., through averaging 

over local frequency shifts or via coupling to inelastic modes of the liquid), we assess the 

noted coupling by examining the spectral integral of the absorption cross-section over each 

plasmon+satellites region. This magnitude should be roughly independent of the type of 

solvent and the presence of different inelastic loss channels. In practice, we measure the 

absorption cross-section for the anthracene molecular plasmon by recording the maximum 
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absorbance (at ~1.71 eV) as a function of time upon application of a constant potential, a 

method known as chronoabsorptometry (see Methods); the molar absorptivity obtained 

using this approach is nominally 3,500 M-1 cm-1, translating into an absorption cross-

section of 6×10-4 nm2.  The molar absorptivity we obtain is similar to, but slightly lower 

than that of the neutral molecular absorption of anthracene, which is 6,200 M-1 cm-1 at 

~3.44 eV. From this calibration of the absorption maximum, we now integrate the spectrum 

and obtain a peak value of 2.3×10-4 nm2eV, which compares reasonably well with the 

theoretical prediction of 14.8×10-4 nm2eV. 
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Figure 5.6 Tunability of the molecular plasmon. (a,b) The peak energy of the plasmon 
resonance can be redshifted by increasing the dielectric constant of the environment. 
(b,d) The peak energy of the leading spectral maximum in (a) and (c) is shown to 
redshift linearly with increasing index of refraction. This figure also illustrates the 
resonance redshift when increasing the length of the molecule from ~930 pm for 
anthracene (a) to ~1180 pm for tetracene (c). 

Since the resonant frequencies of metallic surface plasmons are highly sensitive to 

size, shape, and surrounding dielectric environment, we examine these same dependences 

in molecular plasmons (Figure 5.6).  The molecular plasmon resonances redshift with 

increasing molecule length from ~930 pm (anthracene, absorption peak at 1.71 eV, Figure 
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5.6a) to ~1180 pm (tetracene, absorption peak at 1.52 eV, Figure 5.6c).  This correlation is 

analogous to the nearly-linear relationship between metal nanorod plasmon wavelength 

and nanorod length and is in agreement with the effect of spatial confinement of a charge 

distribution.173,188 We also observed a linear redshift with increasing index of refraction of 

the surrounding environment.7 Spectra of the negatively-charged PAHs were recorded for 

solutions in a series of organic solvents with increasing indices of refraction (Figure 

5.6b,d).  The anthracene anion was measured in six separate solvents: MeCN (acetonitrile, 

n = 1.3441), THF (n = 1.4072), PC (propylene carbonate, n = 1.4189), DMF 

(dimethylformamide, n = 1.4305), DMSO (dimethylsulfoxide, n = 1.4793), and Pyridine 

(n = 1.509).  The tetracene anion was measured in three solvents (THF, DMF, and 

Pyridine).  The nine normalized spectra corresponding to this solvent shift are shown in 

Figure 5.6a and Figure 5.6c. We also observe that the spectra of both anthracene and 

tetracene molecular plasmons are modified to a greater degree in pyridine than in the other 

solvents: for anthracene, a substantially broadened spectrum is observed, while for 

tetracene, an additional broad spectral shoulder from 2.0 to 2.6 eV appears.  This may 

indicate an enhanced interaction or affinity between the molecular plasmon and the 

pyridine solvent molecules, which are also aromatic rings (C5H5N), and possess substantial 

vibrational mode overlap with the plasmonic molecules.    

As a proof-of-principle for molecular plasmonic applications, we have prepared a 

symmetric electrochromic device by dissolving anthracene in an electrically conductive 

transparent polymer gel and laminating it between two pieces of a transparent conductive 

oxide as shown in the schematic of Figure 5.7a.  The long-lived visible color (many 

seconds) and repeatable switching (more than 10 cycles in our initial test) demonstrate the 
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viability of this concept (see Figure 5.7b,c).  The extinction spectrum of the device is 

extremely similar to the extinction of the singly charged anthracene anion in solution 

obtained in the electrochemical cell, as shown in Figure S6.  Water and impurities in the 

solution result in some discoloration from byproduct formation with successive switching 

cycles. However, we have verified that reasonable attempts to reduce water content and 

impurities can significantly improve this performance. Optimization of the conductive 

polymer189 and electrodes190 should result in further improvements in transmission, cycling 

endurance, and switching speed. 

 

Figure 5.7 A molecular plasmon electrochromic device. A symmetric ITO-anthracene 
gel-ITO device was constructed (a) which exhibits a reversible color change upon 
application and removal of voltage (b).  The active area of the device is ~1cm x 1cm. 
The white spot in the middle is the specular reflection of the illumination source for 
the spectroscopic measurements.  (c) The color change continues through multiple 
voltage switching cycles between -4 V (for 5s, illustrated by the orange bands in panel 
c) and 0 V (for 20s). The absorbance is measured at 1.71 eV (the molecular plasmon 
peak resonance for anthracene) and can be seen to turn off completely after sufficient 
time upon removal of voltage. 

The excitations here studied involve collective motion of several electrons driven 

by their mutual Coulomb interaction, and thus, we brand them as molecular plasmons, 
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governed by the same principles as their plasmonic excitation counterparts sustained by 

larger PAHs (eventually reaching nanographene sizes) and metallic nanoparticles. This 

insight paves the way for using PAHs in new applications relying on plasmonic rather than 

excitonic properties. For instance, because these excitations involve strong induced charge 

densities, the field enhancements can be made larger, which may have implications for 

sensing applications. Additionally, as the plasmon is sustained by long-range Coulomb 

interactions, it may be possible to use PAH molecules in waveguiding and energy transfer 

applications.  

Our experimental observations confirm the existence of molecular plasmons in 

charged aromatic molecules168 and establish this system as a stable medium that is 

switchable between transparency and vivid absorption at safe, easily accessible voltages in 

electrolytic environments. Because this dramatic change in optical absorption is triggered 

by a single electron transfer process, we anticipate that it is likely to be a fundamentally 

fast process at the molecular scale, analogous to the subpicosecond charge transfer 

processes proposed for plastic solar cells.191 Unlike other better-known but far slower 

electrochromic mechanisms, devices based on switchable molecular plasmons could 

ultimately find use as optical filters and shutters in a range of consumer applications. The 

natural abundance, low cost, and extremely large variety of PAH molecules available could 

make extremely large-area active color-switching applications, such as walls, windows or 

other architectural elements, and even vehicles, a practical technology. 

Reprinted with permission from Lauchner, A., et al. Nano Lett., 2015, 15 (9), pp 6208–
6214 Copyright 2015 ACS Publications 
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