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Kurzzusammenfassung

Plasmonische Nanostrukturen sind in der Lage, Licht an der Grenzfläche mit dielektrischer

Umgebung durch Schwingungen der Oberflächenladungsdichte – sogenannter Oberflächen-

plasmonenpolaritonen zu konzentrieren. Die Assemblierung solcher Nanostrukturen in Dimere

ermöglicht die Erzeugung von Nano-Hohlräumen, die optische Felder auf Volumina weit unter

der Beugungsgrenze beschränken. Durch die Bildung dieser Nano-Hohlräume kommt es zu

hybridisierten Plasmonenresonanzen, die besonders von der Morphologie, der Lücke, der

Größe, der Form sowie dem Material der einzelnen Monomere und vor allem von dem Ab-

stand zwischen den Partikeln in den Dimeren abhängen.

In dieser Arbeit erfolgt die Assemblierung von Gold-Nanosphären (AuNS) und Palladium-

Nanowürfeln (PdNC) unter Verwendung von Brückenmolekülen, um schließlich die Bildung

eines plasmonischen Nano-Hohlraums zu erreichen. Das plasmonische Kopplungsverhalten

der Hohlraum-Moden wird mit Hilfe von Einzelpartikel-Dunkelfeldstreuspektroskopie unter-

sucht. Das sich aus den Hohlraummoden ergebene verstärkte optische Feld wird genutzt,

um die inelastische Raman-Streuung von Molekülen innerhalb der Dimer-Lücke ebenfalls

zu verstärken. Die Lücke zwischen AuNS-Dimeren mit drei verschiedenen Monomergrößen

wird präzise durch Verwendung verschiedener Brückenmoleküle variiert. Dabei deuten die

Plasmonenmoden von Dimeren mit kurzen Abständen auf eine Abweichung von klassischen

Vorhersagen hin, was auf das Einsetzen des Tunnel-Effekts an der Verbindungsstelle der

Dimere zurückzuführen ist. Dieser quantenmechanische Effekt ist stark von der Größe der

Nanopartikel abhängig, wobei größere Dimere ein früheres Einsetzen des Tunnelns zeigen.

Des Weiteren zeigen 2D-quantenkorrigierte Simulationen, dass die Zahl der tunnelnden Elek-

tronen von der Krümmung der Nano-Hohlraum-Wände abhängt. Hierbei zeigen größere

Dimere mit kleineren Krümmungsradius das effektivste Leitfähigkeitsvolumen, wodurch mehr

Elektronen – verglichen mit kleineren Dimeren mit demselben Abstand – durch die Verbindun-

gsstelle der Dimere tunneln können. Zusätzlich werden die Feldverstärkungseigenschaften

von AuNS-Dimer-Hohlräumen anhand polarisationsaufgelöster, oberflächenverstärkter Einzel-

partikel-Raman-Spektroskopie (SP-SERS) und Finite Difference Time Domain (FDTD)-

Simulationen untersucht. Die Plasmonenkopplung und Feldversärkung der PdNC-Dimer-

Hohlräume werden ebenfalls auf Einzelpartikelniveau experimentell sowie durch Simulatio-

nen charakterisiert. Die Simulationen zeigen eine signifikante Feldverstärkung im Dimer-

Hohlraum, welche durch polarisationsaufgelöste SP-SERS-Spektren bestätigt wird. Sie können

daher für die markierungsfreie SERS-spektroskopische Verfolgung Pd-katalysierter Reaktio-

nen eingesetzt werden.
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Abstract

Plasmonic nanostructures can confine light at their interface with the dielectric surround-

ing through surface charge density oscillations called surface plasmon polaritons (SPP). By

assembling such nanostructures into dimers, we can create nano-cavities that could confine

optical fields to volumes much lower than the diffraction limit. The hybridized plasmon reso-

nances generated due to the formation of such nanogaps critically depend on the morphology

of the gap, the size, shape and material of the constituent monomers, and most importantly,

on the inter-particle gap distance.

In this work, molecular linkers are used to assemble the gold nanospheres (AuNS) and pal-

ladium nanocubes (PdNC) to create dimers resulting in the formation of nano-cavities. The

plasmon coupling behaviour of the coupled cavity mode is explored using single-particle

dark-field scattering spectroscopy and the enhanced optical fields associated with the cavity

modes are utilized to enhance the Raman scattering from molecules positioned in the gap.

The inter-particle gap distances between the AuNS dimers with three different monomer sizes

are precisely varied by using different linker molecules. Highly uniform structural characteris-

tics of monomer spheres, along with precise control over inter-particle gap distances through

molecular linkers, result in highly uniform plasmonic properties at the single-particle level

(precision plasmonics). The behaviour of gap plasmon modes at shorter gap distances points

to a deviation from classical predictions due to the onset of quantum tunneling across the

junction. A nanoparticle size-dependent onset of quantum tunneling is observed, with larger

dimers exhibiting an earlier onset of quantum tunneling. 2D quantum-corrected simulations

indicate that the curvature of the nano-cavity walls affects the rate of quantum tunneling. A

greater effective conductivity volume is available with larger dimers with lower curvature ra-

dius, which enables more electrons to tunnel across the junction than smaller dimers for the

same gap distance. Subsequently, the field enhancement properties of AuNS dimer cavities

are studied using polarization-resolved single-particle surface-enhanced Raman scattering

(SP-SERS) spectroscopy and finite-difference time domain (FDTD) simulations. Similarly,

plasmon coupling and field enhancement properties in PdNC dimer cavities are also charac-

terized by means of single-particle experiments and simulations. The simulations predict a

significant field enhancement in the dimer cavity, which is validated by polarization-resolved

SP-SERS. Such PdNC dimers can therefore be employed for label-free SERS monitoring of

Pd-catalyzed reactions.
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Symbols and Abbreviations

Symbols

Symbol Denomination

ω Angular frequency

ωp Plasma frequency

γ Plasmon damping coefficient

ε0 Dielectric permittivity of vacuum

ε∞ Background screening parameter

εm relative dielectric function of metal

n electron density

e electron charge

me Effective mass of electron

~ Planck’s constant

k Wavevector

kSPP SPP wavevector

k0 Free-space photon wavevector

D Electric displacement field

E Electric field

p Momentum

H Magnetic field

J Current density

JHD Non-local hydrodynamic current density

σ Local conductivity

σ0 Static conductivity

Ψ2 Probability function

V Potential

T Tunneling probability

Ωf Fermi energy

dQR Threshold gap distance for quantum tunneling

ν Frequency

µ Induced dipole moment

α Polarizability
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Symbol Denomination

q Normal coordinates

V Volume

D Diameter

°C Degree Celsius

λ Wavelength

Abbreviations

Abbreviation Denomination

1D One-dimensional

2D Two-dimensional

3D Three-dimensional

IR Infrared

SPP Surface plasmon polariton

PSPP Propagating surface plasmon polariton

LSPP Localized surface plasmon polariton

LSP Localized surface plasmon

LSPR Localized surface plasmon resonance

FDTD Finite-difference time-domain

LBDP Longitudinal bonding dipolar plasmon

LBQP Longtudinal bonding quadrupolar plasmon

LBOP Longtudinal bonding octupolar plasmon

TABDP Transversal Anti-bonding dipolar plasmon

CTP Charge transfer plasmon

QCM Quantum-corrected model

TDDFT Time-dependent density functional theory

SERS Surface-enhanced Raman scattering

SP-SERS Single-particle surface-enhanced Raman scattering

LUMO Lowest unoccupied molecular orbital

EF Enhancement factor

AuNS Gold nanospheres

TEM Transmission electron microscope

STEM Scanning transmission electron microscope

CTAB Cetyltrimethylammonium bromide

CTAC Cetyltrimethylammonium chloride

MUTAB (11-Mercaptoundecyl)-N,N,N-trimethylammonium bromide

µL Micro liter

µM Micro molar
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Abbreviation Denomination

mM Milli molar

mL Milli liter

nm Nano meter

rpm Rotations per minute

SAM Self-assembled monolayer

PdNC Palladium nanocube

UV-Vis Ultraviolet-visible

SAXS Small angle X-ray scattering

NA Numerical aperture

CCD Charge coupled device

CMOS Complimentary metal oxide semiconductor

AOI Angle of incidence

mW Milli watt

TFSF Total-field scattered-field

NPOM Nanoparticle on mirror

EBL Electron beam lithography

FWHM Full-width at half maxima

PEEM Photoemission electron microscopy

TP Thiophenol

ODT Octanedithiol

PML Perfectly matched layer

ROI Region of interest

BPDT Biphenyl-4,4’-dithiol

4-CTP 4-chlorothiophenol

4-BTP 4-bromothiophenol

4-ITP 4-iodothiophenol

MBP 4-mercaptobiphenyl

MPBA 4-mercaptophenylboronic acid

4-CP 4-chlorophenol

PBA Phenylboronic acid
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1. Introduction

Nanophotonics, also known as nano-optics, is often referred to as a ”technology of the 21st

century”.[1] True to its moniker, the field of nanophotonics has experienced unprecedented

growth in recent decades in terms of research interest and output, with applications in a

wide range of inter-disciplinary domains.[2][3][4][5][6] In a nutshell, nanophotonics explores the

behavior of light at nanoscale and its interactions with nanometer scale objects, often made

of dielectric materials or noble-metals.[7][8]

Nanoplasmonics is a subfield of nanophotonics, concerned with the study and applications

of a broad variety of optical phenomena associated with metallic nanostructures.[1][9] The

metallic nanostructures can sustain electron density oscillations on their surfaces, which may

be propagating[10] or confined[11] in nature, depending on the geometry of the structures that

support them.[12][13] Understanding and fine-tuning the behavior of these electron density

oscillations, known as surface plasmon polaritons, is at the heart of nanoplasmonics.[1][8]

Since the beginning of the 21st century, plasmonics has evolved into a multidisciplinary field

with applications in multiple fields of science and technology, including cancer treatment

using photo-thermal therapy,[14] plasmon assisted catalysis,[2][15][16][17][18] optical sensing[19]

and imaging,[3] optical heating,[20] solar energy cells,[21][5] non-linear plasmonics,[4][22] Meta-

materials with novel optical properties[6][23] with applications in sub-wavelength optics,[24]

and so on.

The origins of the research in plasmonics can be traced back to Michael Faraday’s pioneer-

ing experiments on optical characteristics of thin films of Au and Au nanoparticles, which

are prepared by reducing gold salts using phosphorous based reducing agents.[25] Despite

a lack of knowledge of the underlying mechanisms, metal nanoparticles have historically

been employed to tint glass and ceramic potteries long before Faraday’s investigations. The

Lycurgus cup (4th century AD, Byzantine empire) is a well-known example (Fig. 1-1),

with significant color variations when examined in transmission and reflection owing to the

presence of metallic nanoparticles embedded in the material. Faraday’s experiments had a

substantial impact on James C. Maxwell’s seminal work which laid the foundations of mod-

ern electromagnetic theory of light.[26] Significant advances were made around the beginning

of the 20th century in our understanding of light-matter interactions at the microscopic

scale, namely the development of Drude model of metals[27][28] and Mie’s description for in-

teractions of microscopic metal particles with visible light.[29] Although the explanation for

observed properties of metal nanoparticles based on charge density oscillations was unknown

at the time, the aforementioned developments aided in understanding some of the properties
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1 Introduction

Figure 1-1.: The Lycurgus cup, 4th century AD, Byzantine empire (British museum, Lon-

don, CC-BY-NC-SA 4.0)

of metallic nanoparticles in terms of bulk optical constants, as shown by Maxwell Garnett

in 1904.[30][31] Although the earliest experimental observation of propagating charge density

oscillations in metallic gratings (Wood anomalies) dates back to 1902,[32] these observations

were not linked to surface plasmon polaritons until 1968.[33] In what would turn out to be two

of the seminal works in plasmonics, David Pines,[34] and Rufus Ritchie,[35] while investigating

the apparent losses in energy suffered by fast electrons traveling through metals, recognized

the possibility of collective oscillations of free electrons in metals. These important works

kicked off an ever-increasing research output in the field of plasmonics that continues to

this day. Toward the end of the 1960s, independent research by Andreas Otto and Erich

Kretschmann, and Heinz Raether presented the notion of optically exciting surface plasmons

in noble metal thin films.[36][37][38] This simple technique of generating surface plasmons in

metal films led to a dramatic advance in understanding the properties of surface plasmons.

By 1970s fundamental properties of surface plasmons were well understood, however, no

substantial study has been done since the early 1900s to accurately explain the optical fea-

tures of metallic nanoparticles. In a major work, the optical and electronic response of noble

metals were investigated in depth, and the observed characteristics of metal nanoparticles

were explained using the idea of localized surface plasmons.[39][40][41]

Better understanding of the coupling mechanism between the surface plasmon oscillations

and the exciting electromagnetic field led to the coining of the term surface plasmon polari-

tons (SPP) in 1974.[42] That year saw another major discovery related to surface plasmons,

as unexpectedly high Raman scattering signals were observed by Martin Fleischmann and

colleagues from pyridine molecules adsorbed on roughened silver electrodes,[43] which was
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initially attributed to the increased surface area of the electrodes due to the roughening

process. Independent reports from Richard van Duyne[44] and Alan Creighton[45] suggested

that it is not possible to explain the origin of unexpectedly high Raman signals based on

the increased surface area of the electrode. The observed enhancement in Raman scatter-

ing has been attributed to an amplified electric field localized around the imperfections of

the metal surface due to surface plasmons.[46] This hypothesis led to the development of

electromagnetic mechanism of amplification in Raman signals, enabling the quantification

of observed enhancements[47][48][49] heralding the beginning of surface-enhanced Raman scat-

tering (SERS).[50][51] Early SERS experimental reports generally employed rough metal films

as SERS substrates, with the roughness on the surface enabling field enhancement.[43][44][45]

Soon researchers realized the potential of metal nanoparticles to act as SERS substrate due

to the presence of localized surface plasmons.[52] Researchers discovered early on that aggre-

gation of noble metal nanoparticles resulted in enhanced Raman scattering from molecules

adsorbed on the nanoparticles. Theoretical investigations on metal nanosphere placed in

close proximity to an extended metal plane (analogous to a real spherical dimer due to image-

charge effect) revealed the creation of new resonant modes due to the interaction between the

individual plasmons of sphere and the plane.[53][54] This new modes, named gap modes were

found to be capable of enhancing the Raman scattering signals from the molecules in the gap

with enhancement factors ∼ 1011.[53] This regions with intense electric field enhancement

eventually came to be known as SERS hotspots and in the decades that followed, advances

in lithographic and colloidal-based methods led to improved designs of SERS substrates

with hotspots that could provide extremely high enhancement factors (∼1014 reported),[55]

eventually leading to detection of SERS from single molecules.[55][56][57][58][59]

Developments in numerical methods and technical breakthroughs in computational facili-

ties in the last decades prompted a fresh wave of research into the principles of plasmon

coupling behavior in metal nanoparticles.[60][61] Peter Nordlander and colleagues established

the theoretical foundations to explain the behavior of plasmon coupling, where the newly

formed dimer plasmons can be thought of as bonding and anti-bonding combinations due

to the hybridization of monomer plasmons (plasmon hybridization model) with a critical

dependence on the inter-particle gap distance.[62][63] Additionally, the resonances of com-

plex plasmonic systems can be understood in terms of interactions between plasmons of

simpler nanostructures.[60] Full quantum mechanical numerical simulations using ab-initio

time-dependent density functional theory (TDDFT) revealed significant deviations from the

classical plasmon hybridization model when inter-particle separations are lowered to few to

sub-nm due to electron tunneling across the dimer junction, modifying the optical response

significantly.[64] However, due to heavy computational requirements, this full quantum me-

chanical approach was restricted to extremely small systems and was therefore unsuitable

for modeling realistic nanoplasmonic systems. The quantum-corrected model (QCM) devel-

oped by Javier Aizpurua and colleagues made it easier to predict the quantum behavior of

realistic plasmonic systems by introducing a ficticious conducting material in the gap, simu-
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lating the effects of quantum tunneling current across the junction and thus reproducing the

quantum effects within a classical framework.[65][66][67] In a groundbreaking experimental re-

port, Jeremy Baumberg and colleagues reported the first experimental evidence of quantum

tunneling in a plasmonic cavity made of gold nanoparticle terminated AFM tips at sub-nm

gap distance by means of optical scattering spectroscopy.[68] Additionally, the experimental

observations are found to be matching the predictions from QCM.[68] Subsequently, multiple

experimental reports came out reporting the quantum tunneling effects in plasmonic sys-

tems employing variety of strategies, (i) electron energy loss spectroscopy (EELS), where

the particles approach each other via diffusion of metal by the electron beam.[69] (ii) UV-vis

extinction spectroscopy on sphere dimers with gap distance control via molecular linkers.[70]

(iii) By monitoring the variation in SERS enhancement factor which suffers a decrease as

the electron tunneling across the junction limits the plasmonic field enhancement.[71] In

additional to the enormous field enhancements in plasmonic cavities which enables the en-

hancement of weak scattering signals from molecules, these experiments showed that the

noble metal plasmonic cavities could confine the light to mode volumes in the range of few

tens of nm3, much smaller than what is possible with dielectric cavities which are limited

by the diffraction limit of light.[11][72][73] Plasmonic cavities with ultra low mode volumes

enables strong coupling between the emitter and the cavity mode, generating mixed state of

light and matter.[74] Such cavity quantum electrodynamics have immediate and interesting

applications including in novel quantum information devices, modifying the nature of chem-

ical bonds for directed reactions etc.

The objective of this thesis is to characterize plasmonic cavities made of gold nanospheres

(AuNS) and palladium nanocubes (PdNC) at the single-particle level via elastic scattering

and through the inelastic SERS from molecules confined to these cavities. The behavior of

plasmon coupling in different sizes of ideal dimers of AuNSs assembled using various alka-

nedithiol linkers are studied using single-particle dark-field scattering spectroscopy (chapter

4). The experimental system is modelled using classical 3-D finite-difference time domain

(FDTD) method and subsequently using 2-D non-local hydrodynamic model and quantum-

corrected model. An attempt to determine the experimental gap distances in AuNS dimers

are made using small angle X-ray scattering (SAXS) spectroscopy and transmission electron

microscope (TEM) imaging. Chapter 5 deals with the polarization-resolved single-particle

SERS from the Raman reporter molecules confined to the cavity in AuNS dimers. The

plasmonic cavity is modelled using FDTD simulations and the scattering spectra and the

field enhancement properties are calculated and compared to the experiments. Chapter 6

details the assembly and characterization of optical response from PdNC dimers. This work

has been done in collaboration with the group of Prof. Dr. Wei Xie at the Nankai Uni-

versity, Tianjin, China. The PdNC dimers are characterized using single-particle dark-field

scattering spectroscopy and subsequently using single-particle SERS. FDTD simulations are

performed to calculate the scattering spectra and the enhanced electric-field distribution in
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PdNC dimers. PdNC dimers are subsequently employed for in-situ SERS monitoring of Pd

catalyzed Suzuki-Miyaura cross-coupling reaction. A summary and outlook of the thesis is

given in chapter 7.
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2. Theoretical Background

2.1. Origin of Plasmons

Plasmons can be seen as the quantized oscillations of the free electron gas in the conduc-

tion band of a metal with respect to its fixed, positively charged ions.[1][11] Plasmons are

generated in metals having a negative real dielectric permittivity in the frequency region of

interest (with an absolute magnitude much higher than the imaginary part) and exist at the

interface of the metal and a dielectric with positive real permittivity.[7][8]

The resonant electron density oscillations generated at the metal-dielectric interfaces due to

the hybridization of conduction band electrons with the electro-magnetic field with visible

to near-IR frequencies, the quasiparticles generated are called a surface plasmon polaritons

(SPPs).[42] The properties of the surface plasmon polaritons can be modelled in an ap-

proximate manner by using the Drude model,[27][28] which explains the characteristics of the

conduction band electrons as a free electron gas. Based on the Drude model, frequency-

dependent dielectric function of a metal (εm(ω)) can be expressed as follows:

εm(ω) = ε∞ −
ω2
p

ω(ω + iγ)
. (2-1)

where ω is the angular frequency, i is the unit imaginary number (i =
√
−1) and γ is an

empirical damping coefficient accounting for the losses in the metal and ε∞ is the background

screening parameter that accounts for the polarisability of the d-band electrons. ωP is the

plasma frequency of the metal, defined as:

ωp =

√
ne2

ε0me

. (2-2)

where n and ε0 are the electron density of the metal and the dielectric permittivity of the

vacuum and e and me are the charge and the effective mass of the electron respectively.

The surface bound surface plasmon polariton modes can be categorized into two different

groups based on their fundamental properties. These are i) propagating surface plasmon

polaritons (PSPPs), in which the plasmon oscillations can propagate across a metal-dielectric

interface, and ii) localized surface plasmon polaritons (LSPP), where the charge oscillations

are tightly confined in directions, hence the name localized SPP. The propagating SPPs
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2 Theoretical Background

occur in extended (1-D or 2-D) structures with at least one dimension of the order of the

wavelength of excitation (metal film, wire etc).[1][10][12][75] Whereas localized SPPs are present

in nanoparticles with size dimensions much smaller than the wavelength of excitation (d <<

λ).[76][77]

2.1.1. Propagating Surface Plasmon Polaritons

Propagating surface plasmon polaritons (PSPPs) are propagating coupled oscillations of

surface charge densities and electromagnetic fields at the interface of an extended (1-D or 2-

D) metal-dielectric interface (Fig. 2-1a). When a free space monochromatic electromagnetic

plane wave impinges on an extended metal-dielectric interface, the continuity relation of the

field at the interface leads to a dispersion relation for the wavevector component of the

PSPP parallel to the metal-dielectric interface. Eq. 2-3 gives the dispersion relation of the

propagating surface plasmon polaritons:[1]

kSPP = k0

√
εmεd
εm + εd

(2-3)

where εm and εd are frequency dispersive relative dielectric permittivity of the metal and

the dielectric respectively, and kSPP and k0 are the wavevctors associated with the PSPPs

and freely propagating electromagnetic wave in vacuum.

Fig. 2-1b shows the dispersion curve of the propagating surface plasmon polaritons (red

curve) compared to that of the free space electromagnetic wave (dotted black curve). At

lower energies, the SPP dispersion is quite similar follows dispersion of free space photons

however at higher energies kSPP deviates from the free-space electromagnetic wave disper-

sion, resulting in a large mismatch in momentum of the PSPP (~kSPP ) and free space photon

(~k0) making it impossible to launch PSPPs at the metal-dielectric interface via direct illu-

mination. This high values of momentum mismatch in PSPP points to their surface bound

nature and results in a rapidly decaying evanescent electric field component normal to the

metal-dielectric interface inside both metal and the dielectric (Fig. 2-1a).

To launch propagating SPPs at the metal-dielectric interface, the component of the illumina-

tion wavevector parallel to the metal-dielectric interface should match kSPP . However, from

the dispersion relation of the PSPPs, it is evident that the wavevector component of the

free-space photon is smaller than that of the PSPP (k0 < kSPP ). There are several experi-

mental techniques that are available in order to bridge this mismatch. One of the commonly

used techniques to launch SPPs is via Kretschmann configuration using a prism, where the

total internal reflection of the illuminating photons generate evanescent fields at the glass-

metal interface which can be coupled into the metal film in contact with the prism.[36][38] By

carefully varying the angle of incidence, it is possible to match the wavevector component of

the evanescent field parallel to the interface to kSPP . Some other common methods involve

using grating couplers[78][79] and taking advantage of the defects in the structure,[10][75] where

8



2.1 Origin of Plasmons

Figure 2-1.: Propagating surface plasmon polaritons. a) Schematic representation of prop-

agating SPPs at the metal-dielectric interface with an exponentially decaying

(evanescent) electric-field component normal to the metal surface. δSPP and δm
are the decay length of the SPP in the dielectric medium and the metal skin

depth respectively. b) The dispersion curve corresponding to the propagating

SPP mode, demonstrating the momentum mismatch in coupling the free space

electromagnetic wave and the SPP. The momentum of the SPP mode (~kSPP ) is

greater than the free space photon momentum (~k0) having the same frequency

(ω).

the local symmetry breaking provides additional momentum to launch propagating SPPs.

2.1.2. Localized Surface Plasmon Polaritons

Localized surface plasmon polaritons are resonant oscillations of conduction band electrons

in nanoparticles with dimensions much smaller than the wavelength of light upon interac-

tion with a driving electromagnetic field. Unlike propagating SPPs, the localized SPPs as

their name suggests, are spatially confined.[76] Additionally, it is possible to generate the

LSP modes in nanoparticles via direct illumination.[7][80] The most simplest nanostructure

that could support LSP modes is a metallic nanosphere. Fig. 2-2a depicts the schematic

representation of LSP mode in a nanosphere. The conduction band electrons are driven to

oscillate in-phase by the interacting electromagnetic field. These oscillations of the conduc-

tion electrons leads to accumulation of the opposite charges on either side of the sphere.

The coloumbic interaction between these opposite charges gives rise to an restoring force

inside the particle that opposes the charge separation due to the external electromagnetic

field. Due to the oscillating nature of the driving electromagnetic field, this interplay leads

to a natural frequency of oscillation. When the driving electromagnetic field matches this

natural frequency of oscillation, energy is coupled into the LSP modes, leading to an increase

in scattering cross section (Fig. 2-2c) and local electric field enhancement (Fig. 2-2d) in
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the immediate vicinity of the nanoparticle. This phenomenon is called the localized surface

plasmon resonance (LSPR).

As evident from Fig. 2-2d, the local electric field around the structures are tightly confined

to the vicinity of the nanostructure and decay rapidly into the dielectric medium surrounding

it. In fact the decay length of the localized surface plasmon polaritons are much smaller in

magnitude than that of the propagating SPPs. The scattering response and the local electric

field profile around the nanostructure depends strongly on the shape of the nanoparticles

and can be fine-tuned by carefully choosing the material and dielectric medium, controlling

the shape or by assembling them into oligomers via colloidal or lithographic approach.[81][82]

Figure 2-2.: Localized surface plasmon polaritons (LSPP). a) Schematic representation of

localized surface plasmon oscillations on a spherical metal nano-particles driven

by an external electromagnetic field. b) Schematic representation of set up

used for FDTD simulations on nanosphere; the nanosphere is illuminated with

a plane wave with wavevector k and polarization oriented along the X-axis. c)

The scattering response of a 50 nm diameter gold nanosphere showing the LSP

resonance mode. d) The enhanced local electric field distribution around the

nanoparticle corresponding to the dipolar plasmon mode of the nanosphere.
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2.1.3. Hybridized Plasmon Modes

Similar to the phenomenon of orbital hybridization, where the atomic orbitals hybridize to

form molecular orbitals, the individual plasmon modes on the metal nanospheres could inter-

act with each other at short gap distances to hybridize and form new bonding anti-bonding

plasmon modes.[62] The plasmon hybridization in dimers of nanoparticles has prompted sig-

nificant amount of research due to their unique properties compared to that of individual

nanospheres. The plasmon hybridization leads to concentration of charges near the gap re-

gion and leads to significant electric field localization and enhancement, allowing sensing of

molecular signature from very minute amount of molecules.[71][74][83]

The strong coulombic interaction between the accumulated charges across the gap leads to

strong shifts in the spectral position of the hybridized resonances, making them extremely

sensitive to inter-particle gap distance.[63][68][84] Fig. 2-3 shows the schematic representation

of plasmon hybridization in a metallic nano-sphere dimer. Depending on the angular mo-

mentum associated with the modes, the individual plasmon resonances on the spheres can

be categorized into dipolar (l=1), quadrupolar (l=2) and further higher order modes. Fur-

thermore, depending on whether the polarization of the illuminating electric field is parallel

(m=0) or perpendicular (m=1) to the dimer axis, longitudinal or transversal bonding/anti-

bonding plasmon modes can be generated. At larger inter-particle seperations, the inter-

actions between the individual plasmons on the nanospheres are very weak and hence the

dimer plasmons can be treated as the bonding and anti-bonding combinations of nano-sphere

plasmons with same angular momentum l.

When the induced dipole moment on the individual nanosphere are in-phase and are oriented

along the dimer axis, the longitudinal bonding dipolar plasmon (LBDP) mode with symmet-

ric electric-field (positive parity of dipole moments) is generated.[85] Going along the same

lines, the longitudinal anti-bonding dipolar plasmon (LABDP) mode corresponds to the sit-

uation where induced dipoles have a negative parity dipole (anti-symmetric field) oriented

along the dimer axis. Since the net dipole moment is zero for negative parity plasmons in

identical spheres, the LABDP mode does not have a far-field response (dark plasmon mode)

and is only detectable via near-field techniques or using electron energy loss spectroscopy

(EELS).[86][87][88]
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Figure 2-3.: Schematic depiction of plasmon hybridization in a nanosphere dimer. The in-

dividual plasmons from each spheres interact with each other to form bonding

and anti-bonding dimer plasmons that differ in energy. The arrows represent

the induced dipole moment generated due to the LSP resonance. Depending

on the relative orientation of the dipole moment on the individual spheres in a

dimer, the interactions can lead to bright modes (BDP, ABDP modes) that are

detectable in the far-field and dark plasmon modes with a net zero dipole mo-

ment. At very short intergap distances, the higher order plasmons (l=2,3..) can

interact with the lower order plasmons (dashed green line) leading to a redshift

in energy for the lower order plasmon modes as the gap distance is decreased.

Fig. 2-4 shows the far-field scattering response of a spherical dimer of identical gold nano-

spheres marking the hybridized (bright) plasmon modes and their corresponding charge

distributions. As the inter-particle gap distance is decreased, the energy seperations in

(l=1) plasmon mode increases. The symmetric plasmon mode (LBDP) redshifts rapidly in a

manner that is deviating from normal dipole behavior (1/D3). This non-dipole like behavior

originates from the interaction of lower order l=1 plasmon with higher order plasmons with

interactions involving orders higher than 1/D3.[62]
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Figure 2-4.: Far-field scattering response of a spherical dimer of identical gold nano-spheres

showing the hybridized plasmon modes and their corresponding surface charge

distributions. LBDP: longitudinal bonding dipolar plasmon, LBQP: longitu-

dinal bonding quadrupolar plasmon, TABDP: transversal anti-bonding dipolar

plasmon mode.

2.2. Non-Local Dielectric Function

The classical explanation of the dimer plasmon modes as the bonding and anti-bonding

combinations of monomer plasmons and their mixing to generate higher order plasmons at

very narrow gap distances had profound impact on metal-enhanced spectroscopic techniques

and it’s validity has been corroborated by multiple experiments later.[63][89] Within the

limits of classical electromagnetism, the response of a plasmonic structure to an external

electric field can be described by the constitutive relation between the electric displacement

field ~D of the nanostructure and the external electric field ~E which are connected by the

frequency-dispersive relative dielectric function ε of the material:

~D(~x, ω) = ε(ω) ~E(~x, ω) . (2-4)

As the equation suggests the response of the system (or more specifically, the material
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polarization) at a point in space depends only on the electric field ~E(ω) at that point(i.e.,

the response of the system is local in space). Even though this relation holds true for most

cases, this approximation breaks down when very small length scales (sub-nm to few nm)

are involved.[90] In nanostructures that are really small in size or that exhibit very small

gap distances d, the interaction with the incident photons create wave-vector components
~k with magnitude k = 2π/d. These wave-vector components are related to the momentum

~p as ~p = ~~k with energy defined as ~E = (~~k)2/2me (where ~ is the Planck constant and

me is the mass of an electron). The free electrons in the metal are subjected to this extra

energy in addition to the energy imparted by the external stimuli. At sufficiently small d

values, this additional energy values lies in the optical range (1-6 eV) and hence can cause

the experimental observations to deviate significantly (blue-shift) from what is predicted

by the theoretical models using the classical local model for the dielectric function of the

material. So we are in need of a more generalized model of the dielectric function that not

only incorporates the influence of the local electric field on material polarization at point

~x, but also that of the influence of electric field at its neighbouring point ~x′ (Fig. 2-5).

This more generalized response of the material displacement electric field ~D(~x, ω) relating

the external electric field ~E via the non-local (spatially dependent) and frequency-dispersive

relative dielectric function ε(~x, ~x′, ω) is as follows;[91][92][93]

~D(~x, ω) = ε0

∫
d~x′ ε(~x, ~x′, ω) ~E(~x′, ω) . (2-5)

where ε0 is the dielectric permittivity of the free space.

Figure 2-5.: Non-local influence of the material response.

The spatial dependency of the material response in eq. 2-5 can be expressed in terms of

the wavevector ~k. The material response crucially depends on the spatial separation |~x− ~x′|

14



2.2 Non-Local Dielectric Function

between the points ~x and ~x′ and we can express this relation as ~k = 2π/|~x − ~x′| and then

obtain

~D(~k, ω) = ε0 ε(~k, ω) ~E(~k, ω) . (2-6)

The frequency-dispersive and non-local dielectric function ε(~k, ω) can be expressed as the

sum of three separate components;

ε(~k, ω) = ε∞ + εinter(ω) + εintra(~k, ω) . (2-7)

where ε∞ characterizes the response of the system in the high frequency limit (ω −→ ∞)

and εinter(ω) encompasses the contributions from valence band to conduction band electron

transitions. In contrast, εintra(~k, ω) describes the intraband electron excitations in the sp

valence band. εintra(~k, ω) is most interesting for us, as this is the term that describes the

plasmonic as well as the non-local response of the material. Both the properties are laid out

in the following hydrodynamic Drude model (eq. 2-8):[92][93][94]

εintra(~k, ω) = −
ω2
p

ω(ω + iγ)− β2~k2
. (2-8)

where ωp is the plasma frequency of the metal, γ is the collision frequency and β is a constant

encompassing the dimension of the system and Fermi velocity. Note that the hydrodynamic

Drude model simplifies to the local version of the Drude model in the limit ~k −→ 0.

The Ampère-Maxwell’s equation relating the magnetic field and electric current of a time-

harmonic field is as follows:

∂

∂t
~D(x, t)+ = ∇× ~H(x, t) . (2-9)

Eq. 2-9 in k-space for a time-harmonic field has the following form:

− i ω ~D(k, ω) = i~k × ~H(k, ω) . (2-10)

Plugging eq. 2-6, eq. 2-7 and eq. 2-8 in eq. 2-10 yields us a non-local hydrodynamic

current density ~JHD(~k, ω) corresponding to the non-local part of the dielectric function in

2-8. Note that this non-local current density is different from the external current density
~J(~k, ω) which is assumed to be zero unless specified:

~JHD(~k, ω) = −iωε0
ω2
P

ω(ω + iγ)− β2~k2

~E(k, ω) . (2-11)
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2.3. Quantum-Corrected Model

For the most part, the optical response of the plasmonic systems are well described by solv-

ing the Maxwell’s equations within the framework of classical electromagnetism by using the

frequency dispersive local dielectric function ε(ω). However, as we have seen in section 2.2,

when we consider nanoparticle seperations of the order of few nm, the non-local response of

the material becomes relevant and the classical predictions diverge from the observations.[90]

The validity of the classical theory can be extended to these scenarios by introducing the

concept of non-local dielectric function of the metal (ε(~k, ω)) to use in the Maxwell’s equa-

tion.[91][92] However, this classical approach assumes that the metal-dielectric-metal interface

in the gap to be abrupt and does not account for the quantum mechanical phenomena such

as the electron density spill out and electron tunneling, as the electron densities of the indi-

vidual nanoparticles overlap, which becomes extremely relevant at inter-particle seperations

ranging from a nm- sub nm. Only a full quantum mechanical approach which accounts

for all these phenomena is necessary full fully describe the response of a plasmonic system.

Time-dependent density functional theory (TD-DFT) is such an approach by which the full

quantum mechanical response of the plasmonic system is calculated at the ab-initio level.

TD-DFT calculations on very small nanoparticles with few thousand electrons revealed that

at sub-nm gap distances, a tunneling current originates inside the narrow gap between the

nanostructure before actual contact have been made.[64] This tunneling current decreases

the Coulomb coupling between the accumulated charges across the gap and limits the elec-

tric field localization and enhancement, thereby strongly altering the optical response of the

plasmonic system. However, this approach is computationally costly and unsuitable for re-

alistic plasmonic systems with millions of electrons. The quantum-corrected model (QCM),

accounts for the effects introduced by the quantum tunneling current by introducing a ficti-

tious conducting material in the gap.[65][66][67] Using this technique, the quantum mechanical

response of the system can be reproduced within the classical framework.

Within the classical description, the response of the plasmonic system can be described in

simple terms using the Drude model (eq. 2-1), and the local conductivity arising due to the

electron density distribution is given as:

σ(ω) =
−iω(ε(ω)− 1)

4π
. (2-12)

which is zero everywhere except inside the nanoparticle. Within this classical picture (Fig.

2-6a), the metal-dielectric-metal interface changes abruptly and the tunneling probability T

is zero within the inter-particle gap region. However for the quantum mechanical approach

(QM), this interface does not change abruptly, and the electron densities on the individual

nanoparticles (Ψ2) overlap as the inter-particle distance is lowered to sub-nm, giving rise to

a non-zero tunneling probability in the gap (Fig. 2-6b). As an increasing overlap of the

electron densities leads to a stronger tunneling between the structures, smaller gap distances

lead to stronger tunneling probability.
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Within the QCM approach, the non-zero tunneling probability within the gap is introduced

by a fictitious material with frequency-dependent non-local dielectric function (ε(l, ω)) as a

function of the inter-particle separation l (Fig. 2-6c). The position inside the gap region is

given by (l=l(x,y)). Assuming a Drude model, the conductivity and the dielectric function

of the fictitious material can be described as:

σ(l, ω) =
−iω(ε(l, ω)− 1)

4π
, (2-13)

εm(l, ω) = ε∞ −
ω2
g

ω(ω + iγg(l))
. (2-14)

The plasmon frequency ωg and the background screening factor ε∞ are taken to be the

same as that of the surrounding metal (ωg=ωP ). γg(l) inter-particle separation dependent

tunneling damping factor resisting the free movement of the electron, introduced due to the

separation between the nanoparticle. The gap resistance γg(l) can be calculated from the

static conductivity (σ(l, ω = 0)):

γg(l) =
ω2

4πσ0(l)
. (2-15)

Figure 2-6.: Comparison between the classical (a), quantum (b) and quantum-corrected (c)

approaches. Reproduced with permission.[65]

The electric field ~E inside the gap is oriented along the inter-particle axis. The electrons

that tunnel across the junction have energy close to that of the Fermi energy (Ωf ). These
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electrons tunnel through the potential barrier in a time scale that is much shorter than the

optical cycle. Following these, we can assume that we have a static current in the gap.

Furthermore, since the inter-particle gap distance and the Fermi wavelength of the electrons

are much smaller than the radius of curvature of the nanoparticles, the local tunneling current

density inside a curved metal gaps can be simplified to that of a flat metal surfaces (with

a gap distance l) as represented in Fig. 2-7a. The distance-dependent static conductivity

(σ0(l)) in the gap under a potential ~V = l. ~E (l represents the gap distance) across the gap

can be written as (with ~J = σ ~E as the current density):

σ0(l) = l
dJ

dV
= l

2

2π2

∫ Ωf

0

T (Ω, l) dΩ . (2-16)

T (Ω, l) is the tunneling probability across the gap. Fig. 2-7c,d represents the normalized

tunneling transmission T (l) =
∫ Ωf

0
T (Ω, l) dΩ (from eq. 2-16) and the corresponding tunnel-

ing damping γg(l) (from eq. 2-15) for the simplified system in Fig.2-7a for two metals; (i)

Sodium (Na)-red and (ii) Gold (Au)-blue.

Figure 2-7.: a) Simplified plasmonic system consisting of two flat metallic mirrors separated

by a gap distance l with a tunneling transmission T(l) and fictitious gap ma-

terial dielectric function ε(l, ω). b) Schematic diagram of the inhomogeneous

local dielectric function used in the QCM. ε0 and εm are the vacuum dielectric

function and the dielectric function of the material respectively. c) Normalized

tunneling transmission for the simplified system in (a) for Na (red) and Au

(blue), d) tunneling damping (γ) for the simplified system in (a) for Na (red)

and Au (blue). Reproduced with permission.[65]

The QCM approach has been found to be matching pretty well with the full quantum

approach and has been verified later on by experiments (Fig. 2-8).[68][69] In a landmark ex-

periment, the dark-field scattering response from gold nanosphere terminated atomic-force
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microscope tips with their gap distance controlled via atomic-force microscopy revealed the

onset of quantum tunneling at sub-nm gap distances.[68] Fig. 2-8a,b shows the simulta-

neously measured electrical conductance across the gap and dark-field scattering response

from the plasmonic cavity at gap distances less than 1 nm. Multiple hybridized modes are

observed (modes A, B and C in Fig. 2-8b) which initially red-shifted as the gap distance is

lowered indicative of the capacitive coupling between the opposite charges across the gap.

However, at around 0.4 nm (marked dQR), quantum electron tunneling across the gap takes

over, and a blue-shifting trend is observed for the coupled modes, indicating the onset of

quantum regime. Decreasing the gap distance beyond dQR resulted in an increasing blue-

shift indicating an increasing rate of quantum tunneling between the cavity walls. These

blue-shifting modes in the quantum regime eventually merged to form plasmonic modes E

(mode C+B) and D at conductive coupling regime (d=0), where the cavity is completely

closed with opposing walls touching each other (note the increase in force applied on the tip

in Fig. 2-8a). QCM calculations on the modelled experimental system yielded results that

is in accordance with the observations (Fig. 2-8d), confirming the validity of the quantum-

corrected model.
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Figure 2-8.: Quantum plasmonic response in sub-nm plasmonic cavities. Electrical conduc-

tance (a) and dark-field scattering (b) from a sub-nm cavity. CC denotes the

conductive coupling (touching, gap distance=0). The lines follow the peak po-

sition of the hybridized plasmon modes as the gap distance is lowered. dQR

represents the gap distance at which the electron tunneling across the junc-

tion takes over the response of the plasmonic system. c) Selected experimental

spectra from b. d) Calculated scattering response of the plasmonic cavity from

quantum-corrected model. e) Theoretical scattering response calculated within

the framework of classical electromagnetism. Reproduced with permission.[68]

2.4. Surface-Enhanced Raman Scattering (SERS)

Surface-enhanced Raman scattering, commonly known as SERS, is a surface-sensitive, tech-

nique whereby the rather weak Raman scattered signals from molecules are enhanced many-

folds due to the local near-field interactions with the molecules and the SERS substrate

(roughened noble metal films and nanoparticles).[43][44][45]

Raman scattering is an inelastic scattering process where the molecules scatter the photons

from an illuminating source.[95][96] The photons from the source interact with the molecular

vibrations of the molecule, resulting in an energy shift of the scattered photons from the

molecule. Majority of the scattered photons from the molecules have the same energy as the
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incoming photons and this elastic scattering process is called Rayleigh scattering.

Figure 2-9.: Energy diagram showing the elastic/Rayleigh (middle) scattering and the in-

elastic/Raman, both Stokes (right) and anti-Stokes (left). ν1, ν2, and ν3 are vi-

brational levels of the electronic ground state (n=1). The dotted line indicates

the virtual state to which the molecule is excited to as a result of interaction

with the incident photons with frequency ν0. νS and νaS stands for the Raman

Stokes frequency and anti-Stokes frequency, respectively.

The strength of Raman scattering from a molecule is strongly dependent on the polarizability

of the electron cloud in the molecule. In Raman scattering, as a result of interaction of the

molecules with the incoming photon, the molecule is excited to a so-called virtual state. This

virtual state is not a real observable state, i.e, it is not an eigenstate of the Hamiltonian. Due

to this reason, the virtual state has extremely small lifetimes. Unlike in the case of molecular

emission processes such as the fluorescence or phosphorescence, where a photon is absorbed

(and the molecule is excited to an excited electronic state, an eigenstate of the molecular

system), no photon absorption occurs during a scattering event. After the scattering event,

the photon is emitted, at the same time the molecule relaxes to an eigenstate. If the molecule

returns back to the same state it started out with, the emitted photon is said to be Rayleigh

scattered (Fig. 2-9). However, at times the molecules could relax back to a different ro-

vibrational state which has energy higher or lower than its initial ro-vibrational state. In

such cases where the final state differs from the initial state, to keep the energy of the whole
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system constant, the energy of the scattered photons shifts accordingly. If the final state the

molecule relaxed to has a higher energy than its initial state, the photon emitted after the

scattering event has a lesser energy than the incident photon (ν < ν0). This shift in frequency

of photons to lower values is called a Stokes shift (Fig. 2-9). Similarly, the molecule could

relax to a rovibrational eigenstate that has energy lower than the initial state. In that case

the emitted photon has higher energy than the incident photon (ν > ν0), and this shift

in frequency of photons to higher values is called an anti-Stokes shift (Fig. 2-9). In such

cases where a shift in photon energy occurs, the magnitude of the frequency shift carries

the information of the vibrational levels in the molecules. Since these shifts are unique to

specific molecular vibrations, we can use this information to identify the chemical structure

of the molecule.

Theoretical description of the Raman effect can be obtained by considering the interaction of

the molecule to an external oscillating electric-field ( ~E). The external electric field polarizes

the molecule, creating an induced dipole moment (~µ). This induced dipole moment can be

expressed as the product of polarizability of the molecule (~α) and the external electric field

( ~E). The polarizability of the molecules describes the deformation of the molecular electron

cloud in 3-dimensions under the influence of the electric field ~E and can be expressed as a

3x3 tensor.[97]

∣∣∣∣∣∣
~µx

~µy

~µz

∣∣∣∣∣∣ =

∣∣∣∣∣∣
~αxx ~αxy ~αxz

~αyx ~αyy ~αyz

~αzx ~αzy ~αzz

∣∣∣∣∣∣ ∗
∣∣∣∣∣∣∣
~Ex

~Ey

~Ez

∣∣∣∣∣∣∣ . (2-17)

Converting to the one-dimensional case for the ease of expression, eq. 2-17 can be written

as follows, with the sinusoidal external electric field;

µinduced = α E0 cos(ω0t) . (2-18)

From eq. 2-18, it follows that the induced dipole oscillates with the same frequency of the

incident radiation, corresponding to the situation for Rayleigh scattering. The molecular

vibrations can be explained using the normal coordinate (q), which is basically the displace-

ment of the electron cloud from its equilibrium position (q0) and can be written as:

q = q0 cos(ωvibt) . (2-19)

with ωvib = 2πνvib corresponding to the angular frequency associated with the molecular

vibration. The molecular polarizability α is a function of molecular displacement (q), and

can be approximated using the Taylor series expansion as follows;

α(q) = α0 + q (
∂α

∂q
)0 + q2 (

∂2α

∂2q
)0 + ... . (2-20)

Plugging the eq. 2-20 and eq. 2-19 in eq. 2-18 yields;
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µinduced = α0 E0 cos(ω0t) +
1

2
(
∂α

∂q
)0 E0 [cos(ω0 − ωvib)t+ cos(ω0 + ωvib)t] . (2-21)

So the oscillation of the induced dipole moment of the molecule is a superposition of three

different frequency components with frequencies ω0 (Rayleigh), ω0−ωvib (Stokes), and ω0 +

ωvib (anti-Stokes). When no induced dipole moment is present for a particular vibration, the

second part of the equation 2-21 vanishes, and the the vibration mode is said to be Raman

inactive.

Typically under normal conditions, the intensity of anti-Stokes Raman scattering is very

very weak compared to that of the Stokes scattering. This observation can be explained

using the Boltzmann distribution. As the majority of the molecules will be in the ro-

vibrational ground state at the standard conditions with only few in the ro-vibrational excited

states, the probability for the molecule to undergo anti-Stokes Raman is extremely low at

standard conditions. Incident laser power, concentration of the molecules and the Raman

scattering cross-section are some of the parameters that influence the Raman scattering

intensity. Typical Raman cross-sections of molecular vibrations are rather small compared

to other molecular processes such as fluorescence and hence Raman effect inherently suffers

from the lack of low signals, which can be improved via using advanced sensors and by using

SERS substrates to enhance the Raman scattered signals from the molecules.

The increased Raman scattered signals from molecules adsorbed on roughened metal elec-

trodes sparked intense debates and researches into the mechanism by which the rather weak

Raman signals got amplified many folds (upto 1010).[56][55] From eq. 2-17 it follows that,

increasing the polarizability of the molecule (~α) and/or increasing the strength of incident

electric field ( ~E) would generate a stronger Raman dipole, resulting in increased Raman

scattering. Following this two major possible mechanisms were suggested as an explanation

to the anomalous increase in Raman scattering from molecules adsorbed on roughened no-

ble metal electrodes and films. The first one is the chemical mechanism of enhancement,

where the chemisorption of molecules on the noble metal surface enabled a charge-transfer

between the metal and the adsorbate.[98][99][100][101] The charge transfer can be thought of as

a transfer of electrons from the Fermi level (Ωf ) of the metal to the lowest unoccupied molec-

ular orbital (LUMO) of the molecule, or alternatively as a two step process, where the hot

electrons generated from the nanoparticles are transferred to the LUMO, thereby increasing

the polarizability. This kind of charge transfer mechanism would critically depend on the

overlap between the orbitals of metal and the molecule, as the efficiency of charge transfer

depends on the number of generated charge carriers with energy that matches to the LUMO

of the molecule. However, it turns out that the possible enhancement factor obtainable from

this mechanism is of the order of 102,[98] not nearly enough to account for the gargantuan

enhancement factors observed from the experiments. This brings up the relevance of the

second possible mechanism of enhancement, the electromagnetic enhancement.

The explanation for the electromagnetic enhancement relies on the phenomenon of surface
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plasmons described in section 2.1. Considering the scenario where the molecules are ad-

sorbed on a nanoparticle surface, the illuminating electric field with wavelength λ is strongly

confined to the surfaces of the nanoparticle (d << λ), resulting in a tremendous increase in

field density in the proximity of the nanoparticle. The molecule adsorbed to the nanoparticle

surface experiences this increased field strength resulting in an enhanced Raman signal from

the molecule. The emitted Raman photons (νR) undergoes the similar field enhancement

process like the incident photons (ν0). By creating hotspots by assembling nanoparticles, it

is possible to achieve higher field localization and enhance the Raman signals further. The

total enhancement in the electric field can be explained as the product of field enhancement

of the incident and emitted photons.[102]

EF = EF (ν0) ∗ EF (νR) =
|Eloc(ν0)|2

|E0(ν0)|2
|Eloc(νR)|2

|E0(νR)|2
≈ |Eloc(ν0)|4

|E0(ν0)|4
. (2-22)

In this approximation, the SERS enhancement factor scales with the fourth power of the

local electric field on the nanoparticle. Since the dipolar field strength scales as r−3 away

from the surface of the nanoparticle, the SERS enhancement factor scales with r−12 away

from the nanoparticle surface. So it is critical for the molecule to be close to the nanoparticle

for optimum enhancement.
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3.1. Chemicals

The following chemicals are used in the synthesis of the monomer nanoparticles and their

assembly to form dimers. Cetyltrimethylammonium bromide (CTAB, ≥ 96%, Aldrich),

gold (III) chloride trihydrate (HAuCL4·3H2O, ≥ 99.9%, Aldrich), palladium (II) chloride

(H2PdCl4, Aldrich), sodium borohydride (NaBH4, 98%, Aldrich), ascorbic acid (AA, ≥ 99%,

Aldrich), cetyltrimethylammonium chloride (CTAC, > 95%, TCI), 1,16-hexadecanedithiol

(C16, > 99%, Sigma-Aldrich), 1,10-decanedithiol (C10, > 97%, TCI Chemicals), 1,8-octane-

dithiol (C8, > 97%, TCI Chemicals), 1,6-hexanedithiol (C6, 96%, Sigma-Aldrich), 1,5-

pentanedithiol (C5, 96%, Sigma-Aldrich), 1,4-butanedithiol (C4, > 95%, TCI Chemicals),

1,3-propanedithiol (C3, > 97%, TCI Chemicals), 1,2-ethanedithiol (C2, 98%, Sigma-Aldrich),

ethanol (EtOH, HPLC grade, Fisher Scientific), and acetonitrile (MeCN, HPLC grade, Fisher

Scientific). All chemicals were used as received without further purification. De-ionized wa-

ter (resistivity of 18 MΩ.cm) prepared using a millipore Milli-Q system is used throughout

the nanoparticle synthesis and dimer assembly.

3.2. Nanoparticle Synthesis

3.2.1. Synthesis of Superspherical Gold Nanoparticles (AuNS)

The superspherical nanoparticles of gold were fabricated using a sequential four step process.

Initially, the Au3+ ions from HAuCl4·3H2O in CTAB solution is reduced to form small Au

clusters of few nm size using the strong reducing agent NaBH4. These small clusters were

made to grow into small seed particles of size approximately 20 nm, using the mild reduction

of HAuCl4·3H2O by ascorbic acid in CTAB solution. The seed particles were then converted

to faceted nanopolyhedra of larger size by the reduction of HAuCl4·3H2O using ascorbic

acid in CTAC solution. These nanopolyhedra were then transformed to the superspherical

nanoparticles by a mild oxidation (etching) of the surface atoms by HAuCl4·3H2O.

Cluster Synthesis

250 µL of HAuCl4·3H2O solution (10 mM) in water is mixed with 9.75 mL CTAB solution

in a 15 mL Falcon tube and sonicated for couple of minutes at room temperature. 600 µL

of 10 mM NaBH4 solution in ice cold water is freshly prepared and added rapidly to the
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gold-CTAB solution and mixed using a vortex mixer. The whole solution is then incubated

at 30 °C about 1.5 to 2 hours.

Seed Synthesis

9.75 mL of 100 mM CTAB solution is mixed with 190 mL of de-ionized wated in a thoroughly

cleaned schott bottle. To this solution 2-4 mL of 10 mM of HAuCl4·3H2O is added. The

addition of Au3+ gives a golden yellow color to the solution. Subsequently, a 9.0 mL of 100

mM ascorbic acid is added into the mixture which renders it colorless. Immediately after the

addition of ascorbic acid, 120 µL of the previously prepared clusters were added into the solu-

tion. The whole solution is then shaken briefly (upon which solution starts to turn purple in

color) and left undisturbed at 30 °C for 2 hours. After incubation, the resultant seed particles

were centrifuged at 13500 g for 1 hour and re-dispersed in 25 mL de-ionized water (Fig. 3-1).

Figure 3-1.: UV-Vis extinction spectrum (a) and the transmission electron microscope image

(b) of Au seeds with an average diameter of 24.75 ± 1.34 nm (scale bar: 50 nm)

Polyhedra Synthesis

Depending on the final size of the superspherical nanoparticles that we need, the polyhedra

can be grown into different sizes by controlling the amount of seed particles that is added

into the reaction mixture by following eq. 3-1 (C = 1.388∗105 nm3 mL). A total final volume

of 6*V is added. Typically, to create 50 nm superspherical nanostructures, about 6.0-8.0 mL

of the seed particles were added to 25 mM CTAC solution (180 mL) depending on the initial

size of the seed particles. To this mixture 4.5 mL of ascorbic acid (100 mM) and 9.0 mL of

HAuCl4·3H2O are added sequentially. The whole mixture is shaken briefly and incubated

at 30 °C for 3 hours. The resultant nanopolyhedra were centrifuged at 1200 g for 1 hour

and re-dispersed in 30 mL CTAB solution (20 mM). A small amount (2 µL) of polyhedra is
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removed and dispersed in water for TEM analysis as the presence of CTAB will degrade the

quality of the images (Fig. 3-2).

V =
C

D3 −D3
seed

(3-1)

Figure 3-2.: Transmission electron microscope images of Au polyhedrons with varying sizes

before etching to spheres. (a) 32.1 ± 2.0 nm, (b) 54.3 ± 2.8 nm , and (c) 85.4

± 2.9 nm (all with scale bar 50 nm).

Etching

30 mL of the nanopolyhedra solution is mixed with 20 mM of CTAB (180 mL) in a double-

headed round bottom flask at 45 °C in a water bath at 700 rpm. Once the temperature is

stable at 45 °C, 1080 µL of HAuCl4·3H2O (10 mM) is added to the solution (no splashing,

added as close to the solution as possible without dipping). The reaction is stopped after

2 hours and the mixture is centrifuged at 1200 g for 45 minutes. The pellet is re-dispersed

in 1.5 mL of de-ionized water and centrifuged again at 600 g for 35 minutes. Finally the

nanoparticles were dispersed in 1.6 mL of de-ionized water in a low-bind Eppendorf tube

(Fig. 3-3).
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a) b) c)

Figure 3-3.: Transmission electron microscope images of Au nanospheres (AuNS) with vary-

ing sizes after etching. (a) 32.1 ± 2.0 nm, (b) 54.3 ± 2.8 nm , and (c) 85.4 ±
2.9 nm (all with scale bar 50 nm).

3.2.2. Dimer Assembly of Superspherical Gold Nanoparticles

The fabrication of ideal dimers follows a substrate-mediated approach whereby the CTAB-

stablilized superspherical nanoparticles were linked together via alkane dithiol linker molecules

to form dimers (Fig. 3-4). The AuNSs are referred to as the first and second particle as

per the order in which they were added. A rectangular glass substrate (26 mm x 11 mm)

is used as the substrate on which the dimers are assembled. The glass substrate is cleaned

thoroughly to remove any surface contaminants by heating it in concentrated RBS detergent

solution at 90 °C for few minutes. This process creates an overall negative charge on the

surface of the glass. Subsequently, these glass substrates are sonicated for few minutes and

then washed multiple times using de-ionized water and blow dried with N2 gas.

Figure 3-4.: Schematic diagram of the substrate-mediated approach used to assemble the

gold nanosphere dimers.
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Adsorption of the First AuNS

A 5 ml CTAB solution (5 µM) is prepared to which the CTAB-stabilized superspherical

nanostructures were added (final concentration 5 pM). The thoroughly cleaned glass sub-

strate is immersed into this solution and incubated for 17 hours at 30 °C. The nanoparticles

get adsorbed on to the glass substrate via the electrostatic attraction between the negatively

charged glass substrate (-Si-O−) and the positively charged CTA anchor of the detergent

cetyltrimethylammonium bromide (CTAB) which is present as a bilayer on the surface of

the AuNS.

Addition of the Alkanedithiol Linker

1 mM alkanedithiol linker solution is prepared in 5 mL ethanol. To this mixture 250 mM of

NaBr (20 µL) is added. Subsequently, the glass slide with nanoparticles attached to it from

the previous step is washed with water and subsequently with ethanol to remove unbound

nanoparticles and then immersed into the linker solution in ethanol. The solution is kept

at 30 °C for 1 hour. The NaBr destabilizes the exposed CTAB bilayer on the immobilized

nanoparticle and aids in the formation of alkane dithiol SAM.

Addition of the Second AuNS

A 20 pM nanoparticle suspension is prepapred in 5 mL acetonitrile to which 4 µL NaBr

(250 mM) is added. The glass slide from the previous step is washed with ethanol and

acetonitrile to remove unbound linker molecules and then immersed into the nanoparticle

solution in acetonitrile and incubated at 30 °C for 5 hours. The presence of the NaBr aids

in destabilizing the CTAB bilayer on the second nanoparticle. The second nanoparticle is

then covalently conjugated to the first nanoparticle via the second unreacted thiol moiety of

the dithiol linkers.

Dispersing the AuNS Dimers in Solution

A 1 mM MUTAB solution in ethanol (5 mL) with 1 mM NaBr is prepared. The glass sub-

strate from the previous step is washed with acetonitrile and ethanol to remove the unbound

nanoparticles and then immmersed into the MUTAB-ethanol mixture and incubated at 30

°C for 1 hour. The presence of NaBr helps in removing any remaining CTAB molecules from

the nanoparticles and aids in the formation of a MUTAB layer on the nanostructure. After

the incubation, the glass substrate is transferred to a 10 µM MUTAB solution in ethanol (5

mL) and is sonicated for 30 seconds to disperse the dimers into the solution.
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3.2.3. Synthesis of Palladium Cube Nanoparticles (PdNC)

The palladium (Pd) nanocubes were synthesized using a seed-mediated growth approach.

Pd2+ ions from H2PdCl4 are reduced in the presence of CTAB to form smaller cube seeds.

These small cube seeds were then grown into final cube structure by further reduction of

H2PdCl4 by ascorbic acid.

Seed Synthesis

10 mM H2PdCl4 solution (1 mL) is added to a 20 mL of a 12.5 mM aqueous solution of

CTAB under stirring at 95 °C. 5 minutes after the addition of Pd2+ ions, 160 µL of 100 mM

ascorbic acid is added to the mixture. The reaction mixture is stirred at 400 rpm for about

20 minutes. The resultant cube seeds are approximately 40 nm in size (Fig. 3-5) and are

stored at 30 °C.

Figure 3-5.: Scanning electron microscope images of palladium nanocube seeds with an edge

length of 40 nm. Reproduced with permission.[103]

Growing the Smaller Seeds to Final Cubes

100 mM of aqueous CTAB solution (100 mL) is stirred in a water bath till the temperature

is stabilized at 50 °C. Once the temperature is stable, 2.5 mL of 10 mM H2PdCl4 and 4

mL of the small cube seed solution from the previous step is added to the reaction mixture

one after another. Subsequently, 1 mL of freshly prepared 100 mM ascorbic acid solution

is added to the reaction mixture and thoroughly stirred. The stirring is stopped once the

mixture is properly stirred and is left in the water bath at 50 °C for about 6 hours. Towards

the end of the reaction, the Pd nanocubes would be partially deposited on the walls of the

reaction vessel. The final solution is centrifuged twice at 1020 g for about 10 minutes and

then re-dispersed in 7 mL of deionized water (Fig. 3-6 and Fig. 3-7).
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Figure 3-6.: Scanning electron microscope images of fully grown palladium nanocubes with

an edge length of 80 nm. Reproduced with permission.[103]

Figure 3-7.: Transmission electron microscope image of a single palladium nanocube with an

edge length of 80 nm (left) and corresponding selected area electron diffraction

(SAED) pattern (right). Reproduced with permission.[103]

3.2.4. Dimer Assembly of Palladium Cube Nanoparticles

The Pd nanocubes were linked together to form dimers using molecular linkers. A substrate

(glass)-mediated approach is employed (Fig. 3-8). The PdNCs are referred to as 1st and

2nd based on the order in which they were added. A glass substrate measuring 25 mm x 25

mm is immersed into piranha solution (concentrated sulfuric acid - H2SO4 and 30% hydrogen

peroxide - H2O2 mixed in 7:3 v/v) at 70 °C for about 30 minutes. This procedure hydrox-

ilates the glass surface and also cleans it thoroughly. The glass substrates after immersion

in piranha solution is transferred to de-ionized water after cleaning.
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3 Methods and Materials

Figure 3-8.: Schematic diagram of the substrate-mediated approach used to assemble the

palladium nanocube dimers. Reproduced with permission.[103]

Adsorption of the First PdNC

The glass substrate with hydroxylated surface is immersed in a solution of 1 mL PdNC in

9 mL de-ionized water at room temperature for about 4 hours. After the incubation, the

glass slide is rinsed with de-ionized water multiple times to remove any unbound PdNCs.

Subsequently, the glass slides were transferred to pure ethanol. To avoid the aggregation of

PdNCs due to the difference in the surface tension of water and ethanol, the glass slides are

washed in solutions of water and ethanol, where the concentration of the ethanol is increased

between successive rinsing steps, until the glass slides are immersed in pure ethanol.

Formation of Molecular Linker SAM

A 10 mM solution of linker molecules is prepared in ethanol to which a 100 µL of 100 mM

aqueous NaBr is added. The glass substrate is immmersed into the aforementioned solution

and incubated at 30 °C for 4 hours. The NaBr aids in removing the strongly bound CTAB

molecules on the PdNC surface and helps in the formation of a self-assembled monolayer of

molecular linkers. After the incubation, the glass slide is rinsed with ethanol multiple times

and transferred to acetonitrile by rinsing it in a solution of ethanol and acetonitrile where

the concentration of the latter is gradually increased between successive rinsing.

Addition of the Second PdNC

1 mL of the stock PdNC colloidal solution is centrifuged at 960 g for 8 minutes and re-

dispersed in a mixture of 100 mM NaBr (20 µL) and 10 mL of acetonitrile. The glass slide

with adsorbed PdNC on its surface is immersed into the solution and incubated at 30 °C for

2 hours. The NaBr in the solution aids in destroying the CTAB layer on the second PdNC,
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exposing the metal surface to the unbound thiol moiety of the molecular linkers. Finally,

the glass substrate is rinsed with acetonitrile multiple times to remove any unbound PdNC

and stored in acetonitrile.

Dispersing the PdNC Dimers in to the Solution

The glass substrate with PdNC dimers adsorbed on its surface is immersed in about 2 mL

of acetonitrile in a Petri dish, where the solvent surface is above the glass slide. The con-

tainer is ultrasonicated for 20 minutes to disperse the PdNC dimers into the solution. The

solution turns slightly grayish as PdNC dimers are dispersed into it. Fig. 3-9 shows the

high-resolution TEM image of a single palladium nanocube dimer (left) and it’s extremely

narrow gap (right).

Figure 3-9.: High-resolution transmission electron microscope image of a single palladium

nanocube dimer (left) and it’s extremely narrow gap (right). Reproduced with

permission[103]

3.3. UV-Vis Extinction Spectroscopy

The extinction spectra of the nanoparticles in the ultraviolet and visible spectrum is mea-

sured using a UV-Vis spectrophotometer (Jasco V-730). The extinction spectra incorporate

the absorption as well as the scattering of the incoming photons by the nanoparticles. The

extinction spectra of the nanoparticles was measured using a quartz cuvette with 1 cm path-

length and subsequently baseline-corrected using the spectra of the solvent used to disperse

the nanoparticles as reference. To obtain the extinction spectra of the dimer nanostructures

still attached to the glass substrate, the glass slide (measuring 1.2 cm x 2.3 cm) was im-

mersed diagonally in a 1 cm x 1 cm quartz cuvette filled with ethanol. A non-functionalized,

blank glass slide immersed similarly in ethanol is used as a reference in this case.
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3.4. Transmission Electron Microscopy (TEM)

Transmission electron microscopy is an imaging technique, wherein electrons are generated

(via thermionic emission or field emission), accelerated and are irradiated on the sample

(nanostructures) to form an image. The electron that are passing through the sample can

interact with it via elastic or inelastic scattering or may pass through without any interac-

tions. A TEM has multiple imaging modes: in the conventional TEM imaging mode, the

electron beam is focused using magnetic lenses and irradiated on to the sample as a whole.

Whereas in the scanning TEM (STEM) mode, the electron beam is made to focus on a spe-

cific point in the sample and then is scanned over the sample surface to create an image. The

transmitted electrons carry the structural information of the sample and are magnified using

further magnetic lenses and are detected using, for example, fluorescence. The technique

is used to measure the size and shape of the monomer and dimer nanoparticles. Around

4-6 µL of the dispersed nanostructures in solvent (water, ethanol or acetone) is dropcasted

on to a circular carbon support film with Cu mesh (Quantifol Micro Tools GmbH) and is

left to dry at room temperature. The size measurements for monomer spheres were done

on a Jeol JEM-1400Plus transmission electron microscope at 120 kV acceleration voltage.

Measurements that demanded better resolution such as the gap region imaging in dimers

were performed on Jeol JEM-2200FS in STEM mode at varying acceleration voltage ranging

from 80 kV to 200 kV. The size of the nanostructures were obtained from the acquired TEM

images using ImageJ software.

3.5. Small-Angle X-Ray Scattering (SAXS)

The scattering patterns from the colloidal solution of AuNS dimers in ethanol were recorded

using a laboratory based SAXS system (Ganesha-Air, SAXSLAB, Xenocs). A D2-MetalJet

(Excillium) with a liquid metal anode with Ga-Kα radiation (λ = 0.134 nm), operating at

70 kV and 3.57 mA is used as the X-ray source. The source provides a very small beam

(<100 µm). The beam from the source is made to focus on the sample using a custom made

X-ray lens (Xenocs) with a focal length of 55 cm. Measurements were performed at room

temperature in a 2.1 mm boronsilicate glass capillary tube (product no. 1409364, Hilgenberg,

Germany). The transmitted intensity data were captured using a position sensitive detector

(PI-LATUS 300K, Dectris). Different detector positions were used to cover the range of

scattering vectors between 0.026 nm−1 and 3 nm−1. The captured data, which is circularly

averaged, is normalized to the thickness of the sample, measurement time and the incident

beam before subtracting the contributions from the solvent. All measurements were put on

an absolute scale by standard-less absolute intensity calibration.
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3.6 Single-Particle Scattering Experimental Setup

3.6. Single-Particle Scattering Experimental Setup

The optical single-particle dark-field scattering/SERS measurements is performed on a home-

built microscopy setup (Fig 3-10) coupled to an inverted microscope (Nikon Eclipse Ti-S). A

piezo nano-positioning stage (E-727, Physik Instrumente (PI) GmbH Co) is used to mount

the sample and accurately move the sample in nano/micro scale.

Single-Particle Dark-Field Scattering

For the single-particle dark field scattering measurements, the white light from a halogen

lamp (Zeiss HAL 100) is focused on to the glass substrate containing the dropcasted and

dried sample of nanoparticles using a dark-field condenser (Nikon oil immersion, 1.43-1.20

NA). The scattered light from the nanostructure is collected using a 100x air immersion

objective lens (Nikon, 0.9 NA). A movable mirror M3 is used to divert the signal to the

dark-field detection path. The focusing lens L3 is used to focus the signal thereby creating

a real plane image. A pin-hole positioned at the relayed real plane is used to spatially filter

the signals from an individual nanostructure. The lens L4 acts as a collimating lens and a

movable mirror M4 is used to alternate the signals between the CCD camera (UI-3240CP-

M-GL, iDS imaging) for dark-field imaging and a portable spectrometer (Oceanview QEPro)

for dark-field spectroscopy. The lenses L5 and L6 are used to focus the signals on the the

CCD camera and the portable spectrometer respectively.

Single-Particle Surface-Enhanced Raman Scattering (SP-SERS)

For the single-particle surface-enhanced Raman scattering (SP-SERS) measurements, indi-

vidual nanostructures are excited using the 632.8 nm radiation from a He-Ne laser (25 mW,

Thorlabs). A combination of the lenses L1 and L2 is used to expand the beam to overfill

the back-aperture of the objective lens to form a diffraction limited spot. A 50 µm diameter

pinhole positioned in between the lenses L1 and L2 isolate the fundamental mode of the

laser. A 632.8 nm line filter placed after the telescopic arrangement filters the laser beam

spectrally. A λ/2 plate and a polarizer is used to control the input polarization. A beam

splitter (50-50 RT, Thorlabs) or a 632.8 nm edge filter (45° AOI, Semrock) is used to divert

the beam towards the sample. A 100x air immersion objective lens (Nikon, 0.9NA) is used

to focus the laser beam onto the sample. The scattered signals are collected using the same

objective lens. A 632.8 nm notch filter in the SERS detection path is used to filter out

the Rayleigh emission from the collected signal. A pinhole placed at the real plane formed

using the focusing lens L3 is used to spatially isolate the SERS signal from an individual

nano-structure. The movable mirror M5 is used to alternate the signals between a CMOS

camera (DFK 23UX236, Imaging solutions) and a grating spectrometer (Horiba iHR550).

The spectrometer has three different gratings (600, 1200, and 1800 grooves/mm) to choose

from and is coupled to a Peltier-cooled (-75 °C) CCD sensor (Synapse, Jobin Yvon).
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3 Methods and Materials

Figure 3-10.: The optical set up used for measuring the dark-field scattering spectra and

the surface-enhanced Raman spectra at the single-particle level.

3.7. Finite-Difference Time-Domain (FDTD) Simulations

The finite-difference time-domain (FDTD) is a numerical analysis method which can be used

to simulate the electromagnetic response of a dielectric or metal nano/micro system upon

interaction with an input electromagnetic field. The response of the system is modelled by

calculating the approximate solutions of the Maxwell’s equations in time and space. As

the name suggests, FDTD is a time-domain technique, which essentially means that the

Maxwell’s equations are solved in time and hence enables us to compute the response of the

system under consideration over a broad range of frequency values in a single simulation.

This gives FDTD an edge over other numerical analysis methods based on the frequency

domain, in scenarios where a large number of wavelengths is of interest, like when the

resonant frequencies of the system are unknown.

For a FDTD simulation to be performed, a computational domain is defined. A computa-

tional domain is nothing but the region over which the time-dependent Maxwell’s equations

are solved in an iterative manner. Once the computational domain is defined, the structure

for which the electromagnetic response to an input electromagnetic field is to be calcu-

lated, is geometrically modelled and placed within the computational domain. The material

properties of the structure are defined using the frequency dispersive dielectric permittivity,

permeability, and conductivity over the wavelength range of interest. An electromagnetic
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field source is defined subsequently and is made to illuminate the entire computational do-

main. A set of 2-D or 3-D analysis monitors and placed around the structure depending

on the parameters that needs to be calculated. Since FDTD is a finite-difference method,

it discretizes the time and space-dependent Maxwell’s equations using central-difference ap-

proximations to a set of linear partial derivative equations of space and time. This resulting

set of equations are solved to obtain the next set of updated equations which expresses the

unknown (future) fields in terms of the known (initial) fields. The electric field vector com-

ponents in a discretized volume of space are calculated for a specified instant in time. The

magnetic field components for the same spatial volume are calculated in the next instant in

time. These values of electric and magnetic field vector components are then used to solve for

the future electromagnetic field vector components. This process is iterated over space and

time until a steady state is reached (Fig. 3-11), i.e., when the electromagnetic field inside

the computational region is decayed completely or beyond a pre-defined threshold value. A

software package from Ansys-Lumerical is used for the 3-dimensional FDTD simulations to

calculate the single-particle scattering, extinction as well as the electric-field distributions

around the nanostructures.

Figure 3-11.: Schematic diagram depicting discretization of the computational domain (Yee

grid) in a FDTD simulation. 2-D Yee grid about which the transverse electric

field (a) and transverse magnetic field (b) is calculated. c) 3-D cubic yee cells

depicting the calculation of the transverse electric and magnetic field using

the leap-frog algorithm. Wikimedia Commons, CC BY-SA 4.0.

Simulated Scattering and Extinction Spectra and Electric Field Distribution

A simulation region of volume 1 µm3 is defined. The nanostructures are geometrically

modelled using the structural parameters obtained from electron microscopic imaging. The

dielectric function of the gold is taken from the polynomial fitting of the experimental data

obtained by Johnson and Christy,[104] whereas for palladium, the dielectric function is mod-
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elled using the data obtained by Palik.[105] The computational domain is meshed using

non-uniform conformal variant mesh method. For ideal gold dimers and palladium cube

dimers with gap distances ranging from few to sub-nm gap distances, a mesh over-ride re-

gion around the nanostructure is defined. The mesh size of this over-ride region is defined in

such a way that there are at least 3-4 mesh cells within the gap region to accurately resolve

the electromagnetic response of the system (Fig. 3-12). Even though smaller mesh sizes

in the mesh over-ride region leads to more accurate solutions, extremely small mesh sizes

lead to an increased number of mesh elements in the simulation region which makes the

simulation costly in terms of required memory and time.

Figure 3-12.: FDTD convergence test results on single-particle scattering spectra from a 50

nm ideal gold dimer with 2 nm gap distance showing the importance of using

suitable number of mesh cells for accurate results. Four different mesh sizes

are used, 2 nm (green), 1 nm (blue), 0.5 nm (red) and 0.4 nm (black) which

corresponds to 1, 2, 4 and 5 mesh cells in the gap respectively. Artifacts are

visible in the green curve (2 nm mesh) at around 625 nm due to the lower

number of mesh cells in the gap. As the number of mesh cells in the gap

increases, the scattering response converges to a band position at around 665

nm.

To simulate the single-particle scattering and extinction spectra, the nanostructures (AuNS
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dimer or a PdNC dimer) are illuminated using a broadband (400-900 nm) total-field scattered-

field (TFSF) source which is linearly polarized. The polarization axis of the TFSF source

can be varied to study the polarization-dependent electromagnetic response of the system.

An 3-dimensional analysis group placed in between the structure and the input TFSF source

allows us to simulate the extinction spectra of the nanostructure. Simultaneously, another

3-D analysis group positioned beyond the excitation source allow us to compute the single-

particle scattering spectra of the nanostructure.

To simulate the electric field intensity distribution inside the gap and around the nanos-

tructures, a linearly polarized, monochromatic plane-wave source of wavelength 632.8 nm

is used to irradiate the nanostructure. As with the previous case the polarization axis of

the input source is varied with respect to the longitudinal axis of the dimer structures to

compute the polarization-dependent electric-field intensity distribution inside the gap and

around the nanostructure. Multiple 2-dimensional frequency-domain field profile monitors

placed at different orientations and positions inside the gap (YZ) and around the nanos-

tructures (XY and XZ) records the electric-field amplitude distribution on and around the

nanostructure. In both the scenarios where we simulate 1) scattering/extinction cross sec-

tion and 2) electric-field intensity distribution, perfectly matched layers (PML) boundary

condition is used to terminate the computational domain. This boundary condition enables

the absorption of any incident electromagnetic field impinging on it and thereby attenuates

any spurious reflections into the simulation region.
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4. Non-Classical Behavior of Plasmon

Coupling in Ideal Gold Nanosphere

Dimers

In this chapter, non-classical behavior of plasmon coupling in ideal dimers of gold nanospheres

(AuNSs) will be discussed.[106][107] Part of the experimental work is carried out in collabo-

ration with Dr. Ludmilla Schumacher, an alumna of the working group of Prof. Schlücker.

2-dimensional non-local hydrodynamic and quantum-corrected model simulations on ideal

AuNS dimers are performed by Dr. Mandana Jalali and Dr. Jan Taro Svejda from Prof.

Daniel Erni’s group from General and Theoretical Electrical Engineering (ATE), Faculty of

Engineering, University of Duisburg-Essen. The SAXS experiments on ideal dimers were

performed by Dr. Martin Dulle at the Forschungszentrum Jülich, with valuable inputs from

Dr. Christian Kuttner, CIC biomaGUNE, Donostia-San Sebastián, Spain.

Ever since the work of Peter Nordlander and co-workers on the theoretical understanding of

the classical behavior of plasmon coupling in complex nanostructures,[60] significant exper-

imental[68][69][70][71] and theoretical[62][64][65] efforts have been made to push the boundary of

knowledge on fundamental properties of surface plasmon coupling in nanostructures. In their

pioneering work, Nordlander and co-workers have shown that the plasmonic response of a

complex nanostructure can be viewed as a result of plasmon hybridization of simpler geome-

tries. This method then has been successfully utilized to explain the shifts and splittings

in plasmon resonances in increasingly complex nanostructures. A dimer of two spherical

nanoparticles is one of the most simple structure for which plasmon coupling occurs (the

other being the nanoparticle on mirror-NPOM). The classical plasmon hybridization model

provides a thorough understanding of the different plasmon modes, their extinction cross-

sections as well as their strong dependence on the inter-particle gap distance.[60][62] The

validity of this fully classical approach of calculating the resonances of coupled plasmonic

systems has been subsequently extended to scenarios where quantum properties become

relevant. The probability of quantum tunneling across the dimer junction increases as the

inter-particle gap distances are decreased to sub-nm. This tunneling probability can be mod-

elled by means of ab-initio techniques as shown by Nordlander and co-workers[64] or via a

quantum-corrected approach where the quantum tunneling across the junction is mimicked

by positioning a fictitious conducting material in the dimer junction (section 2.3) as shown
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by Javier Aizpurua and his team.[65][66]

Many of the previous experimental studies on the quantum effects in plasmonic dimer systems

have been performed with nanostructures that were either difficult to reproduce due to

complex fabrication methods or required very expensive instrumentation. Jeremy Baumberg

and co-workers reported the first experimental evidence of quantum tunneling in a plasmonic

cavity, made of two Au nanosphere terminated atomic force microscope (AFM) tips.[68]

The inter-particle distance is accurately controlled by means of piezoelectric stages and

the plasmonic response is simultaneously recorded using dark-field scattering spectroscopy.

The scattering spectra features multiple coupled modes which red-shift initially when the

inter-particle distance is reduced. When the inter-particle gap distance is reduced beyond

0.4 nm, the plasmon modes exhibit a blue-shifting trend. This behavior, which can not

be explained via classical electromagnetism is ascribed to the onset of quantum tunneling

across the cavity junction. Jennifer Dionne and co-workers reported similar observations

in plasmonic dimers made of surfactant-free Ag nanoparticles, where the gap distance is

controlled via the diffusion of metal under the influence of electron beam.[69] The plasmonic

response of the dimer is recorded using electron energy loss spectroscopy (EELS) and the

observations suggests the onset of quantum tunneling when the gap distance is less than 0.5

nm. Kenneth Crozier and colleagues employed SERS to demonstrate the quantum effects

in Au disc dimers prepared via electron beam lithography (EBL) dimers. The changes in

SERS intensity from thiophenol molecules positioned in the cavity is recorded. A decrease

in SERS intensity is observed when the gap distances are less than 0.4 nm. This observation

is ascribed to the weakening of Coulomb coupling of charges across the gap due to tunneling

which decreases the electric field enhancement in the cavity.

Having nanostructures which are easy to produce and can be manipulated to access the

quantum regime in a controlled fashion has always been a significant challenge in the plas-

monics community.[108] The quantum effects in general and quantum tunneling in particular

in nanostructures depend critically on the involved size scales, especially on the gap distance

between the structures.[68][69][70][71] As previous studies on dimers of spherical and quasi-

spherical nanoparticles indicate, the critical element influencing the plasmon coupling for

a given nanoparticle size and gap distance is the gap morphology.[109][110][111] As such, to

study the evolution of plasmon coupling in ideal dimers as the gap distance shrank to sub-

nm distances, a very precise control over the structural parameters is critical. Even though

electron beam lithographic (EBL) method is more suitable to have a very precise control

over the structural parameters, the electron dispersion at the sub-nm length scales prevent

it from being an effective tool. The electron dispersion is a spread in energy of electrons

upon interaction with material, where the incident electrons generate secondary electrons

(these low energy electrons have decay lengths of the order of few nm) in the photoresist,

exposing the regions that are far from region of interest, making accurate sub-nm fabrication

technically challenging.[112] We rectify this issue of precision and reproducibility by using

highly spherical colloidal nanoparticles which are linked together via alkanedithiol linkers to
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form dimers.[109][85][113] By varying the number of carbon atoms along the chain of the linker

molecules, the gap distance between the spheres can be controlled with a precision close to

the length scale of a single carbon-carbon (C-C) bond, i.e., ca. 150 pm or 0.15 nm.[70][84]

It is worth mentioning that a study on dimers of spheres linked by alkanedithiol linkers

has been reported previously. Sangwoon Yoon and co-workers studied the changes in the

UV-Vis extinction spectra of the nanosphere dimers at the ensemble level, as the gap dis-

tance is reduced using the very small linker molecules.[70] A blue-shifting trend in plasmon

coupling differing from the classical predictions has been observed. However, this being an

ensemble observation, the explanation to the observed trend is rather unclear due to the

inhomogeneous broadening which can be resolved through single-particle studies. Moreover,

the study considers only one size of dimers. A systematic study of the evolution of coupled

plasmon modes with respect to the monomer size and gap distance has not been performed

till date.[68][69][70][71]

Here, we follow the evolution of the bonding dimer plasmon (BDP) mode with respect

to the inter-particle gap distance (controlled using alkanedithiol linkers) for three different

sizes of AuNS (80 nm, 50 nm and 30 nm) dimers at the single-particle level. The quantum

effects in these three different sizes of dimers, especially quantum tunneling at sub-nm gap

distances in particular is explored. The experimental observations are compared to the

theoretical predictions from the classical electromagnetic simulations using finite-difference

time domain method, non-local hydrodynamic model which accounts for the non-local nature

of the dielectric function of gold, and the 2-D quantum-corrected model, which incorporates

the effects of quantum tunneling and non-locality of the dielectric function of gold into the

classical electromagnetic model.
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4.1. Size-Dependent Onset of Quantum Tunnelling in Ideal

Gold Nanosphere Dimers

4.1.1. Dimer Assembly and Characterization

Highly spherical nanoparticles of gold (AuNS) with varying diameters (30.9 ± 3.3 nm, 50.7

± 1.8 nm, and 79.5 ± 2.8 nm) are prepared using controlled seeded growth method and

subsequent etching by Au3+ in the presence of CTAB.[114][115] The size distribution of the

Au nanospheres as obtained from TEM imaging is shown in Fig. 4-1.

Figure 4-1.: Histogram of the size distribution of AuNS monomers from TEM analysis (ap-

proximately 200 AuNS from each size class).

The dimers are prepared using a glass substrate-mediated assembly of monomeric nanopar-

ticles.[109][85][113] The monomers are made to adsorb on to the glass substrate using the

electrostatic attraction between the negatively charged glass surface (-Si-O−) and the pos-

itively charged CTAB bilayer on the surface of the AuNS. Subsequently, through a ligand

exchange method, the CTAB bilayer on the AuNS surface is replaced with a self-assembled

monolayer (SAM) of alkanedithiols with varying number of carbon atoms (C16, C10, C8, C6,

C5, C4, C3 and C2). After the formation of the SAM, the second AuNS is added to the sys-

tem and is covalently conjugated to the first AuNS via the second unreacted thiol moiety of

the dithiol linkers. Subsequently, the ideal dimers are stabilized with (11-mercaptoundecyl)-

N,N,N-trimethylammonium bromide (MUTAB) for preventing aggregation after dispersion.

Finally, the fabricated ideal dimers are separated from the glass substrate and dispersed into

the solvent via sonication to obtain a colloidal suspension of AuNS dimers.[106][109][85][113]
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UV-Vis Extinction Spectroscopy

The super-spherical monomers in suspension and dimer particles on glass substrate and in

suspension are characterized using UV-Vis extinction spectroscopy (Jasco, V-730). The high

monodispersity of the monomer nanospheres is apparent from the highly narrow FWHM of

the extinction peaks. The monomer peaks feature a red-shift with increase in size of the

AuNS. The 30 nm monomer has its LSPR peak at 523 nm, for 50 nm monomers, the LSPR

peak is at 528 nm and for the 80 nm spheres, it is further redshifted to 540 nm (Fig. 4-2 a).

The formation of the dimers is confirmed through the presence of low energy LBDP (Lon-

gitudinal Bonding Dipolar Plasmon) coupling band, which formed as a result of the dipolar

interaction between the individual plasmons of the monomer spheres. Even though all the

three different dimers are linked using the same type of linker molecule (C8) and hence have

the same gap distance, the newly formed LBDP band features shifted peak positions. The

higher energy peak in the dimer spectra represents a convolution of multiple plasmon modes

such as longitudinal bonding quadrupolar plasmon (LBQP), longitudinal bonding octupo-

lar plasmon (LBOP), and transversal antibonding dipolar plasmon (TADP) which all have

similar energy and hence appear as a single peak in the ensemble level UV-Vis extinction

spectra. These different plasmon modes, which appear as one peak at the ensemble level,

can be de-convoluted using polarization-dependent, single-particle elastic scattering spec-

troscopy. The TADP mode, which has a maximum when the polarization is perpendicular

to the dimer axis, can be distinguished from LBQP and LBOP modes which have maxima

when the incident polarization is longitudinal to (along) the dimer axis.

Figure 4-2.: UV-Vis extinction spectra of a) 30 nm, 50 nm, and 80 nm AuNS monomers and

b) 30 nm, 50 nm, 80 nm dimers linked via C8 linker.
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Transmission Electron Microscopy (TEM)

The high monodispersity of the monomers/dimers and the high yield and consistency in

shape of the structures are further confirmed via transmission electron microscopic imaging

(Jeol JEM-2200FS). The prepared suspension of monomers/dimers were dropcasted (approx.

4 µl) on a Cu TEM grid. The monomers/dimers were imaged at 120 kV accelerating voltage.

Fig. 4-3 a, b, and c show the TEM images of the 80 nm, 50 nm and 30 nm dimers,

respectively.

Figure 4-3.: Representative TEM images of a) 80 nm, b) 50 nm, and c) 30 nm AuNS

dimers.[106]

4.1.2. Single-Particle Elastic Scattering Spectroscopy

80 nm Ideal Dimers

In addition to UV-Vis extinction spectroscopy and TEM analysis, the single-particle elastic

scattering spectra of 80 nm dimers linked with various linker molecules were recorded Fig. 4-

4. The high monodispersity of the monomer spheres and the precision in gap distance due to

the use of alkanedithiol linkers result in highly uniform and regular elastic scattering spectra

at the single-particle level. The recorded spectra were normalized to the lamp response for

intensity correction and smoothed using the Savitzky-Golay filter. As shown in Fig. 4-4,

the plasmonic response for a given gap distance is very uniform across multiple dimers. Each

set of graphs shows single-particle spectra of four different dimers with same gap distance.

The bonding dipolar plasmon (BDP) band of the dimer is highlighted in blue color. The

average position of the BDP mode from at least 20 different dimers are given on the top of

each spectra set.
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Figure 4-4.: Single-particle dark-field scattering spectra of 80 nm AuNS dimers with various

linkers. The averaged position and the standard deviation of the BDP band of

at least 20 dimers is given at the top of each class of spectra. The anomalous

redshift from C3 to C2 is attributed to the dimerization of C2 linker molecules

in the gap.[106]

The scattering spectra of 80 nm dimers with different gap distances were computed using

classical 3-D finite difference time domain (FDTD) method for comparison with the experi-

ments. Two spheres of diameter 80 nm were simulated with gap distances of 2.25 nm (C16),

1.5 nm (C10), 1.3 nm (C8), 1.1 nm (C6), 1 nm (C5), 0.9 nm (C4), 0.8 nm (C3) and 0.66

nm (C2). The minimum mesh size in the region of interest (around the nanoparticle) in the

simulation is chosen such that there are at least 3 mesh cells in the closest point (hotspot)

between the dimers. The structures were illuminated using a TFSF (Total-Field Scattered-

Field) broadband (400 nm-900 nm) source with incident polarization along the dimer axis.

The elastic scattering response and the electric field around the nanoparticle and in the gap

were recorded.

Fig. 4-5 shows the computed scattering spectra (left) and the experimental scattering spec-

tra (right) of 80 nm dimers. The computed spectra and the experimental single-particle DF

scattering spectra of ideal dimers with varying gap distances were condensed into a single

plot to visualize the influence of decreasing gap distance on bonding dipolar plasmon in
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80 nm ideal dimers as predicted by classical electromagnetism versus as observed from the

experiments. The average position of the BDP band for a specific gap distance is given at

the right hand side of the spectrum. The FDTD simulations predict a continuous red-shift

of elastic scattering spectra with decreasing gap distance. As the gap distance is reduced

from C16 to C2, there is a steady and increasing red-shift of BDP coupling mode from 742

nm at C16 to 873 nm at C2. A higher-order plasmon mode is visible at around 570 nm

for C16, which is a combined peak of BQP and BOP modes which are indistinguishable

from each other at this point. These combined peaks separate from each other as the gap

distance is decreased (distinguishable from C10 onwards) due to the increase in the relative

scattering cross section and an accompanying red-shift for the BQP plasmon mode. The

apparent change in the band position of the BOP mode, however, is minuscule compared to

other lower-order modes such as BQP and BDP.

Figure 4-5.: Computed (left) and experimental (right) elastic scattering spectra series of 80

nm ideal AuNS dimers. The peak positions of the BDP mode are indicated by

an arrow. The experimental spectrum at the gap size beyond which a blue-shift

occurs is marked in red. The averaged position and the standard deviation of

the BDP band of at least 20 dimers is given to the right of the spectra. The

anomalous redshift from C3 to C2 is attributed to the dimerization of C2 linker

molecules in the gap.[106]

In comparison with the simulations, the experiments show similar trend at larger gap dis-

tances. i.e., an increasing redshift is observed with decreasing gap distance. As the gap

distance is reduced from C16 to C6, we see a redshift in the band position of the BDP mode
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from 704.9 nm to 800.2 nm due to increased plasmon coupling between the monomer spheres.

The redshifting trend for both BDP and BQP reaches its maximum value at C6, and this

corresponds the highest plasmonic coupling strength in 80 nm dimers. As the distance is

further reduced from C6 to C2, a new regime is revealed where the behavior of plasmon

coupling diverges drastically from classical predictions. The coupled BDP mode which is

characterized by the accumulation of opposite charges at the opposing faces in the gap with

decreasing gap distance is now replaced by a new plasmon mode. This new type of plasmon

mode called a charge transfer plasmon (CTP’) mode is characterized by the presence of

an electron tunneling current across the gap which effectively screens the localized charges

across the gap, reducing the plasmonic coupling. Due to the inverse relation between tunnel-

ing current and the gap distance, the CTP’ mode blue-shifts with further reduction in gap

distance as the localized charge density is more effectively screened by the tunneling current.

The reduction in charge density across the gap due to electron tunneling also results in a

decreased scattering cross section of the new CTP’ band, as evident from the increase in the

relative scattering cross section of the BQP mode w.r.t CTP’ mode.

Note that in Fig. 4-5 right, at C2, there is an anomalous redshift of the CTP’ band from C3.

This contrasts with the trend expected, since at C2 there should be an increased tunneling

of electrons across the gap compared to that of C3. This anomalous shift is attributed to

the fact that the small linker molecules like C2 are extremely prone to dimerization of the

sulfur headgroups and could in principle form a longer chain at long incubations during the

ligand exchange step in the assembly of ideal dimers.
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50 nm Ideal Dimers

As in the previous case, highly monodispersed 50 nm monomers prepared using seeded

growth method and subsequent etching. The as prepared 50 nm monomer spheres are linked

together via different alkanedithiol linkers (C16-C2) using a substrate-mediated approach to

form dimers in high yield. Subsequently, elastic scattering spectra are recorded at the single-

particle level. The acquired spectra were normalized to the lamp response and smoothed

using the Savitzky-Golay filter. As evident from Fig. 4-6, the plasmonic response for a given

gap distance is very uniform across multiple dimers and the average position of the BDP

mode from at least 20 different dimers are given on the top of each spectra set.

Figure 4-6.: Single-particle dark-field scattering spectra of different 50 nm AuNS dimers

with various linkers. The averaged position and the standard deviation of the

BDP band of at least 20 dimers is given at the top of each class of spectra.[106]

The scattering spectra of 50 nm dimers with varying gap distances were also simulated using

3-D FDTD method and the data were plotted alongside the experimental single-particle

data to compare the evolution of plasmon coupling in 50 nm dimers w.r.t gap distance as

predicted by classical electromagnetism and experiments (Fig. 4-7 left & right, respectively).

The average position of the BDP band for a specific gap distance is given at the right hand

side of the spectra. The simulations show that the overall band positions of BDP band in 50
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nm ideal dimers is blue-shifted compared to the 80 nm ideal dimers, which is expected due to

their smaller size. This prediction is further confirmed from the experimental observations.

The simulations also predict an ever increasing redshift in the band position of the BDP

mode as the gap distance is decreased from C16 (654.5 nm) to C2 (761.1) nm (Fig. 4-7

left). In accordance with the simulations, the experimental scattering spectra of 50 nm ideal

dimers show an increasing redshift with reduction in gap distance at larger gap separations.

A steady red-shift in band position of BDP band from 673.9 at C16 to 746.1 at C5 is

observed. The band position at C5 represent the ultimate limit of plasmon coupling in 50

nm ideal dimers as further reduction in gap distance results in the formation of the CTP’

mode characterized by the presence of an electron tunneling current across the junction (Fig.

4-7 right). From this point of maximum strength in plasmonic coupling at C5 (746.1 nm),

we see an increasing blue-shift trend as the gap distance is decreased to C2 (685.3 nm), due

to increased influence of non-local effects as well as the onset of quantum tunneling.

Figure 4-7.: Computed (left) and experimental (right) elastic scattering spectra series of 50

nm ideal AuNS dimers. The peak positions of the BDP mode are indicated by

an arrow. The experimental spectrum at the gap size beyond which a blue-shift

occurs is marked in red. The averaged position and the standard deviation of

the BDP band of at least 20 dimers is given to the right of the spectra.[106]
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30 nm Ideal Dimers

As with the 80 nm and 50 nm ideal dimers, monodispersed 30 nm spheres were prepared

using controlled seeded growth and subsequent etching. The monomers were then assembled

to form dimers via various alkanedithiol linkers through a substrate-mediated approach. The

elastic scattering spectra of the 30 nm ideal dimers were recorded at the single-particle level

and the acquired spectra were normalized to the lamp response and smoothed using the

Savitzky-Golay filter. As with the case of 80 nm and 30 nm ideal dimers, a highly uniform

plasmonic response at the single-particle level is observed. Particularly, the band position

of the BDP band for a certain gap distance is highly regular (Fig. 4-8).

Figure 4-8.: Single-particle dark-field scattering spectra of different 30 nm AuNS dimers

with various linkers. The averaged position and the standard deviation of the

BDP band of at least 20 dimers is given at the top of each class of spectra.[106]

The scattering spectra of 30 nm dimers with varying gap distances were also simulated us-

ing 3-D FDTD method and the data were plotted alongside the experimental single-particle

data to compare the evolution of plasmon coupling w.r.t gap distance (Fig. 4-9 left &

right, respectively). The computed scattering spectra of 30 nm dimers features an overall

blue-shifted BDP mode compared to 50 nm and 80 nm dimers owing to their smaller sizes.

Another finding of importance in the simulated scattering spectra is that the 30 nm dimers
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features rather weak contributions from higher-order plasmons due to their very low scat-

tering cross sections. Only at the very small gap distances is the presence of higher-order

plasmon modes more evident. As opposed to 30 nm dimers, the 50 nm and 80 nm dimers

have strong contributions from higher-order plasmons at larger gap distances (Fig. 4-5 and

Fig. 4-7).

Figure 4-9.: Computed (left) and experimental (right) elastic scattering spectra series of 30

nm ideal AuNS dimers. The peak positions of the BDP mode are indicated by

an arrow. The experimental spectrum at the gap size beyond which a blue-shift

occurs is marked in red. The averaged position and the standard deviation of

the BDP band of at least 20 dimers is given to the right of the spectra.[106]

In the experimental scattering spectra, the BDP mode in 30 nm dimers shows a redshift from

649.9 nm at C16 to a maximum red-shifted value of 697.83 nm at C4 as the gap distance is

lowered. Beyond this point of maximum strength in plasmon coupling, we see a new blue-

shifting CTP’ plasmon mode in the place of BDP mode due to the onset of tunneling current

across the junction (Fig. 4-9 right). This tunneling current results in decreased plasmon

coupling strength between the spheres and also decreases electric field enhancement in the

gap region due to the effective de-localization of the accumulated charge density across the

gap. Furthermore for C2 in Fig. 4-9 right, an additional low energy plasmon mode at

around 800 nm is observed. This additional peak, which is very low in intensity and highly

broadened compared to the BDP and BQP modes, is assigned to a low-energy charge transfer

plasmon (CTP) mode across the gap. CTP in the case of 30 nm dimers is observable due to

its comparative higher energy whereas for the 50 nm and 80 nm dimers, these peaks would
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be of even lower energy and will appear deeper in the IR region, which would be beyond the

scope of the experimental system used.

4.1.3. Size-Dependent Onset of Quantum Regime

From the spectral position of the plasmon coupling mode in ideal dimers, three distinct

interaction regimes in ideal dimers can be identified (Fig. 4-10). In the ideal dimers with

large gaps, a trend in accordance with the classical predictions where the spectral position

of the BDP coupling band red-shifts as the gap distance is reduced using shorter linkers

is observed (classical regime). When the gap distance approaches smaller values, however,

the shift deviates from the classical trend due to the emergence of non-local effects and the

magnitude of the red-shift begins to decrease (non-local regime), finally reaching a maximum.

Beyond this point of maximum redshift in ideal dimers, at sub nm gap distances, the behavior

is dominated by quantum tunneling of electrons across the gap which decreases the dipole-

dipole (BDP) coupling, giving rise to a charge transfer plasmon mode (CTP’), which blue-

shifts with decreasing gap distance. In Fig. 4-5, Fig. 4-7, and Fig. 4-9, the spectrum which

marks the transition to quantum realm is highlighted in red. Comparing the evolution

of plasmon coupling in the gap of these three different plasmonic systems, the important

observation to be noted is that the onset of non-classical effects and its associated blue-shift

of the plasmon coupling mode occurs at a larger gap distance in the larger dimer systems

compared to the smaller ones. That is, the onset of non-classical behavior of plasmon modes

originates beyond C4 in the case of 30 nm dimers, beyond C5 in the case of 50 nm dimers

and for 80 nm structures this onset is further increased to bigger gap distances of C6.

The experimental observation of decreasing redshift magnitude and subsequent switching

to blue-shift is not something that could be explained within the classical limits of elec-

tromagnetism. In addition to this, the emergence of a charge transfer plasmon mode is not

something that is predictable from the classical simulations as it fails to capture the possibil-

ity of electrons to tunnel across the potential barrier between the nanoparticles at extremely

narrow separations.

In the classical regime, when the individual spheres are not close enough to allow the inter-

particle tunneling of electrons across the narrow gap, the far-field optical response of the

dimer is dominated by the bonding dipolar plasmon (BDP) mode. This mode has a steady

redshift as the inter-particle gap narrows, which is observable in the case of all three different

sizes of dimers. In the near-field, this mode is associated with an interaction of opposing

charges (of monomer spheres) across the gap. As the separation decreases, the inter-particle

plasmon coupling is greatly enhanced, resulting in a high localization of these interacting

charges in the narrow gap region. As a response to this charge localization, the electric fields

in the vicinity of the gap region is enhanced. The enormous charge pile up in the narrow

gap region is compensated by the smooth distribution of opposing charge densities along

the remaining sphere surface. The spatial width of the charge pile up across the dimer gap
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Figure 4-10.: BDP band energy shift as a function of linker length, i.e. gap distance. The

earlier onset of the transition from the classical to the non-classical regime for

larger dimers is indicated: C6 for 80 nm dimers, C5 for 50 nm dimers, and C4

for 30 nm dimers.[106]

along the curved sphere surface is of the order given by the eq. 4-1 where the R stands for

the radius of the sphere and d is the gap distance.[66][68]

W ≈
√
R d (4-1)

This spatial width of the charge pile up has a direct relation to the mode volume of the

dipolar plasmon mode in the gap between the dimer sphere, which can be approximated as

per the eq. 4-2, where the R is the radius of the AuNS and d is the inter-particle distance

between the individual AuNS.[66][68]

V ≈ π R d2

4
(4-2)

As one would expect from classical electromagnetism, the spatial width of the charge lo-

calization W and the resultant mode volume V would keep on decreasing until we reach

the touching limit. However, as we have seen already, at extremely narrow gap distances,

the electrons can tunnel across the potential barrier, effectively undermining the strength

of localization of the surface charges and putting a quantum mechanically defined limit to

the minimum possible spatial width of surface charges in the gap and by extension defines

a quantum limited minimum mode volume and electric field enhancement achievable from

these plasmonic cavities. Keeping this in mind, we can rewrite the eq. 4-1 and eq. 4-2 as

given below, where dQR is the gap distance at which the quantum tunneling begins to exert

influence on the plasmonic response.
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WQL ≈
√
R dQR (4-3)

VQL ≈
π R d2

QR

4
(4-4)

From eq. 4-4, the tightest mode confinement possible in three different ideal dimer systems

are calculated. These are approximately 26.50 nm3 (or 5.17 x 10−8 λ3 at 800 nm using

C6) in 80 nm dimers, 13.00 nm3 (or 3.13 x 10−8 λ3 at 746 nm using C5) in 50 nm dimers

and 5.43 nm3 (or 1.59 x 10−8 λ3 at 697 nm using C4) in 30 nm dimers respectively for

the bonding dipolar plasmon (BDP) mode. These quantum-limited mode volumes in ideal

dimers of AuNSs are almost 6 orders of magnitude smaller than the smallest mode volumes

reported in photonic crystal cavities, offering interesting applications in observing molecular

processes.[73]

4.2. Theoretical Modelling of Size-Dependent Tunneling in

Dimers

Further numerical simulations were performed to understand the origin of nanoparticle size-

dependent onset of quantum regime in ideal AuNS dimers. These simulations were performed

by Dr. Mandana Jalali and Dr. Jan Taro Svejda from Prof. Daniel Erni’s group from Gen-

eral and Theoretical Electrical Engineering (ATE), Faculty of Engineering, University of

Duisburg-Essen. In nanoparticle dimers with sub-nm gap distances, the electron scatter-

ing from the particle’s boundaries generates additional wavevector components that impart

extra energy to the conduction electrons, affecting the mean free path of the conducting

electrons (refer section 2.2). Additionally, quantum tunneling probability is expected to

play a significant role. Tunneling across the junction introduces additional spectral shifts to

the coupled plasmon modes and weakens the Coulomb coupling of charges across the dimer

junction, resulting in the broadening of the bonding dipolar plasmon (BDP) mode. Classical

electromagnetism fails to account for these aforementioned properties (Fig. 4-5, Fig. 4-7,

and Fig. 4-9). For an accurate description of such plasmonic dimer systems with sub-nm

gaps, the nonlocality introduced due to the gap sizes smaller than the Fermi wavelength of

the electron has to be take into account, together with the quantum tunneling probability

at sub-nm gap distances.

In these additional theoretical studies on the non-classical properties of the nano-dimer

system, the nonlocality is introduced based on the hydrodynamic model, and the quantum

tunneling probability is incorporated via the quantum-corrected model (QCM). The QCM

phenomenologically bridges the quantum and classical plasmonics by introducing a fictitious

conducting material in the gap which mimics the quantum tunneling current across the gap.

As a full 3-D modelling of spherical dimers is computationally costly and time consuming,
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cylindrical nanowires are modelled instead of spheres, for which the underlying mechanisms

remains similar.

Figure 4-11.: Representation of the fictitious material in the gap region in quantum-

corrected model and the representative profile of the hydrodynamic conduc-

tivity σHD in the gap.The point at which the hydrodynamic conductivity falls

to 1% of its total value is defined as the edge of the gap.

The theoretical modelling of cylindrical nanowires are performed using the classical finite

element method (FEM) solver COMSOL multiphysics. The nonlocal material properties of

the cylindrical nanowires are described based on the nonlocal phasor (phase vector: a vector

varies sinusoidally and has a complex component) polarization current JHD which is coupled

to the external electric field (E) based on the following equation.[116][91]

[∇2 +
ω(ω + iγ)

β2
] JHD(r, ω) =

iε0ω
2
Pω

β2
E(r, ω) . (4-5)

β is a geometry dependent parameter related to the Fermi velocity and ωP is the plasma

frequency of gold. This equation is implemented as an auxiliary partial differential equation

representing the material model of the cylindrical nanowire domains, which is then coupled

to the Maxwell equations, as an additional source term for the electric field. This additional

parameter accounts for the nonlocality introduced by the additional wavevector components

introduced by the narrow gap. Within the gap, the hydrodynamic equation is further mod-

ified to contain the artificial static conductivity (σ0) accounting for the quantum tunneling

probability (section 2.3).

The simulations are carried out for three different diameters of cylindrical nanowire dimers

(30 nm, 50 nm, and 80 nm) with gap distances of 0.1 nm, 0.2 nm, 0.22 nm, 0.24 nm, 0.26 nm,

0.28 nm, 0.3 nm, 0.33 nm, 0.36 nm, 0.4 nm, 0.48 nm, 0.5 nm, 0.52 nm, 0.6 nm, 0.7 nm, 0.8

nm, 0.9 nm, 1 nm, 1.5 nm, and 2 nm in the spectral range from 1 eV (1240 nm) to 6 eV (206

nm). Considering the symmetry of the dimer, the overall structure is cut into half (along the
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red dashed line in Fig. 4-12a), to reduce the required computational resources. Along the

symmetry axis, the boundary condition is set to perfect electric conductor. Within the gap

region, the nonlocal phasor polarization current follows the same boundary condition as the

conventional displacement current. This set up assures that the structure is mirrored, while

substantially reducing the simulation domain. The simulation domain is meshed based on

unstructured, non-uniform meshing, which results in about 25570 elements for the smallest

dimer (30 nm) with the smallest gap size (0.1 nm).

Proceeding from the QCM, the quantum tunneling probability is translated into an artificial

static conductivity of the gap and then included in the model by defining a fictitious material

for the gap (Fig. 4-12a) with a permittivity (εg) based on the Drude model.[65][66] In

such permittivity, the damping term (γg) includes the static conductivity (σ0) as shown in

equations 4-6, 4-7, and 4-8 (see section 2.3 for details).

εg(ω, l) = ε0(ω) + (εdm(ω)− ε0(ω))e
−l
ld − ω2

P

ω(ω + iγg(l))
, (4-6)

γg(l) =
ω2
P

4πσ0(l)
, (4-7)

σ(ω, l) = −iω εg(l, ω)− 1

4π
. (4-8)

Fig. 4-12 shows the real part of the fictitious material permittivity εg (Fig. 4-12b) and the

fictitious material conductivity σg (Fig. 4-12c) at various energies in the gap (y axis in the

Fig. 4-12a) of a 30 nm dimer with 0.2 nm gap distance. As evident from the data, εg and

σg are both spatial and frequency dispersive in nature.

Figure 4-12.: Schematic of the gap region in the nanodimer geometry. The red dashed line

extends along the direction of the gap width (y axis). b) The real part of

the fictitious material permittivity (εg) and c) the gap conductivity (σg) at

various energies along the width of the gap for a 30 nm dimer with 0.2 nm

gap distance.[106]
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The conductivity (σg) in the gap region for 30 nm (Fig. 4-13a) and 80 nm (Fig. 4-

13d) cylindrical nanowire dimers with similar gap distances is compared to gain insight

into the parameters that influence the quantum tunneling probability in the gap. The

graphs indicate that the fictitious conductivity (σg) in the gap is dependent on both the gap

distance (l) and the curvature of the metal wall of the dimer. Looking at the conductivity

profile in the gap region, along the y-axis (perpendicular to the dimer axis) for a fixed gap

distance l, the conductivity has its maxima (maximum tunneling probability) at the center

of the gap, where the distance between the walls is at the lowest. Away from this central

point, the conductivity falls off in both directions, as expected from the geometry of the

junction. However, the spatial distribution of the conductivity or the overall region where

the conductivity value is above the threshold (defined to be 1 % of the maximum value

of σg) for the quantum tunneling to be significant, depends on the curvature of the wall

(Fig. 4-13b & d). Since the bigger 80 nm dimers have a lower radius of curvature, the

effective conductivity volume or the width of the gap region over which quantum tunneling

probability is significant is larger than the smaller dimers with higher radius of curvature.

This indicates that the tunneling probability across a spherical dimer junction depends on

the curvature of the monomers in addition to the inter-particle gap distance.

Figure 4-13.: The conductivity inside the gap region for various gap sizes in a) 30 nm, and d)

80 nm dimers along with the spatial distribution of conductivity in the gap for

b) 30 nm and c) 80 nm dimers at the maximum value of gap conductivity.[106]

The 30 nm, 50 nm, and 80 nm dimers are modelled based on the classical, the hydrodynamic

and the quantum correct models for various gap sizes. The corresponding bonding dimer

plasmon (BDP) modes for these dimers are represented in Fig. 4-14. The black, red and

blue curves represents the classical, non-local hydrodynamic and quantum-corrected model

of plasmon coupling in cylindrical nanowire dimers respectively.
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Figure 4-14.: The band position of the bonding dipolar plasmon (in eV) in 30 nm (left),

50 nm (middle), and 80 nm (right) dimers versus the gap sizes based on the

quantum-corrected model (QCM)-blue, the hydrodynamic model (HM)-red as

well as the classical model (CM)-black. The markers denotes the simulation

results which are then fitted to a polynomial (solid lines). The dark blue and

light blue curves within the QCM model represents the non-local regime and

the quantum tunneling regime respectively. The arrows indicate the point of

onset of deviation between the QCM and the HM.[106]

As shown in Fig. 4-14, the quantum-corrected model (blue) starts to deviate from the non-

local hydrodynamic model (red) as the gap sizes becomes smaller, indicating the onset of

quantum tunneling. The dark blue and light blue curves within the QCM model represents

the non-local regime and the quantum tunneling regime of plasmon coupling, respectively.

This deviation of QCM from hydrodynamic model starts at larger gap distances for bigger

dimers, namely at 0.52 nm gap distance in the case of 80 nm dimer and 0.48 nm for the case

of 30 nm dimer. The difference in the gap distance at which the quantum effects are apparent

in 80 nm and 30 nm dimers is 0.04 nm, which is actually smaller than what we observe from

the experiments (0.2 nm) in Fig. 4-10. However, it is worth mentioning that the simulations

are performed for a 2-dimensional system, whereas in reality the experimental system is a 3-

dimensional one and hence, these values could change accordingly. In order to quantitatively

determine this monomer size-dependent onset of quantum tunneling in cylindrical dimers,

a new parameter called the hydrodynamic conductivity per unit area of the gap is defined

(eq. 4-9).

σHD(S/M) =

∫
gap
|JHD|
|E| dV

1m2
. (4-9)

This hydrodynamic conductivity describes how easily the quantum tunneling current can

flow within the gap and is calculated for various gap sizes at the corresponding bonding

dimer plasmon mode of different sizes of dimers (Fig. 4-15). Results indicate that since the

hydrodynamic conductivity in the gap is higher for larger dimers, the quantum tunneling
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current starts at large gap sizes which is in agreement with the observed monomer size-

dependent onset of the quantum tunneling current from the experiments (Fig. 4-10).

Figure 4-15.: The hydrodynamic conductivity in the gap for 30 nm, 50 nm, and 80 nm

dimers with different gap sizes at the corresponding bonding dimer plasmon

(BDP) mode. The hydrodynamic conductivity profiles for the 0.3 nm gap size

is illustrated in the insets, showing a clear increase in effective conductivity

volume as the monomer size increases.[106]
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4.3. Gap-Distance Measurement

4.3.1. Small-Angle X-ray Scattering Spectroscopy

Small-angle X-ray scattering (SAXS) is employed to characterize the ideal dimers and the

ultra narrow gap distances between them.

The SAXS experiments were performed by Dr. Martin Dulle at the Forschungszentrum

Jülich, with valuable inputs from Dr. Christian Kuttner from CIC biomaGUNE, Donostia-

San Sebastián, Spain. Unlike electron microscopic techniques that rely on the energetic

electron beams to resolve the structural features, SAXS, as the name suggests, employs

X-rays to do the same. SAXS can explore various properties of a nano-system at the ensem-

ble level, such as the monodispersity, size and shape distributions, thickness of stabilizing

surfactant layers on the nanoparticles and coverage of satellites on a core-satellite system

etc. In SAXS, the elastic scattering of the X-ray by the sample at very small angular range

(0.1-10°) is analyzed. Depending on the involved angular ranges, structural features ranging

from hundreds of nanometers down to sub-nm can be resolved.

With the right kind of sample, SAXS is a formidable technique which allows one to explore

nearly all there is to know about the system. However, it has some major general drawbacks

which is inherent from the underlying physics itself. One of the major issues in SAXS is

that a vast majority of the X-ray photons that impinges on the sample simply proceed out

of it without much interactions. It becomes then a technical challenge to isolate these rather

weakly scattered signals from the very bright main X-ray beam. One of the most common

technique that is employed in overcoming this aforementioned issue is to shape the incident

X-ray beam using pinholes to small circular spots. By shaping the incident beam to a cir-

cular spot, the scattering from the sample are distributed centro-symmetrically around the

incident beam as circles. However, this greatly reduces the intensity of the scattered X-rays

and measurement times ranging from hours to days are needed to obtain a clear, discernible

signal.

The substrate-mediated assembly of the ideal dimers by its very nature depends on the very

low concentration of the AuNS used while assembling them (especially on the concentration

of AuNS used in the first step), for the preferential formation of the dimers over other higher

order structures like trimers, tetramers etc. From some of the initial SAXS measurements on

AuNS dimers prepared in the conventional fashion (5 pM AuNS in the first incubation step,

final dimer solution in 5 mL of ethanol) made it clear that the overall concentration of dimers

and monomers are far below the detection threshold, as the measurement yielded only the

solvent peaks that corresponds to ethanol. To this end, the number of dimers assembled on

the glass substrate, as well as the overall concentration of dimers in the final solution must

be increased significantly.
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Figure 4-16.: Field emission scanning electron microscope images of glass substrates incu-

bated with varying concentrations of 50 nm AuNS monomer spheres, a) 5 pM,

b) 7.5 pM, and c) 10 pM. d) The UV-Vis extinction spectra of C16 dimers

dispersed in ethanol, using the modified dispersion method (red-7.5 pM and

black-10 pM) compared to previous dispersion method (blue). A significant

increase in the concentration of dimers is observed (dashed line indicate the

position of bonding dipolar plasmon band) by using 7.5 pM of AuNS in the

first incubation step.

From practical experience, overall number of dimers assembled on the glass substrate de-

pends on multitude of factors such as the incubation time and temperature, quality of the

substrate surface and most importantly on the coverage of monomer spheres that is adsorbed

on the surface during the first step of the dimer assembly. An increase in the coverage of

AuNS adsorbed to the glass substrate is readily observable when the concentration of the

monomer AuNS added to the solution in the first step is increased (Fig. 4-16). With an

initial concentration of 5 pM of AuNS in the first step, the coverage of AuNS on the sub-

strate is approximately 6 ± 5 AuNS per µm2 (Fig. 4-16a). When the initial concentration

is increased to 7.5 pM, the coverage increases significantly to 17 ± 5 AuNS per µm2 (Fig.

4-16b). Further increase in concentration to 10 pM in the first step however, resulted in
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4 Non-Classical Behavior of Plasmon Coupling in Ideal Gold Nanosphere Dimers

formation of high number of oligomers (Fig. 4-16c) which defeats our purpose. Addition-

ally, in the very last step during the dimer assembly, the AuNS dimers were dispersed in

750 µL of ethanolic MUTAB solution as opposed to 5 mL as per the general protocol, to

increase the concentration of dispersed dimers in the final solution. Fig. 4-16d show the

extinction spectra of C-16 linked 50 nm AuNS dimers prepared with an initial concentration

of 7.5 pM (red curve) and 10 pM (black curve) of AuNS monomers and dispersed in 750

µL of ethanolic MUTAB solution compared to the dimers prepared using the conventional

preparation technique (blue curve). A significant increase in the concentration of the dimers

is observed by using a 7.5 pM AuNS in the first incubation step and dispersing it in 750 µL

of final solution. An initial concentration of 10 pM AuNS in the first incubation step did

not result in a higher concentration of dimers as evident from the intensity of BDP band

(dashed line).
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Figure 4-17.: Normalized extinction spectra of C2 (black) and C16 (red) linked 50 nm AuNS

dimers used for SAXS.

A SAXS model is developed that would take into account of the presence of the monomer

and oligomers in additional to the dimers in the solution. The SAXS scattering data from

the C16 and C2 linked dimer (50 nm) samples are compared to a solution of monomers

as reference. From the SAXS analysis of the monomer spheres, the average radius of the

monomer AuNSs is found to be 23.2 ± 2.2 nm. The SAXS data indicates a gap distance of

3.5 ± 2.2 nm for the C16 with a dimer to monomer ratio of 9:1. Whereas for the C2, pin-

pointing the gap distance accurately was not possible, as depending on the initial conditions

of the fitting model, a gap distance of either 0.8 ± 2.2 nm (with 40% dimers) or 2.5 ± 2.2 nm
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4.3 Gap-Distance Measurement

(with 80% dimers) is found to be possible. The measurements on dimers each took 16 hours

to finish due to the very low signal intensity owing to the dimers low scattering cross section

and concentration. An important issue in resolving the gap distance was that the AuNSs are

highly polydispersed (from SAXS point of view) to resolve the sub-nm gap distances that we

aim for. The size deviations in the sphere radius is what ultimately limits the accuracy of

the gap distance values (SAXS measures the distance between the centers of the AuNSs in

a dimer to identify the gap distance), a seemingly minor increase in the polydispersity could

smear out the differences in scattering. The results from these experiments indicate that

the AuNS dimer samples are vexed with multiple issues, like lower concentration, presence

of higher-order structures (in C2) and importantly polydispersity of AuNSs, making their

SAXS measurement technically challenging. Another technical limitation that makes the

measurements on the 50 nm AuNS dimers difficult is that, due to their larger size, the scat-

tering vectors (q) which contains the gap distance information are pushed to higher values

where the detector sensitivity is lower. 30 nm dimers can be a solution to counter these

issues of detector sensitivity and low concentration. Since they are smaller in size, higher

concentrations of AuNSs can be used in the first incubation to make dimers. Also, owing to

their smaller size, the scattering vectors containing the gap distance information appears in

small q region, where detector sensitivity should not be an issue.

Fig. 4-18a shows the SAXS experiment results from dimers made of two different 30 nm

AuNS sample using the shortest (C2) and the longest (C16) linker molecules. From TEM

image analysis, two different 30 nm monomer samples were found to have an average diam-

eter of 28.8 ± 1.8 nm (sample-I) and 28.1 ± 1.7 nm (sample-II) respectively. From SAXS

measurements on these two 30 nm monomer spheres returned an ensemble averaged sphere

radii of 14.31 ± 1.05 nm (sample-I) and 13.96 ± 1.00 nm respectively. The gap distance in

dimers bound via C2 linkers were found to be 1.26 nm (sample-I) and 1.53 nm (sample-II).

Similarly for C16, the gap distance values were 1.15 nm (sample-I) and 1.83 nm (sample-II).

The gap distance values found from these measurements were inconclusive and can not be

relied upon as evident from the large deviations in gap distance values from two different

dimer samples. Moreover, in sample-I, C2 linked dimers had a larger gap distance com-

pared to C16 (1.26 nm for C2 vs 1.15 nm for C16), for which we could not find any clear

explanation. Additionally, from the fit model used, the amount of dimer structures in the

suspension can be calculated. For C2, 52% and 59 % of dimers were found in sample-I

and sample-II, respectively. For C16, 90% and 81% found to have formed in sample-I and

sample-II, respectively. The difference in the overall dimers formed between C2 and C16

can be explained by the relative tendency of these linker molecules to form a well-defined

and stable monolayer. C16 with its long carbon chain tend to form an extended and stable

SAM due to the inter-molecular Van der Waals interactions. However, C2 linker molecules,

lacking these stabilising forces tend to form disturbed and rather unstable SAMs which are

formed as small islands.
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Figure 4-18.: a) Experimental SAXS results from dimers made of two different 30 nm AuNS

sample using the shortest (C2) and the longest (C16) linker molecules showing

the gap distance, monomer radius and the average dimer ratio in the sample.b)

SAXS fit of two detector distances on scattering data from C16 dimers (sample-

I), hence the two curves with different amount of smearing.

Fig. 4-18b shows the SAXS fit of scattering data from C16 dimers (sample-I) for two

different detector distances, hence the two curves with different amount of smearing. The fit

model used is based on the cloud-scattering method within jscatter software. Two spheres

are placed at a certain distance and the combined form-factor is calculated using spherical

form-factors for the individual spheres. To account for single spheres in the solution a single

sphere form-factor of the same radius was also introduced. The sum of both multiplied

by a ratio reflecting their respective influence was used for fitting the experimental data.

Since the scattering intensity is plotted as a function of reciprocal space vector q (Å−1),

the finer structural details like the inter-particle gap distance appear at higher q values and

the coarse details like the size of the sphere etc appear towards the lower q values. In Fig.

4-18b, at low q, the points start to rise upwards due to the presence of oligomers. Although

the fitting worked quite well, the reliability of the inter-particle gap distance is rather bad.

This has three reasons which we could not overcome due to the nature of the system itself.

The first being that the inter-particle gap distance is very small compared to the size of the

spheres themselves and are on the same order as their polydispersity. The second being a

considerable number of monomers in all samples and third the low concentration of particles

in general which significantly affects the signal to noise ratio.
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4.3.2. Transmission Electron Microscope

High-resolution transmission electron microscopy is an excellent tool to observe and quantify

the size and shape of the nanostructures and it can also be used to observe the extremely

narrow gaps between the structures such as the one we have here. The choice of alkanedithiol

linkers from C16 to C2 gives us a theoretically estimated range of gap distances from 2.25

nm down to 0.66 nm (assuming an all-trans configuration in the gap). Fig. 4-19 shows the

TEM images of the gap in 50 nm dimers linked via C16, C8, C3 and C2 linker molecules.

As is evident from the figure, there is a clear difference in the gap distance. However, sta-

tistically quantifying this gap using TEM is a cumbersome process due to the parallax error

that is introduced due to the large difference in the diameter of the spheres (small radius of

curvature) and the gap distance, which is smaller than the former by an order of magnitude

(two order of magnitude in the case of shorter linker molecules). That is, unless observed

head on, the gap between the spheres will appear shorter than it is in reality. For example,

the gap in C16 dimer in Fig. 4-19 yields us a gap distance value of 1.1 nm with parallax,

whereas from theoretical investigations a value that is almost twice than that of the observed

is expected.

Figure 4-19.: Top panel: High-resolution TEM images of 50 nm diameter ideal dimers linked

with C16, C8, C3 and C2. Scale bar 25 nm. Bottom panel: Magnified view of

the gap showing the progressive decrease in the gap distance as the number of

carbon atoms in the linker molecule is decreased. Scale bar 5nm. The images

are taken at a magnification of 120,000x. The gap appears smaller due to

parallax.[106]
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To exclude the effect of parallax, tilt series imaging using a special TEM sample holder

(capable of moving ± 25° from the axis) is performed where the gap is imaged from different

angles to find the true gap distance between the spheres. However, this approach involves

the continued exposure of the narrow gap to electron beam to track the changes in the ob-

served gap distance. This continued exposure to electron beam can severely alter the gap

morphology due to beam damage. Fig. 4-20 shows the effect of the beam damage on gap

morphology on a C8 linked 50 nm ideal dimer. All 4 different images were of same dimer

and were taken few seconds apart from each other. In frame 1 the gap is distinctly visible.

As multiple exposures are made, the metal on both sides of the gap begins to diffuse across

the gap (frame 3). Eventually this diffused metal fills the gap, merging the particle together

(frame 4). An additional factor that complicates the tilt-series imaging is the sample drift-

ing. As evident from Fig. 4-20 between successive exposures, the sample moves ever so

slightly from the field of view, thereby compromising the quality of focus and in turn the

clarity with which we can observe the narrow gap.

Figure 4-20.: Merging of dimer gap in a 50 nm, C8-linked dimer due to electron beam

exposure damage.[106]

It is technically challenging and heavily time-consuming to accurately pinpoint the nar-

row gap distance values in an ideal dimer system using electron microscopy. However, it

is possible to obtain some insight into the gap distance values of these dimers by imaging

multiple dimers (without tilt-series) and averaging the gap distance values to obtain an es-

timate. The averaged gap distance measurements still include parallax-related uncertainty,

which can only be addressed using tilt-series imaging. However, as previously stated, tilt-

series imaging is a challenging task since prolonged exposure to electron beams alters the

68



4.3 Gap-Distance Measurement

inter-particle gap region. We need to reduce the effect of parallax and get more accurate

inter-particle gap distances that are closer to the absolute values without employing tilt-

series imaging.

Within the TEM sample grid, the amount of parallax-related error varies. We can see how

parallax influences the observed gap distance throughout the sample by imaging the gap

region of multiple dimers from different regions on the TEM grid. In theory, there will be

a region within the sample grid with the smallest parallax error, resulting in the greatest

observable gap distance. This, however, requires measuring the gap distances of a large

number of dimers from widely separated regions within the sample grid. Such a large area

of imaging comes with its own issues. Large movements of the sample affect the stability of

the system and cause significant drifting of the sample, which in turn affects the quality of

the focus and images.

Table A-1 lists experimentally obtained inter-particle gap distance values from individual

50 nm AuNS dimers linked with C8, C6, C4, and C3 linker molecules using high-resolution

transmission electron microscopic imaging. The averaged gap distance value and the highest

value observed within each gap distance class are listed in Table 4-1.

Table 4-1.: The averaged and the highest observed experimental gap distance values in 50

nm ideal dimers obtained using transmission electron microscopic imaging.

Linker molecule C8 C6 C4 C3

Average gap dis-

tance (nm)
1.12 ± 0.07 0.91 ± 0.05 0.67 ± 0.04 0.58 ± 0.06

Highest observed

gap distance (nm)
1.17 0.99 0.75 0.66

By plotting the experimentally observed gap distances vs the number of carbon atoms in the

chain of the linker molecule, we could identify some important parameters, such as the length

of a single C-C carbon bond in the gap and the bond length of a single Au-S bond between

the nanoparticle and the linker molecule. The alkanedithiol molecules orient themselves in

the gap region with a small tilt (30°) w.r.t the dimer axis (Fig. A-1), and the bond length

of a single C-C bond in alkanedithiol linker molecules in the gap can be calculated using the

slope from the graph. Similarly, half of the y-axis intercept represents the bond length of a

single Au-S bond between the nanoparticle and the linker molecule.

The average gap distance values were plotted against the number of carbon atoms in the

chain (Fig. A-2). The slope from the plot is (0.109 ± 0.004) nm. Accounting for the tilt of

the linker chain, the bond length of a single C-C carbon bond inside the gap is found to be

(0.125 ± 0.004) nm. Similarly, the bond length of a single Au-S bond is found to be (0.125 ±
0.010) nm. When only the highest observed gap distance values are considered (Fig. A-3),
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the bond length of a single C-C carbon bond inside the gap is found to be (0.122 ± 0.006)

nm and the bond length of a single Au-S bond is found to be (0.171 ± 0.012) nm. The bond

length of the single C-C carbon bond, estimated using the averaged gap distance approach

and the highest gap distance approach are quite similar in value and are comparable to each

other.

The estimated value of single C-C bond is used to extrapolate the unknown gap distances

of the dimers linked together using C16, C10, C5 and C2 linkers. Table 4-2 shows the

estimated length of the linker molecules in unbound gaseous state using density functional

theory (B3Lyp/6-311G++(d/p), ground state) and experimentally obtained bond length of

Au-S bond (0.15 nm)[117][118] compared to the experimentally obtained and extrapolated gap

distance values in 50 nm ideal dimers (the extrapolated gap distance values are indicated

using with a *). Refer Fig. A-1 for additional details regarding the calculation of theoretical

gap distance values.

Table 4-2.: Comparison between the gap distance values expected from density functional

theory calculations on linker molecules in gaseous (unbound) state versus the

experimental gap distance values in 50 nm ideal dimers obtained using trans-

mission electron microscopic imaging (*indicates the extrapolated gap distance

values).

Linker

molecule

Theoretical

values from

DFT (nm)[84]

Experimental

values using

TEM (nm)*

C16 2.22 1.99 ± 0.07∗

C10 1.55 1.34 ± 0.05∗

C8 1.34 1.12 ± 0.07

C6 1.11 0.91 ± 0.05

C5 0.99 0.79 ± 0.03∗

C4 0.89 0.67 ± 0.04

C3 0.78 0.58 ± 0.06

C2 0.68 0.47 ± 0.03∗
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To conclude, experimental and theoretical studies on three different sizes of ideal dimers of

AuNSs were performed. The inter-particle gap distances in ideal dimers were controlled pre-

cisely using various alkanedithiol linker molecules. The highly uniform geometrical features

of the AuNS dimers translate into highly regular scattering features at the single-particle

level, especially the position of the BDP mode is found to be highly reproducible across

multiple dimers. The coupled plasmonic modes of the ideal dimers are explored using single-

particle dark-field scattering spectroscopy. The coupled plasmon modes of each size classes

of AuNS dimers follow the classical plasmon hybridization model at larger gap distances.

As the inter-particle gap distances are shortened, the coupled BDP mode redshifts to higher

wavelengths as predicted by the classical plasmon hybridization model, indicating a stronger

coulombic coupling of surface charge densities across the dimer junction (classical regime).

However, as the gap distances are shortened to few to sub-nm gap distances using the smaller

linker molecules, a trend that deviates substantially from what is predicted by the classi-

cal electromagnetism is observed. The strength of redshifting begins to weaken (non-local

regime) and then starts to blue-shift with subsequent decrease in inter-particle gap distance

(quantum regime) due to the onset of quantum tunneling across the dimer junction, which

weakens the coulombic interactions across the junction. Furthermore, the AuNS dimers ex-

hibits a nanoparticle size-dependent onset of blue-shift. The bigger 80 nm dimers begins to

exhibit an earlier onset compared to the smaller 50 nm and 30 nm dimers. 2-D non-local

and quantum-corrected simulations on different sizes of AuNS dimers reveals that the cur-

vature of the walls of the nano-cavities has an important influence on the rate of quantum

tunneling across the junction. The bigger dimers with smaller curvature radius enables a

larger effective conductivity volume compares to smaller dimers with large curvature radius.

This allows more electrons to tunnel across the junction in larger dimers compared to the

smaller ones for the same gap distance. Additionally, mode volumes of the confined optical

electric fields corresponding to the BDP mode in different sizes of AuNS dimers are calcu-

lated and these are found to be 6-7 orders of magnitude smaller compared to the reported

mode volumes in dielectric cavities.

The experimental inter-particle distances in AuNS dimers are measured using SAXS and

TEM imaging. Accurately pinpointing the inter-particle gap distance values using SAXS

proved technically challenging since the maximum resolution possible from SAXS is lim-

ited by the polydispersity of the AuNSs, which was similar in values to the inter-particle

gap distances. Additionally, data modelling was made complicated due to the presence of

unpredictable amounts of monomers and oligomers in the sample. Furthermore, the low con-

centration of nanoparticles in the sample (crucial for preferential dimer formation) critically

affected the signal to noise ratio, making it unreliable.

Accurately pinpointing all the different gap sizes using TEM also proved challenging due

to parallax error and electron beam damage sustained to the gap while tilt-series imaging.

Parallax included gap distances for C8, C6, C4, and C3 linked AuNS dimers were obtained

using HR-TEM, and the average length of a single C-C bond in the gap was estimated (0.125
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± 0.004 nm). This value was then extrapolated to calculate the unknown gap distances for

C16, C10, C5, and C2 linked AuNS dimers. It is possible to further improve the quality of the

electron microscopic images by employing techniques and conditions which could minimize

the beam damage imparted to the sample. Namely, employing high-angular annular dark-

field (HAADF) mode to enhance the contrast and using a lower dosage of electrons and

cryogenic conditions could improve the tolerance of the system for enabling tilt-series imaging

of the gap region.

The apparent ease with which the AuNS dimers can be created in addition to the uniformity

of the AuNS dimer architecture at the single-particle level, makes accessing the quantum

regime in plasmonics less complicated in terms of effort and cost and ensuring reproducibility

at the same time, compared to lithographic techniques.

72



5. Single-Particle SERS from Ideal Gold

Nanosphere Dimers

In this chapter, the SERS enhancement properties of the AuNS dimers will be discussed.

The SERS enhancement behavior of two different types of AuNS dimers are studied using

polarization-resolved single-particle dark-field scattering spectroscopy, polarization-resolved

single-particle SERS and finite-difference time domain simulations. The bisthiol polyene

molecules employed in section 5.2 to assemble AuNS dimers were synthesized by Mr. Thomas

Keller[119] with assistance from Mr. Patrick Bredenbröker.

As demonstrated in the previous chapter, ideal dimers of gold nanospheres (AuNS) exhibit

intense scattering peaks at the single-particle level as a result of strong dipolar plasmon

coupling between the individual spheres.[106][109][85] Due to the homogeneity of the AuNS size

and shape combined with the use of molecular linkers which allows precise control over gap

distances down to the length of a single C-C bond, a very uniform and reproducible far-field

scattering response is observed across the sample at the single-particle level.[106][109][85] The

plasmon coupling strength in ideal gold dimers can be manipulated by carefully controlling

the size of the AuNSs and gap distance between the individual AuNSs via the molecular

linkers.[70][106][84] The increasing strength in plasmon coupling in ideal dimers with shrinking

gap distance or increasing sphere size is manifested as a redshift of the (longitudinal) bonding

dipolar plasmon (BDP) in the far-field single-particle scattering spectrum. An increased

strength in plasmon coupling is characterized by an accumulation of opposite charges across

the narrow gap between the dimers. This charge buildup results in a huge enhancement in

local electric-field in the periphery of the gap, creating a hotspsot.[109][85][113] This electric field

enhancement in the gap associated with the bonding dipolar plasmon (BDP) mode increases

in an exponential manner as the gap distance is reduced, till the onset of electron tunneling

at very narrow gap distances limits it. Since the optical response of the ideal dimers are

linked closely to their geometrical size, shape and the gap distance, which are shown to be

very homogeneous and reproducible, we can deduce that the hotspots in individual dimers

should show similar homogeneity and reproducibility.

Non-linear photoemission electron microscopy (PEEM) measurements revealed that the ma-

jority of the field enhancement in ideal dimers are confined to the gap region.[113] Imaging of

photo-electrons emitted from the gap regions of different dimers revealed that the variation

in the electric-field enhancement in the gap is less than 9 %, inferring that the characteristics
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of electric field enhancement (inside the gap) in different dimers are quite similar.[113] By

positioning the Raman reporter molecules inside this hotspot and resonantly exciting the

dimers, we can significantly enhance their vibrational signals enabling detection at very low

concentrations. Two different approaches are followed for positioning the SERS reporter

molecules inside the hotspot in ideal dimers. In the first approach, the well known Raman

reporter molecule thiophenol (TP) is used. As the TP molecules lack a second thiol moiety

which is crucial for dimer formation, 1,8-octanedithiol (1,8-ODT/C8) is co-incubated with

TP to ensure the dimer formation (TP-C8 dimer). In the second approach, bisthiol polyene

molecules with two C=C double bonds (DB2) are used to fabricate the dimers (DB2 dimer).

FDTD simulations on ideal dimers predicts that SERS enhancement factors of the order of

108 are possible. An anisotropic response in the single-particle SERS intensity with respect

to the input polarization of the laser source is expected due to the anisotropic nature of

plasmon coupling in ideal dimers.

5.1. Thiophenol-C8 Ideal Dimers

5.1.1. Fabrication of Thiophenol-C8 Ideal Dimers

Highly spherical gold nanoparticles called gold nanospheres (AuNS) (45.1 ± 2.06 nm) are

prepared using the controlled seeded growth method and subsequent etching. These AuNSs

are characterized using the UV-Vis extinction spectroscopy and transmission electron micro-

scope (TEM) imaging. The ideal dimers of AuNS are prepared using a substrate-mediated

assembly approach (refer section 3.2.2) with minor modifications. After the first step, the

glass substrate with the first AuNS attached to it is immersed in a solution of C8 and TP (0.5

mM each) in 5 ml ethanol and incubated for 1 hour. The co-incubation of C8 linkers and TP

results in replacement of CTAB bilayer and with self assembled monolayer (SAM) of both C8

and TP molecules on the AuNS surface. The assembled dimers are dispersed in ethanol and

dropcasted on a silicon substrate. Fig. 5-1a shows the schematic representation of an ideal

gold dimer with TP molecules as SERS reporters and C8 molecules acting as linkers. The

dimer structures are characterized initially using TEM (Fig. 5-1b) and UV-Vis extinction

spectroscopy (Fig. 5-1c). The intense BDP band in the UV-Vis extinction spectra and the

TEM images indicates that the dimers are formed in good yield. The UV-Vis extinction

spectra of the TP-C8 dimers exhibits a BDP band positioned at around 730 nm, which

is consistent with the UV-Vis extinction spectra of ideal gold dimers with aforementioned

monomer size and C8 molecules as linkers.
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Figure 5-1.: a) Schematic representation of an ideal gold dimer with C8 as linker and thio-

phenol as Raman reporter. b) Transmission electron microscopic image of C8-

linked dimers with thiophenol (TP) as Raman reporter. c) UV-Vis extinction

spectra (bonding dipolar plasmon (BDP) band at 730 nm).

5.1.2. Polarization-Dependent Single-Particle SERS from

Thiophenol-C8 Ideal Dimers

Ideal gold dimers with thiophenol (TP) molecules acting as Raman reporters and C8 (ODT)

molecules acting as linkers are used to study the single-particle SERS upon illumination

with 632.8 nm laser (112 µW, 20s integration time) using a 100x (Nikon, 0.9 NA) objective

lens. TP features strong vibrations at around 1580 cm−1 from the symmetric stretching of

C=C in the phenyl ring having high Raman cross section. In additional to this there are

other visible vibrational modes at 999 cm−1, 1022 cm−1 and 1078 cm−1 which correspond to

phenyl ring breathing mode, C-H stretching mode and the C-S stretching mode, respectively.

The strong peak at 1580 cm−1 is chosen for single-particle SERS characterization.

Fig. 5-2 shows the experimental and theoretical characterization of the optical response of
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the C8-TP ideal gold dimer at the single-particle level. Fig. 5-2a show the single-particle

dark-field scattering spectra of a TP-C8 ideal gold dimer and 5-2b depicts the corresponding

polarization-dependent single-particle SERS from the same dimer.

Figure 5-2.: Optical characterization of an ideal gold dimer with 1,8-ODT (C8) as linker

and thiophenol (TP) as Raman reporter. a) Single-particle dark-field scattering

spectrum of a TP-C8 ideal dimer. b) Polarization-resolved SP-SERS from TP-

C8 gold ideal dimer upon illumination with 632.8 nm laser radiation. Inset:

polar plot showing the input polarization-dependent SP-SERS intensity of the

vibration mode at 1575 cm−1. c) FDTD simulation of the enhanced electric-field

intensity distribution around the dimer including the gap region.

The scattering spectra shows a BDP band positioned at around 730 nm which is consistent

for a dimer linked with C8 linker molecules. The anisotropic nature of field-enhancement in

ideal dimer is clear from the polarization-resolved SP-SERS. The SP-SERS intensity attains

maxima when the input polarization of the laser source is parallel to the dimer axis. Upon

varying the polarization of the laser with respect to the dimer axis, a decrease in SP-SERS

intensity is observed pointing to a drop in plasmon couple strength. The SP-SERS intensity

is recorded at every 45° turn in input polarization. The minimum in SP-SERS intensity

is observed when the input polarization is rotated 90° away from the point of maximum
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SP-SERS intensity in either direction. The critical influence of the input polarization of

the laser source on the SP-SERS intensity is captured clearly in the inset (polar plot of the

SERS intensity of 1580 cm−1 ring vibrations) of Fig. 5-2b.

FDTD simulations were performed for TP-C8 ideal gold dimers by modelling two spheres

of radius 25 nm. The inter particle gap distance is fixed at 1.3 nm (for C8). The dielectric

function of the gold is modelled based on the experimental data by Johnson and Christy.[104]

The dimers are illuminated using a monochromatic plane wave source with a central maxi-

mum at 632.8 nm. The electric-field distribution around and inside the structure is recorded

using multiple field monitors surrounding the dimer structure. Fig. 5-2c shows the en-

hanced electric-field intensity distribution around the dimer including the narrow gap. The

majority of the field enhancement is found to be restricted to the inter-particle gap region.

The average SERS enhancement factor from the ideal gold dimer is calculated by averaging

the field intensity over a hotspot measuring 12 nm x 12 nm, and squaring it to obtain an

average SERS enhancement factor. The experimental SERS enhancement factor (EF) from

the AuNS dimers is estimated using the following equation;

EF =
ISERS Nbulk

Ibulk NSERS

. (5-1)

where ISERS and Ibulk corresponds to the SERS intensity of TP molecules adsorbed on the

AuNS and Raman intensity of TP molecules in solution respectively. NSERS represents the

number of TP molecules in the narrow hotspot volume between the AuNSs in the dimer

(assuming the major contribution to the SERS signals originates from molecules inside the

hotspot). Nbulk corresponds to the number of molecules inside the confocal volume in the

solution and can be estimated using the molarity of the solution, laser spot size and confocal

depth. NSERS is approximated assuming that the TP molecules form a self-assembled mono-

layer (SAM) on the surface of the AuNS with an approximate packing density of 6.8 x 1014

cm−2.[120] By taking the hotspot volume to be 144 nm2 (12 nm x 12 nm, based on FDTD

simulations). Assuming that half of the hotspot volume under consideration is covered by

the TP molecules (other half being occupied by the C8 molecules), the total number of TP

molecules in the gap is estimated to be around 504. By following the equation for the SERS

enhancement factor, the EF for the AuNS dimer is then calculated to be around (2.7 ± 0.9)

x 108 which is comparable to the calculated SERS enhancement factor (6 x 108) from the

FDTD simulations. However, since we don’t really have accurate control over the number

of TP molecules in the hotspot, in addition to the fact that the C8 linkers tend to form bet-

ter monolayers than TP, this approach does not yield a highly uniform SERS enhancement

factors across different dimers.
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5.2. DB2 Ideal dimers

The AuNS dimers with thiophenol molecule as Raman reporter and 1,8-ODT (C8) as bridg-

ing molecule are limited due to the presence of two different molecules in the gap region.

Since the C8 linker molecules need to be present in the gap region for dimer formation, the

thiophenol molecules are not always optimally positioned for efficient SERS enhancement.

The C8 molecules, with their inherently low Raman scattering cross-sections, are unsuit-

able as Raman reporters. To this end, bisthiol polyenes with two C=C carbon bonds (DB2

polyenes) are employed for assembling the AuNS dimers. The DB2 polyene is a bi-functional

molecule which can simultaneously act as a linker molecule due to the presence of the thiol

moieties and as a Raman reporter molecule due to the presence of phenyl rings and C=C

carbon bonds with high Raman scattering cross-sections.

5.2.1. Fabrication of DB2 Ideal Dimers

DB2 dimers are prepared by assembling very uniform AuNS (45.1 ± 2.06 nm) which are

prepared via the controlled seeded growth method and subsequent etching. The ideal dimers

of AuNS are prepared using a substrate-mediated assembly approach (refer section 3.2.2)

with minor modifications. The bisthiol polyenes with two C=C double bonds have a very low

solubility in ethanol, for this reason, the molecules are initially dissolved in a small amount of

ethyl acetate (0.5 ml) and then mixed with 4.5 ml ethanol subsequently. The glass substrate

with first AuNS attached to it is immersed inside this mixture and incubated for 1 hour.

During the incubation, the CTAB bilayer on the surface of the AuNS is replaced with a self

assembled monolayer (SAM) of DB2 polyenes. Fig. 5-3a shows the schematic representation

of an ideal gold dimer linked with DB2 polyenes. The dimer structures are characterized

initially using TEM and UV-Vis extinction spectroscopy (Fig. 5-3b&c respectively). The

BDP band in the UV-Vis extinction spectra, positioned at around 699 nm, is not very

intense, indicating that the dimer yield is low.
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Figure 5-3.: a) Schematic diagram of an ideal gold dimer with DB2 polyene as both linker

and Raman reporter. b) Transmission electron microscope image of DB2

polyene linked dimers. c) UV-Vis extinction spectra (bonding dipolar plasmon

(BDP) band at 698 nm).

5.2.2. Characterization of Bisthiol DB2 Polyene

The Raman-active vibrational modes and displacement eigenvectors corresponding to the

bisthiol polyene with two C=C double bond (DB2) is calculated using density functional

theory (DFT) (B3Lyp/6-311G++(d/p), ground state). Fig. 5-4a shows the comparison

between calculated and experimental Raman spectra of DB2 polyene (a). The experimental

Raman spectra is obtained using 632.8 nm laser excitation and the emitted Raman signals are

collected using 20x objective lens (Nikon, 0.4 NA) with 10s integration and 5 accumulations.

The Raman spectra of the DB2 polyene is comparatively featureless in the lower wavenumber

regions, with majority of the strong vibrational modes in the fingerprint region, especially

between 1050 cm−1 and 1700 cm−1. The vibrational mode at 1090 cm−1 (ν̃theo = 1101 cm−1)

corresponds to the C-S stretching mode. The vibrational modes at 1169 cm−1 (ν̃theo = 1171

cm−1) and 1209 cm−1 (ν̃theo = 1210 cm−1) corresponds to C-C stretching and strong bending
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of C-H bonds of the ring, respectively.

Fig. 5-4b represents the calculated displacement eigenvectors corresponding to the asym-

metric C=C stretching (Fig. 5-4b, top) at 1565 cm−1 (ν̃theo = 1583 cm−1), coupled vibration

mode of symmetric C=C stretching of the ring and the chain (Fig. 5-4b, middle) at 1596

cm−1 (ν̃theo = 1620 cm−1) and finally the symmetric C=C stretching of the chain (Fig. 5-

4b, bottom) at 1649 cm−1 (ν̃theo = 1668 cm−1). Calculated displacement eigenvectors of the

vibrational modes that are not shown in Fig. 5-4 and the calculated lengths of bonds in

bisthiol polyene with 2 C=C double bonds in gaseous state are shown in Fig. A-4.

Figure 5-4.: a) Normalized Raman spectra of the 2-DB polyenes from experiment and from

theory (black). b) Calculated displacement eigenvectors of bisthiol polyene with

two C=C double bonds (highlighted with an asterisk in the spectra). Asymmet-

ric stretching C=C double bonds of the phenyl rings, ν̃theo = 1583 cm−1 (top).

Coupled vibration mode comprising the symmetric stretching of C=C double

bonds in the phenyl ring and the chain, ν̃theo = 1620 cm−1 (middle). Symmet-

ric stretching C=C double bonds in the chain, ν̃theo = 1669 cm−1 (bottom),

calculated using DFT (B3Lyp/6-311G++(d/p), ground state).

5.2.3. Polarization-Dependent Single-Particle SERS from DB2 Ideal

Dimers

Ideal gold dimers with DB2 polyene molecules acting as both SERS reporters and linkers are

characterized using polarization-resolved single-particle dark-field spectroscopy. Fig. 5-5a

shows the polarization-resolved single-particle spectra from an ideal dimer linked with DB2
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polyene molecules. The single-particle scattering response of the dimer features a bonding

dipolar plasmon mode at 708 nm. The inset in Fig. 5-5a shows the polar plot of the single-

particle scattering response of the DB2 linked ideal dimers. The anisotropic nature of the

plasmon coupling is clearly visible. The longitudinal axis of the dimer is identified using

the single-particle dark-field scattering spectroscopy prior to the SP-SERS measurements.

Unlike in the case of TP-C8 ideal dimers, long exposures to the laser radiation resulted in

the degradation of SP-SERS spectrum from DB2 polyene linked ideal dimers. Due to the

aforementioned reason, the SP-SERS from DB2 polyene dimers are collected only at laser

input polarizations parallel and orthogonal to the longitudinal dimer axis.

DB2 polyene-linked ideal gold dimers are illuminated with a 632.8 nm laser radiation (112

µW, 10 s integration time) using a 100x (Nikon, 0.9 NA) objective lens for SP-SERS stud-

ies. DB2 polyene features strong vibrations at around 1600 cm−1. There are three separate

vibrational modes within this rather broad spectral peak, which are the asymmetric C=C

stretching at 1565 cm−1, coupled vibration mode of symmetric C=C stretching of the ring

and the chain at 1581 cm−1 and another peak at 1597 cm−1 which is not observed in the

experimental Raman spectra of the DB2 polyene. However, the DFT calculations on un-

bound DB2 polyene predicts the presence of a vibrational mode at ν̃theo = 1633 cm−1, just

13 cm−1 away from the coupled vibration mode at ν̃theo = 1620 cm−1. This mode is assigned

to the C=C symmetric stretching purely from the ring. Even though not resolvable in the

experimental Raman spectra of the molecule, the proximity of the phenyl ring to the AuNS

surface significantly enhances the intensity of this mode, making it possible to resolve it in

the SP-SERS spectra. In additional to these modes several lower wavenumber vibrational

modes are also visible in the SP-SERS spectrum of DB2-polyene linked ideal dimers. The

peak at 1078 cm−1 is from the C-S stretching mode of the molecule. The vibrational modes

at 1178 cm−1 and 1212 cm−1 corresponds to C-C stretching and strong bending of C-H bonds

of the ring respectively. For the SERS enhancement factor calculation, the strong peak at

1581 cm−1 is chosen. The experimental SERS enhancement factor (EF) from the AuNS

dimers is estimated using eq. 5-1.

In eq. 5-1, ISERS and Ibulk represents the SP-SERS intensity of DB2 polyene, Raman intensity

of DB2 polyene molecules in solution, respectively. Whereas NSERS and Nbulk corresponds

to the number of DB2 polyene molecules occupying the narrow hotspot volume between the

AuNSs in the dimer and the number of molecules inside the confocal volume in the solution.

The latter can be estimated using the molarity of the solution, laser spot size and confocal

depth. The NSERS is approximated assuming that the DB2 polyene molecules has a footprint

of 0.22 nm2 on the surface of the AuNS. By taking the hotspot volume to be 144 nm2 (12 nm

x 12 nm, based on FDTD simulations), the total number of molecules in the gap is estimated

to be around 700. By following the equation for the SERS enhancement factor, the EF for

the DB2 polyene linked AuNS dimer is then calculated to be around (5.6 ± 0.2) x 107.
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Figure 5-5.: Optical characterization of a single ideal gold dimer with DB2 polyene as both

linker and Raman reporter. a) Polarization-resolved single-particle scattering

spectra of an ideal dimer with DB2 polyene as both linker and Raman re-

porter. Inset: polar plot showing the polarization-dependent single-particle

scattering intensity of the bonding dipolar plasmon (BDP) band at 708 nm.

b) Polarization-resolved single-particle spectra from gold ideal dimer with DB2

polyenes as Raman reporter upon illumination with 632.8 nm laser radiation.

5.2.4. FDTD Simulations on DB2 Ideal Dimers

For understanding the nature of plasmon coupling and the field enhancement properties of

ideal gold dimers, finite-difference time domain simulations are performed. The AuNSs with

a radius of 25 nm are modelled with a dielectric function based on the polynomial fitting of

the experimental data obtained by Johnson and Christy.[104] The inter-particle distance in

the ideal dimer is fixed at 1.6 nm, based on the DFT calculations on the unbounded bisthiol

polyene with two C=C double bonds. A mesh override region enclosing the AuNS dimer

is defined with an override mesh value of 0.4 nm. The meshing parameter for the override

region is selected such that, there are at least 3-4 mesh cells within the gap region for better

accuracy. Also it helps to efficiently resolve the curved metal-dielectric interfaces of the gold

nanospheres. The total simulation time is defined to be around 250 fs, which is sufficient for

the total decay of the electric fields within the simulation region. The entire simulation region

has a volume of 2 µm3 and is terminated using perfectly matched layer (PML) boundary

conditions to prevent back-reflections from the walls back into the simulation region.

The single-particle scattering response of the AuNS dimers are simulated using a linearly

polarized and broadband (400-900 nm), total-field scattered-field (TFSF) plane wave source

as the excitation source. The polarization axis of the TFSF source is kept parallel to the
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longitudinal axis of the dimers for efficient excitation of the coupled BDP mode in AuNS

dimers. Two 3-dimensional cross-sectional analysis groups placed outside TFSF source (scat-

tering analysis group) and between the dimer and TFSF source (extinction analysis group)

calculates the scattering and extinction cross-sections of the dimer by measuring the net

power flowing in and out through them. The mesh override region is modelled to enclose

the TFSF source and the analysis groups (in additional to the dimer structure) since they

work in an efficient manner when placed within an uniformly meshed region. The enhanced

electric-field distribution inside the gap and around the AuNS dimer is simulated by illumi-

nating the dimers with a monochromatic plane wave source of wavelength 632.8 nm (± 1

nm bandwidth). Three 2-dimensional frequency-domain field profile monitors placed around

the dimers (XY and XZ axes) and inside the gap (YZ-axis) measures the enhanced electric

field distribution in AuNS dimers. The polarization of the input electric field is kept parallel

to the dimer axis to efficiently excite the coupled BDP mode of the AuNS dimer.

Fig. 5-6 shows the results from FDTD simulations on ideal gold dimers with a gap distance

of 1.6 nm. Fig. 5-6a shows the comparison between the simulated and experimental single-

particle scattering spectra of an AuNS dimer upon illumination with input polarization

parallel to the dimer axis. The simulated single-particle scattering spectra of AuNS dimer

have a λmax at 681 nm, whereas from the experiments the λmax is at 705 nm. Fig. 5-6b

& c shows the enhanced electric field intensity profile within the gap (YZ-axis) and around

the dimer (XZ-axis) including the gap region (narrow bright region in the middle). As

evident from the figure, majority of the field enhancement is concentrated to the narrow gap

region. Due to this reason, the SERS enhancement factor (E4/E4
0) is calculated by taking

the square of the electric field intensity (E2/E2
0) from the YZ-axis monitor. An average value

of enhancement in field intensity is found by integrating around the central hotspot region

in the YZ-axis monitor to obtain the total field intensity in the region of interest (ROI)

measuring 144 nm2 and then dividing it by the total number of matrix elements within the

ROI to get the average enhancement in field intensity. This value is then squared to obtain

the SERS enhancement factor inside the gap in a AuNS dimer. The calculated value of SERS

EF from AuNS dimer is found to be ≈ 9.4 x 107 which is in agreement with the experimental

estimate of (5.6 ± 0.2) x 107.
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Figure 5-6.: FDTD modelling of ideal dimers linked with DB2 polyenes. a) Comparison

between the calculated (blue) vs experimental (red) single-particle scattering

spectra of ideal dimers linked with DB2 polyenes. b) Enhanced electric-field

intensity distribution within the gap (YZ), c) enhanced electric-field intensity

distribution around the dimers including the gap region, demonstrating that

the field enhancement is restricted to the gap.

In conclusion, single-particle SERS from 50 nm AuNS dimers were studied experimentally

and theoretically. Two different approaches are followed to position the Raman reporter

molecules inside the hotspot of the dimer. In the first approach, thiophenol molecules

(SERS reporters) and C8 dithiol linker molecules are co-incubated to ensure the formation

of dimers (TP-C8 dimer). In the second approach, bisthiol polyene molecules with two C=C

double bonds functions as the SERS reporter as well as the linker to form the dimers (DB2

dimer). polarization-resolved single-particle dark-field scattering spectroscopy and single-

particle SERS measurements are performed to study the field enhancement properties of the

dimers. The strong C=C symmetric stretching mode of the phenyl ring in TP at 1580 cm−1

is used to calculate the SERS enhancement factor in TP-C8 AuNS dimers, which is found to

be (2.7 ± 0.9) x 108. The bisthiol polyenes with two C=C bonds (DB2 polyenes) are charac-

terized experimentally using Raman spectroscopy and theoretically using DFT calculations.

The calculated and the experimental Raman spectra were found to be matching well, and the

different scattering peaks and their corresponding displacement eigenvectors are identified.

The polarization-resolved single-particle SERS measurements on dimers linked with DB2
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polyenes are performed. The SERS EF from DB2 polyene-linked AuNS dimers for the peak

at 1581 cm−1 (coupled vibration mode of symmetric C=C stretching of the ring and the

chain) is found to be (5.6 ± 0.2) x 107. Additionally, polarization-resolved measurements on

both dimers point to the anisotropic nature of the electric field enhancements in AuNS dimer

architecture, which were confirmed later on via the FDTD simulations. Upon illumination

with electric field polarization parallel to the longitudinal axis of the dimer, majority of the

field enhancement is found to be restricted to the narrow gap between the AuNS dimers,

with little to no field enhancement from elsewhere around the structure. FDTD simulations

on TP-C8 dimers (gap distance of 1.3 nm) and DB2 ideal dimers (gap distance 1.6 nm)

predicts SERS enhancement factors of about 6.0 x 108 and 9.4 x 107 respectively. These

calculated SERS EF values are reasonably close to the experimentally estimated values of

(2.7 ± 0.9) x 108 and (5.6 ± 0.2) x 107 in TP-C8 dimer and DB2 dimer, respectively.
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6. In-situ SERS Monitoring Using

Palladium Nanocube Dimers

In this chapter, the plasmon coupling behavior and SERS enhancement properties of palla-

dium nanocube (PdNC) dimers and monomers will be discussed. Additionally, PdNC dimers

are employed for in-situ SERS monitoring of Suzuki-Miyaura coupling reaction, catalyzed

by Pd. The findings are already published in the Journal of American Chemical Society.[103]

The plasmon coupling behavior of the PdNC structures are studied using single-particle

dark-field scattering spectroscopy and finite-difference time domain simulations. The single-

particle SERS measurements and the in-situ SERS monitoring of Suzuki-Miyaura coupling

reaction using aryl halides were performed by Ms. Dan Wang from the group of Prof. Dr.

Wei Xie at the Nankai University, Tianjin, China.

In recent years, increasing energy demands coupled with ever apparent effects of global

warming made us aware of the critical changes that needs to be made regarding our tradi-

tional fuel sources.[121] Alternative non-fossil fuels such as fuel cells, solar and wind are of

particular focus these days. Alternative green energy technology calls for electrocatalysts

which are sustainable in nature. Palladium (Pd) is one of the foremost candidates for green

catalysis due to its stability and high activity and importantly due to its relative abundance

compared to its nearest rival platinum.[121] Pd nano-materials based catalysts have been of

immense interest recently and it has the potential to fulfill the ever evolving demands in the

energy economy to provide superior results in a cost effective manner.[122]

Even though palladium nano-materials has excellent catalytic capabilities, introduction of

surface enhanced spectroscopy techniques like SERS into transition metal catalysis has al-

ways been impeded by the low plasmonic activity of these materials. So far this problem

of low signal yield has been circumvented by employing complex bi-functional nanoparticles

which has a plasmonically active metal like gold integrated into it to enhance the signals to

monitor the reactions. Various different architectures of such complex bi-functional nanopar-

ticles are reported such as the antenna reactors where nanodimers are prepared with a plas-

monic and catalytic counterparts,[123][124] core-shell nanoparticles with a plasmonic core and

transition metal shells,[125][126] core-satellite structures with small transition metal satellite

structures attached to a bigger plasmonic core,[127] or even alloys of plasmonic and transi-

tion metals.[128] Even though this strategy works fairly well, it is not without disadvantages.

Preparing these bimetallic nanostructures involve complex and sophisticated synthesis meth-
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ods.[129] Additionally, depending on the architecture, introducing the plasmonic metal could

alter the catalytic activity and/or introduce new properties in the bimetallic nanostructure

due to inter-metallic interactions.[130] An interesting study on the modified properties of a

bimetallic nanostructure is reported by Jennifer Dionne and co-workers.[123] They created

a bimetallic nanostructure, where the Au nanodiscs made via EBL is coupled to colloidally

prepared PdNCs to create an antenna-reactor system. The authors employed this system

for in-situ observation of phase transition in PdNC from a hydrogen rich to hydrogen poor

phase. This phase transition is accompanied by a change in lattice constant which modifies

the plasmon resonance of the antenna reactor system and can be monitored using EELS. The

phase transition is shown to have an enhanced rate in the presence of plasmon excitation

and the new phase formed due to dehydrogenation is found to be present at the edges and

corners of the PdNC close to the hotspot between the Au disc and PdNC. In the absence of

plasmons however, the new phase nucleated only on the corners of the PdNC, demonstrat-

ing that inter-metallic interactions in bimetallic nanostructures can open up new reaction

pathways. Similarly, the bimetallic core-shell and alloy nanoparticles exhibits metal-metal

electronic interactions in additional to the modified optical properties. The plasmonic re-

sponse of these systems are generally weakened due to these electronic interactions.[131][132]

Monitoring catalytic processes without the need of a bimetallic nanoparticles would greatly

simplify the efforts that goes into synthesis and would eliminate the possibility of new side re-

actions that may occur. In a pioneering experimental report on SERS from transition metal

coated gold electrodes, Michael J. Weaver and co-workers introduced the idea of extending

SERS from coinage metals based substrates with high plasmonic activity to transition metal

based substrates.[133] Subsequently, in a detailed experimental report, Zhong-Qun Tian and

colleagues demonstrated in-situ SERS from various transition metal substrates (Pt, Ru,

Rh, Pd, Fe, Co and Ni).[134] They have developed and compared various methods to cre-

ate roughened transition metal surfaces for SERS. These methods include electrochemical

oxidation-reduction cycle, chemical etching, film deposition etc. The authors also presented

a preliminary approach to calculate the SERS enhancement factor from transition metal sub-

strates. The observed SERS enhancement (1 - 4 orders of magnitude) from these roughened

transition metal electrodes is mainly ascribed to the lightning-rod effect, the intense field

enhancement close to sharp, needle like protrusions from the roughened metal surface. Addi-

tionally, chemical enhancement due to the stronger affinity of molecules (pyridine, benzotri-

azole) to transition metals surfaces also play a role. Interestingly, this report also introduces

the idea to replace the roughened metal surfaces with order nanoparticle arrays for better re-

sults.[134] Advances in colloidal synthesis enabled precise and controlled growth of palladium

nanoparticles of varying shapes such as cubes, octahedrons, single-crystalline/multi-twinned

rods, plates etc.[135]

As mentioned already, roughened transition metal substrates have been already demon-

strated to have sufficient field enhancement properties to observe in-situ SERS from molecules
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adsorbed on the surface. However, transition metals have never been employed for in-situ

SERS monitoring of catalyzed reactions, owing to their weak plasmonic properties. Here,

we look at the plasmonic and SERS enhancement properties at the single-particle level of a

palladium nanocube based SERS substrate. The PdNC monomers by itself have very weak

plasmonic activity and hence are not suitable for single-particle studies. We solve this lack of

plasmonic activity by assembling these catalytically active PdNCs via chemical approaches

to form a bi-functional PdNC dimer with very small inter-particle gap. At narrow gap dis-

tances, plasmons on monomer PdNCs could interact and couple to generate intense electric

fields inside the gap (hotspot). These hotspots in principle can enhance the weak signals

we would get otherwise from their monomer counterparts. The plasmonic and SERS en-

hancement properties of the PdNC dimers are explored experimentally using single-particle

dark-field scattering spectroscopy and polarization-resolved single-particle SERS and theo-

retically using FDTD simulations. PdNC dimers are subsequently utilized, for the first time

for in-situ monitoring of a Pd-catalyzed reaction at the single-particle level. Suzuki-Miyaura

coupling reaction, with aryl halides as reactants is chosen for this purpose. PdNC dimers ex-

hibit sufficient single-particle SERS sensitivity for the cross-coupling reaction to be observed

and cross-coupling reaction kinetics of various aryl halides on single-dimers are compared.

6.1. Fabrication of Palladium Nanocube (PdNC) Dimers

Palladium nanocubes of edge length measuring 80 nm are synthesized using a seed-mediated

growth approach. The Pd2+ ions are reduced in the presence of CTAB using ascorbic acid

to create PdNCs with an edge length of 40 nm. These smaller PdNCs are used as the seeds

in the next step, where further reduction of Pd2+ in the presence of CTAB by ascorbic acid

to grow them to the final size of 80 nm edge length and an average edge curvature of 3.5 nm.

Figure 6-1.: High-resolution TEM image of a palladium cube dimer and its ultra narrow

gap. Reproduced with permission.[103]
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The monomers of PdNCs are assembled using a substrate-mediated assembly approach to

form dimers (subsection 3.2.4). The PdNC monomers were made to attach to the surface of

the glass substrate via the electrostatic interactions between the hydroxylated surface of the

glass and the positively charged CTAB bilayer on the surface of the PdNC. This protective

bilayer of CTAB is then destroyed and is replaced with a self assembled monolayer (SAM)

of molecular dithiol linkers in ethanol. The glass slide with PdNC (with a dithiol SAM) is

then immersed and incubated in a suspension of PdNC in acetonitrile. The second PdNC

attaches to the first via the free standing thiol moiety of the molecular dithiol linkers to

form PdNC dimers. Fig. 6-1 shows the high-resolution TEM image of PdNC dimer bound

together via biphenyl-4,4’-dithiol (BPDT) molecular linker. The zoomed in version of the

inter-particle gap shows the ultra narrow gap region between the PdNC dimer measuring

approximately 0.8 nm.

Since the addition of the second PdNC to the first is quite random and without much control,

it is quite reasonable to expect that there are more than one way the second PdNC could

attach to the first, resulting in various different gap morphologies. To this end, a detailed

high-resolution TEM studies are done on a large number of PdNC dimer structures with an

emphasis on their gap morphology, the results are shown in Fig. 6-2. As expected, there

are three predominant type of gap morphologies found from the TEM studies. First is the

ideal full face-face contact gap morphology (Fig. 6-2 A) with an occurrence of 14% all over

the sample. Second one is the face-face contact with an average offset (Fig. 6-2 B) of 10 nm

(63%) and last one is the edge to edge contact (Fig. 6-2 C) with a line (1-dimensional) gap

morphology (23%).

Figure 6-2.: Different gap morphologies found in palladium nanocube dimers. a) The ideal

face-face contact dimer, b) face-face contact with an average offset of 10 nm,

and c) the edge-edge contact with a line gap morphology.
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6.2. FDTD Simulations on PdNC dimer

For a deeper understanding of the plasmon coupling behavior and the field enhancement

properties of PdNC dimers, finite-difference time domain simulations are performed by mod-

elling the different gap morphologies. The PdNCs with edge length 80 nm were modelled

using a structural analysis group (all rounded quadrilateral). This structural group contains

multiple rectangles, spheres, and circles for an accurate modelling of the edge curvature (3.5

nm) found in PdNCs. The dielectric function of the Pd metal is modelled based on the poly-

nomial fitting of the experimental data obtained by Palik.[105] The inter-particle distance

between the PdNCs in all the different gap morphology scenarios are fixed at 0.8 nm. A

mesh override region fully enclosing the PdNC dimer is defined with an override mesh value

of 0.2 nm, for better accuracy. The meshing parameter for the override region is selected

in such a manner that, there are at least 3-4 mesh cells within the gap region between the

PdNC dimers and also to better resolve the curved metal-dielectric interfaces on the PdNC.

The total simulation time is defined to be around 250 fs, which is sufficient enough to allow

for the total decay of the electric fields within the simulation region. The entire simula-

tion region has a volume of 2 µm3 and is terminated using perfectly matched layer (PML)

boundary conditions to prevent any unwanted spurious reflections from the walls back into

the simulation region.

6.2.1. Simulated Scattering Spectra of PdNC Dimer

The single-particle scattering spectra of the PdNC dimers are simulated. A linearly polarized

and broadband (400-900 nm), total-field scattered-field (TFSF) plane wave source is used for

this purpose. The polarization axis of the TFSF source is kept parallel to the longitudinal

axis of the PdNC dimers to effectively excite the coupled plasmon mode in PdNC dimers.

Two cross-sectional analysis groups (composed of six 2-dimensional monitors forming a cubic

cross-sectional analysis group) placed outside TFSF source (scattering analysis group) and

between the dimer and TFSF source (extinction analysis group) calculates the scattering

and extinction cross-sections respectively. These 3-D analysis groups measure the net power

flowing in and out through them. For this particular simulation, the mesh override region

is defined to enclose not only the PdNC dimers, but also the TFSF source and the analysis

groups since they work in an efficient manner when placed inside an uniformly meshed region.

Fig. 6-3 shows the simulated scattering spectra of the PdNC dimers with varying gap

morphologies. The PdNC dimer with an ideal face-face contact gap morphology features a

scattering λmax at 608 nm. However, the PdNC dimer having a face-face contact with 10

nm offset have a slightly blue-shifted λmax at 600 nm. Wheres as the PdNC dimer with an

edge-edge contact gap morphology features a strongly red-shifted λmax at 655 nm. These

observed blue/red shifts in λmax in the scattering response of the PdNC dimers with face-
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face offset and edge-edge contact gap morphologies with respect to the λmax of the PdNC

dimers with ideal face-face gap morphologies can be explained in terms of the interacting

charge density distributions across the narrow gap in PdNC dimers. The charge density

generated on a cubical nanoparticle can vary depending on the relative orientation of the

nanoparticle with respect to the polarization axis of the exciting source. i.e., the charge

density generated on the particle is greater when the incident polarization is oriented edge-

edge compared to face-face. A larger charge density at the edges of the PdNCs significantly

reduces the coupled mode energy, resulting in a redshift. However, upon comparing the ideal

face-face and face-face with an offset, we can appreciate the fact that both have similar gap

morphology and similar amounts of interacting charge densities across the gap. In scenarios

such as these, the total contact area in the gap becomes a crucial factor, as the total induced

charge is proportional to the total contact area in the gap. So, the PdNC dimer with an

ideal face-face contact gap morphology with a larger contact area will have a lower plasmon

coupling mode energy and hence a redshift with respect to the face-face with an offset gap

morphology.

Figure 6-3.: The simulated scattering spectra of Palladium cube dimers with various gap

morphologies, the ideal face-face contact (black), face contact with 10 nm offset

(blue), and edge contact (red). Reproduced with permission.[103]
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6.2 FDTD Simulations on PdNC dimer

6.2.2. Simulated Electric Field Distribution of PdNC Dimer

From the simulated scattering spectra of PdNC dimers, all the different gap configurations

showed a scattering maxima close to the laser line of 632.8 nm, showing that the PdNC

dimers are suitable for SERS employing 632.8 nm laser excitation. To test this hypothesis

and to calculate the SERS enhancement factor achievable in PdNC dimers upon excitation

with 632.8 nm laser, further FDTD simulations are performed. This time a monochromatic

plane wave source of wavelength 632.8 nm (± 1 nm bandwidth) is used instead of a broadband

source. 2-D frequency-domain field profile monitors placed around the dimers (XY-plane and

XZ-plane) and inside the gap (YZ-plane) measures the electric field distribution in PdNC

dimers. The polarization of the input electric field is varied with respect to the dimer axis to

see the input polarization dependence of the electric field distribution in PdNC dimers. Fig.

6-4 shows the enhancement in electric field intensity within the gap (a) and around the dimer

including the gap region (narrow bright region in the middle) when the input polarization

of the laser source is kept parallel to the longitudinal PdNC dimer axis. As evident from

the figure, majority of the field enhancement is concentrated to the narrow gap region, with

minor contributions from the corners of the PdNC. Since majority of the field enhancement

is restricted to the gap region, the 2-D field intensity profile from the YZ-plane monitor is

used to calculate the SERS enhancement factor (E4/E4
0) which is basically the square of

the electric field intensity (E2/E2
0) in the gap. The electric field intensity profile in the gap

has an anisotropic distribution, where the significant field enhancement occurs at the upper

corners. To obtain an average value of SERS enhancement factor from the PdNC dimer

upon illumination with parallel polarized light, an average value of field enhancement need

to be found. An average value of enhancement in field intensity is found by integrating over

the entire area of the field intensity profile in the gap to obtain the total field intensity and

then dividing it by the total number of matrix elements to get the average enhancement in

field intensity. This value is then squared to obtain the SERS enhancement factor inside the

gap in a PdNC dimer (≈ 3.6 x 104). Additional simulations are also performed to examine

the electric field intensity enhancement in PdNC dimers with face-face orientation with 10

nm offset (Fig. A-5) and PdNC dimers with edge-edge orientation (Fig. A-6).
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Figure 6-4.: Simulated electric field intensity distribution in a face contact PdNC dimer.

a) Enhanced electric field intensity distribution within the ultra narrow gap

in PdNC dimer, b) enhanced electric field intensity distribution around the

nanoparticle including the gap region (narrow bright region in the middle) show-

ing that majority of the field enhancement is restricted to the gap, with minor

contributions from the corners. Reproduced with permission.[103]

FDTD simulations on PdNC dimer with incident laser polarization orthogonal to the dimer

axis is also performed to look at the input polarization dependence of SERS enhancement

factor in PdNC dimers (Fig. 6-5). As in the parallel illumination scenario, three different 2-

D frequency-domain field profile monitors are placed around of PdNC to record the electric

field intensity profile. The field monitors in XY and XZ planes are placed closer to the

bottom of the dimer (XY) and to one side of the dimer (XZ) with orientations parallel to

the dimer axis, to capture the enhanced electric field generated due to the corners and edges.

Similarly, the YZ-plane field monitor is placed close to the edge face of one of the PdNC

in the dimer, orthogonal to the longitudinal dimer axis. From Fig. 6-5, we can see that

there is a non-negligible contribution to the SERS enhancement factor from the edges (≈
3.6 x 103) and more importantly from the corners (≈ 1.4 x 104) of the PdNC dimers upon

illumination with input polarization orthogonal to the dimer axis.
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6.3 FDTD Simulations on PdNC Monomer

Figure 6-5.: Simulated electric field intensity inside the gap and around the surface in face

contact palladium nano cube dimers upon perpendicular illumination. Repro-

duced with permission.[103]

6.3. FDTD Simulations on PdNC Monomer

Single-particle scattering spectra and the electric field distribution around a single PdNC

monomer is calculated for comparison with PdNC dimer. The PdNC is modelled using a

structural analysis group (all rounded quadrilateral) with edge length 80 nm and edge curva-

ture of 3.5 nm. The dielectric function of the Pd metal is modelled based on the polynomial

fitting of the experimental data obtained by Palik.[105] A mesh override region fully enclos-

ing the PdNC monomer is defined with an override mesh value of 0.5 nm. The meshing

parameter for the override region is selected in such a manner to better resolve the curved

metal-dielectric interfaces on the PdNC. The total simulation time is defined to be around

250 fs, which is sufficient enough to allow for the total decay of the electric fields within the

simulation region. The entire simulation region has a volume of 1 µm3 and is terminated

using perfectly matched layer (PML) boundary conditions to prevent any unwanted back

reflections from the boundaries back into the simulation region.

The single-particle scattering spectra and the electric field distribution around the PdNC
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is simulated using a linearly polarized and broadband (300-700 nm), TFSF plane wave

source and a monochromatic plane wave source of wavelength 632.8 nm (± 1 nm band-

width), respectively. Two different input polarizations with respect to the orientation of

PdNC monomer is considered, i) input E-field oriented along the faces of the nanocube and

ii) along the diagonal of the nanocube. Two cross-sectional analysis groups (composed of

six 2-dimensional monitors forming a cubic cross-sectional analysis group) placed outside

TFSF source (scattering analysis group) and between the dimer and TFSF source (extinc-

tion analysis group) calculates the scattering and extinction cross-sections respectively. Fig.

6-6 shows the theoretical single-particle spectra of a PdNC monomer with λmax at 378 nm.

No apparent differences in the scattering spectra is found between the two different input

polarizations considered.

Figure 6-6.: Simulated scattering spectra of a PdNC monomer.

The electric field distribution around the PdNC monomer is calculated using three different

2-dimensional frequency-domain field profile monitors placed around the structure (XY, XZ,

and YZ-axes). The results are shown in Fig. A-7. The electric field enhancement in PdNC

monomers is very weak compared to PdNC dimers and are restricted to the corners and

edges of the structure. Minor variations in field enhancements are found between the two

different input polarizations considered. In the case where the input electric field is oriented

along the faces of the PdNC, the field enhancement is found to be confined to the edges and

corners with SERS EF values ≈ 2.28 x 102. In the second case where the input polarization

is oriented along the diagonal of the PdNC, the field enhancement is restricted to the edges

and corners oriented along the input E-field (SERS EF ≈ 8.12 x 102), with other corners

and edges featuring almost zero electric field enhancement. These theoretical SERS EF from

single PdNC monomers are almost 2 orders of magnitude smaller than the SERS EF in the

hotspot of the PdNC dimers oriented face to face (≈ 3.6 x 104).
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6.4. Single-Particle Dark-Field Scattering Spectroscopy of

PdNC Dimers

Single-particle dark-field scattering experiments on the PdNC dimers are performed on a

home-built optical microscope consisting of a Nikon Eclipse Ti-s inverted microscope, a

portable UV-Vis spectrometer (Oceanview QEPro), and a supercontinuum laser source (Su-

perK COMPACT, NKT Photonics). The PdNC dimers dropcasted on a glass coverslip are

illuminated using the supercontinuum laser source in Kretschmann configuration. The glass

coverslip with PdNC dimers (linked with BPDT linkers) is coupled to a dove prism using

an index matching oil. The collimated laser beam impinging on the side face (with an angle

of 45° from the normal plane to the laser beam) of the dove prism undergoes total inter-

nal reflection at the glass-air boundary. The total internal reflection of the laser beam at

the glass-air boundary gives rise to the evanescent waves with an exponentially decaying

amplitude at the interface. These evanescent waves interact with the PdNC dimers at the

glass-air interface, exciting the plasmons. Since the evanescent waves exist only in the near-

field and has no far-field signature, we can obtain the pure scattering response of the PdNC

dimers. Fig. 6-7 shows the experimental single-particle dark-field scattering response from

the PdNC dimers with different gap morphologies.

Figure 6-7.: The experimental scattering spectra of PdNC dimers with various gap mor-

phologies. Reproduced with permission.[103]

Dimers with varying gap morphologies are identified based on the information from TEM

imaging and the position of the λmax in the scattering spectra obtained from the FDTD

simulations. The scattering curve with λmax at 618 nm is assigned to PdNC dimer with
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edge-edge contact gap morphology. Whereas scattering curves with λmax at 590 nm and

571 nm are assigned to ideal face-face contact and face-face with an offset contact gap

morphologies respectively.

6.5. Single-Particle SERS from PdNC Dimers

PdNC dimers with 1,4-biphenyldithiol molecules acting as both linkers and Raman reporters

are used to study the single-particle SERS upon illumination with 632.8 nm laser radiation.

The BPDT features strong vibrations at around 1580 cm−1 owing to its phenyl rings with

high Raman cross section. This peak at 1580 cm−1 is chosen for single-particle SERS charac-

terization of PdNC. Since the PdNC dimers features a rather broad plasmon coupling band,

the ring vibrations at 1580 cm−1 (approximately at 703 nm) and the incident laser (632.8 nm)

itself are well within the resonance and should get sufficiently enhanced for single-particle

detection of SERS from PdNC dimers.

Fig. 6-8a shows polarization-dependent single-particle SERS spectra from the BPDT molecules

in the narrow gap region in PdNC dimer. The resonant plasmon coupling between the indi-

vidual PdNCs depend critically on the orientation of the input laser polarization with respect

to the dimer axis. The maximum coupling and as a result a maximum single-particle SERS

intensity is observed when the input polarization is parallel to the dimer axis. Whereas, a

considerable drop in single-particle SERS intensity is observed when the input polarization

is orthogonal to the PdNC dimer axis. Fig. 6-8b shows the polar plot of the SERS inten-

sity of 1580 cm−1 ring vibrations of the BPDT molecules as a function of the input laser

polarization. The anisotropic behavior of SERS enhancement is observed as expected. The

non-vanishing SERS intensity when the input polarization is perpendicular to the PdNC

dimer axis (negligible enhancement in the gap region) indicates to the fact that the corners

and edges of the PdNC dimer has a non-negligible contribution towards the observed SERS

intensity, as expected from FDTD simulations (Fig. 6-5).

The SERS enhancement factor (EF) from the PdNC dimers may be estimated using the

following equation;

SERS EF = (ISERS X Nbulk) / (Ibulk X NSERS)

where ISERS and Ibulk corresponds to the SERS intensity of BPDT molecules adsorbed on

the PdNC and Raman intensity of BPDT molecules in solution respectively. Whereas NSERS

and Nbulk represents the number of BPDT molecules in the narrow cuboidal hotspot volume

between the PdNCs in the dimer (assuming a major contribution to the SERS signals orig-

inates from molecules inside the hotspot) and the number of molecules inside the confocal

volume in the solution and can be estimated using the molarity of the solution, laser spot

size and confocal depth. The NSERS is approximated assuming that the BPDT molecules
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forms self-assembled monolayer (SAM) on the surface of the PdNC with an approximate

molecular footprint of about 0.2 nm2 per molecule. By dividing the total area of a atomi-

cally flat PdNC facet with edge length 80 nm (≈ 6.4 x 103 nm2) by the molecular footprint

of the BPDT molecule, the total number of BPDT molecules in the gap is estimated to be

around 3.2 x 104. By following the equation for the SERS enhancement factor, the EF in a

PdNC dimer is then calculated to be around (2.79 ± 0.05) x 104 which is reasonably close

to the calculated SERS enhancement factor (3.6 x 104) from the FDTD simulations.

Figure 6-8.: Single-particle SERS from PdNC dimers upon illumination with 632.8 nm laser

radiation. a) The input polarization-dependence of the single-particle SERS

signal from the PdNC dimer upon illumination with polarization parallel to the

dimer axis (red) and perpendicular to the axis (black), showing the anisotropic

nature of the PdNC, inset shows the PdNC dimer. b) Polar plot showing the

input polarization-resolved SERS intensities in PdNC dimer. Reproduced with

permission.[103]

6.6. In-situ Monitoring of Single PdNC Dimer Catalysis

The Pd-catalysed Suzuki-Miyaura coupling reaction was chosen by our collaboration partner

Prof. Dr. Wei Xie from the Nankai University, Tianjin, China, to be monitored using SERS

from single PdNC dimer (Fig. 6-9a). PdNC dimers were linked with 1,8-octanedithiol

(ODT) molecules instead of BPDT to afford a wider gap (1.2 nm) and to avoid the spectral

overlap due to the vibrations from phenyl ring of BPDT. The gap within the PdNC dimer

features a hotspot with anisotropic enhanced field intensity distribution, with maxima close

to the upper corners. The position of the hotspot makes it easily accessible, i.e., the reactants

would not have to diffuse deep into the gap for facilitating the chemical conversion, just being

in close proximity to the upper corners would be sufficient. The PdNC dimers are incubated

in a 200 µL solution (10 mM) of 4-chlorothiophenol (4-CTP) in ethanol to form a monolayer

on the PdNC dimer. After removing the excess molecules, a solution of phenylboronic acid

(PBA) in ethanol (100 mM) and potassium carbonate solution in water (150 mM) are mixed
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(total 5 µL, 1:1 v/v) and dropcasted on to the silicon wafer carrying the PdNC dimers coated

with CTP. The PdNC dimers are excited using 632.8 nm laser radiation with 1.2 mW/µm2

power density. The SERS signals are collected using a 100x microscope objective lens (0.9

NA) (Fig. 6-9b). Monitoring the SERS spectra at frequent time intervals reveals a steady

increase in the intensity of vibration bands at 1585 cm−1 and 1600 cm−1 corresponding to the

symmetric ring stretching of two phenyl rings in the reaction product 4-mercaptobiphenyl

(4-MBP). Additionally, vibrational band at 1280 −1 is assigned to the C-C carbon bond

bridging the two phenyl rings of 4-MBP. Similar experiments were performed by replacing

4-CTP with 4-bromothiophenol (4-BTP) and 4-iodothiophenol (4-ITP); a trend in reaction

kinetics similar to that of 4-CTP is observed (Fig. 6-10).

Figure 6-9.: In-situ monitoring of PdNC dimer-catalyzed reaction via SERS. a) Schematic

diagram of the Suzuki-Miyaura coupling reaction on PdNC dimer surface. b)

Experimental configuration used for single-particle SERS from PdNC dimer. c)

In-situ SERS spectra of the catalytic conversion of 4-CTP to 4-MBP by single

PdNC dimer recorded at multiple time steps (the dotted line represents the

symmetric ring stretching vibrations of two phenyl rings (1585 cm−1 and 1600

cm−1) of 4-MBP). d) Reaction kinetics curve comparing the rate of different

reactants, 4-CTP & PBA (green) and 4-Mercaptophenylboronic acid (4-MPBA)

& 4-chlorophenol (4-CP) (blue). Reproduced with permission.[103]
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Further control experiments are performed, where the 4-CTP is replaced with its counterpart

4-chlorophenol (4-CP) without a thiol group and the phenylboronic acid is replaced by its

thiolated version of 4-mercaptophenylboronic acid (4-MPBA). The reaction kinetics (blue)

in Fig. 6-9d shows that the coupling reaction did not occur, demonstrating that the aryl

halides (4-CTP, 4-BTP and 4-ITP) must have a close proximity to the PdNC dimer surface

for the oxidative addition to proceed to create the organopalladium species.

Control experiments on single PdNC monomers are also performed to compare its SERS

enhancement properties to that of a PdNC dimer. There are no discernible features found in

the In-situ SERS spectra of the Suzuki-Miyaura coupling reaction between PBA and 4-CTP

on the single PdNC monomer surface (Fig. A-8). This re-iterates the necessity of assembling

the PdNCs to form dimers for a sufficient field enhancement for in-situ SERS monitoring of

Pd catalyzed reactions at the single-particle level.

Figure 6-10.: Suzuki-Miyaura coupling reaction kinetics using different aryl halides, cat-

alyzed by PdNC dimers. Reproduced with permission.[103]

To conclude, monomers of PdNCs are assembled to form dimers via bottom-up assembly

approaches. The various different possible gap morphologies in PdNC dimers are identified

using TEM imaging. FDTD simulations on PdNC dimers with different gap morpholgies,

namely: face-face contact, face-face contact with an offset of 10 nm, and edge-edge con-

tact are performed to understand the behavior of plasmon coupling. Simulations predict
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a clear difference in plasmon coupling energy in various configurations of PdNC dimers,

evident from the apparent wavelength shifts in the scattering spectra. The inputs from

the TEM imaging and FDTD simulations are employed to correlate the observations from

single-particle dark-field scattering experiments to respective PdNC dimer configurations.

The face-face contact dimer exhibits λmax at 608 nm (590 nm from experiment), whereas

for the face-face contact with 10 nm offset, the λmax is blue shifted to 600 nm (571 nm from

experiment) and for the edge-edge contact configuration of PdNC dimers, the λmax is red

shifted to 655 nm (618 from experiments). The position of the plasmon band in scattering

experiments and simulations pointed to the suitability of employing PdNC dimers for SERS

under 632.8 nm laser excitation. Polarization-resolved single-particle SERS measurements

on PdNC dimers (face-face coupled) linked with BPDT molecules confirmed that the PdNC

dimers provide sufficient field enhancement to detect SERS at the single-particle level. The

SERS EF from PdNC dimers upon illumination with input polarization parallel to the dimer

axis, is calculated for the vibration mode at 1580 cm−1 of the BPDT molecule. The exper-

imental SERS EF from the PdNC dimer upon parallel illumination is found to be (2.79 ±
0.05) x 104. Further FDTD simulations are performed to explore the nature of electric field

enhancement distribution in PdNC dimers. The simulations show an inhomogeneous field

distribution inside the gap, with most of the field-enhancement concentrated near the upper

corners of the gap. This has important implications in single PdNC dimer catalysis, as the

reactants would not have to diffuse deep into the gap for facilitating the chemical conversion.

Suzuki-Miyaura coupling reaction is chosen for the first in-situ SERS monitoring of a tran-

sition metal nanoparticle-catalyzed reaction at the single-particle level. Real time catalytic

conversion of various aryl halides such as 4-CTP, 4-BTP, 4-ITP to 4-MBP on the surface

of a single PdNC dimer is observed using SERS. Additional experiments and simulations

comparing the SP-SERS/catalytic performance of a single PdNC vs single PdNC dimer are

conducted. The results show that the formation of dimer and the resultant electric field

enhancement is crucial for in-situ SERS monitoring using transition metal nanoparticles at

the single-particle level, since the monomer PdNC alone does not provide sufficient field

enhancement for the reaction to be monitored using SERS at the single-particle level.

Bifunctional transition metal based SERS substrates having single-particle sensitivity have

clear advantages over bimetallic nanostructures with plasmonic active component, in the

broad field of catalysis. The bimetallic nanostructures involves complicated synthesis tech-

niques and the addition of the plasmonic metal can significantly alter the catalytic capabil-

ities of the transition metal, both of which can be nullified by employing bifunctional and

purely transition metal based SERS substrates. Moreover the approach to create transition

metal nanoparticle hotspots for field enhancement, based on dimer assembly can be eas-

ily extended to other important transition metals like Ru, Rh, Ir, and Pt broadening the

applicability of SERS to the rich chemistry of transition metal catalyzed reactions.
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7. Summary and Outlook

In conclusion, this thesis focused on studying elastic and inelastic optical light scattering

from nano-cavities in molecular bridged dimers made of Au nanospheres (AuNSs) and Pd

nanocubes (PdNCs). The monomers of AuNSs and PdNCs are assembled using molecular

linkers via a substrate-mediated multi-step assembly approach to form dimers with nano-

scale cavities at their junction. The size of the nanoscale cavity (inter-particle gap distance)

is determined by the size of employed molecular linkers. The behavior of plasmon coupling in

these nanodimer cavities due to hybridization of monomer plasmons and the resultant local

electric field enhancement properties are explored using single-particle dark-field scattering

spectroscopy, single-particle SERS, and classical and quantum mechanical simulations. Fur-

thermore the single PdNC dimers are employed for in-situ SERS monitoring of Pd-catalysed

Suzuki-Miyaura coupling reaction of aryl halides.

The plasmon coupling behavior in three different sizes (30 nm, 50 nm, and 30nm) of AuNS

dimers with few to sub-nm gap distances is studied using single-particle dark-field scattering

spectroscopy. The experimental observations are compared to classical FDTD simulations

and later on quantum-corrected model simulations. The different sizes of monomer spheres

with high uniformity are synthesized using seeded growth of polyhedrons and their subse-

quent etching. The AuNS monomers are linked together via various alkanedithiols to form

dimers with varying inter-particle distances. The choice of alkanedithiol linkers (C16, C10,

C8, C6, C5, C4, C3, and C2) allows us to precisely control the inter-particle gap distance

within a theoretically estimated range of 2.24 nm at C16 down to 0.68 nm at C2. The highly

uniform geometrical features of the AuNS monomers results in very uniform inter-particle

gap morphology in dimers with near-identical features across multiple dimers. This unifor-

mity in geometrical features of AuNS dimers results in a very uniform optical scattering

response at the single-particle level, especially the position of the bonding dipolar plasmon

mode is highly uniform across multiple dimers. The BDP band in AuNS dimers arises due to

the coulombic coupling between the opposite charges accumulated at the opposing faces of

the dimer cavity. As such, this dipolar plasmon mode is extremely sensitive to the changes in

the inter-particle gap distance between the dimers. The position of the BDP band in AuNS

dimers as a function of inter-particle gap distance is explored using single-particle dark-field

scattering spectroscopy.

At larger gap distances, the coupled plasmon modes of each size class of AuNS dimers follow

the classical plasmon hybridization model. As expected from the classical plasmon hybridiza-
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tion model, the coupled BDP mode redshifts to higher wavelengths when the inter-particle

gap distances are lowered, implying an enhanced coulombic coupling of accumulated sur-

face charges across the dimer junction (classical regime). However, once the gap sizes are

reduced to few to sub-nm distances employing shorter linker molecules, a behavior that devi-

ates substantially from what is predicted by the classical electromagnetism is observed. Due

to the onset of quantum tunneling across the dimer junction, which weakens the coulombic

interactions across the junction and the increased influence of non-local effects, the strength

of redshifting begins to weaken (non-local regime). Beyond this regime, even very small

reductions in inter-particle distances brings about substantial changes in the resonances of

the system as the quantum tunneling begins to dictate the plasmonic response of the system

(quantum regime). As the plasmonic response of the system switch over to the quantum

regime, the BDP mode across the cavity is replaced with a new charge transfer mode (CTP’),

which is characterized by the presence of a conduction current across the gap. This con-

duction current across the gap reduces the dipolar coulombic coupling of opposing charges

and hence the newly formed CTP’ mode shows a blue shift with further reduction in gap

distance. In addition, the AuNS dimers display a nanoparticle size-dependent origin of CTP’

and onset of blueshift. The larger 80 nm dimers have an earlier onset (beyond C6) compared

to smaller 50 nm (beyond C5) and 30 nm (beyond C4) dimers. Since the origin of CTP’

mode decreases the plasmon coupling strength and diminish the field localization in the

nano-cavity, we can calculate the smallest possible mode volumes in different sizes of AuNS

dimers based on the location of BDP band at its maximum red shifted position. These

quantum tunneling limited mode volumes in AuNS dimers are approximately 26.50 nm3 (at

800 nm using C6) in 80 nm dimers, 13.00 nm3 (at 746 nm using C5) in 50 nm dimers and

5.43 nm3 (at 697 nm using C4) in 30 nm dimers respectively for the bonding dipolar plasmon

(BDP) mode.

Further numerical simulations are performed to understand the origin of nanoparticle size-

dependent onset of quantum regime in AuNS dimers. 2-D quantum-corrected simulations

on various sizes of AuNS dimers demonstrate that the curvature of the nano-cavity walls has

a significant impact on the quantum tunneling rate across the junction. When compared

to smaller dimers with high curvature radius, larger dimers with reduced curvature radius

have a greater effective conductivity volume, which allows more electrons to tunnel across

the junction in larger dimers compared to the smaller ones for the same gap distance.

The experimental inter-particle distance in AuNS dimers are measured using SAXS and

TEM imaging. Unfortunately, it is experimentally challenging to pinpoint the accurate gap

distance values via either methods due to the inherent nature of the AuNS dimer archi-

tecture. In SAXS, the maximum resolution possible is limited by the polydispersity of the

AuNSs which was similar in values to the inter-particle gap distances. Additionally, unpre-

dictable amounts of monomers and oligomers present in the sample made data modelling

significantly challenging and unreliable. Furthermore, low concentration of nanoparticles in

the sample (crucial for preferential dimer formation) critically affected the signal to noise
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ratio. Compared to SAXS, TEM fared better as it was possible to observe the narrow gaps

between the AuNS dimers. However, accurately pinpointing the all the different gap sizes

proved challenging due to parallax error and electron beam damage sustained to the gap

while tilt-series imaging. Parallax included gap distances for C8, C6, C4, and C3 linked

AuNS dimers are obtained using HR-TEM and the average length of single C-C bond in

the gap is estimated (0.125 ± 0.004 nm). This value is then extrapolated to calculate the

unknown gap distances for C16, C10, C5, and C2 linked AuNS dimers.

Additionally, single-particle SERS from 50 nm AuNS dimers are studied experimentally using

polarization-resolved dark-field scattering and SERS and theoretically using FDTD simula-

tions. In the first approach, thiophenol molecules (SERS reporter) and C8 linker molecules

are co-incubated during the dimer assembly (TP-C8 dimer). In the second approach, bisthiol

polyene molecules with two C=C double bonds functions as the SERS reporter as well as

the linker to form the dimers (DB2 dimer). Both types of dimers are characterized using

polarization-resolved dark-field scattering spectroscopy and SERS at the single-particle level.

The experimental SERS EFs from the AuNS dimers are found to be (2.7 ± 0.9) x 108 and

(5.6 ± 0.2) x 107 using TP-C8 dimer and DB2 dimer, respectively. The C=C symmetric

stretching mode of the phenyl ring in TP at 1580 cm−1 and the coupled vibration mode

of symmetric C=C stretching of the ring and the chain in DB2 polyene at 1581 cm−1 are

used for the experimental evaluation of the SERS EFs. The local electric-field enhancement

distributions in both types of dimers are evaluated using FDTD simulations. Theoretical

SERS EFs in the gap region for the AuNS dimers are found to be 6.0 x 108 and 9.4 x 107 for

TP-C8 dimer and DB2 dimer, respectively, matching reasonably well with the experimental

observations.

This study on plasmon coupling behavior in AuNS dimers provides an in-depth and thor-

ough understanding of the parameters that influence the quantum response of a plasmonic

system, which have important implications in the development of novel nano-antennae and

sensors based on plasmonic nanostructures. The colloidal approach to fabricating the nano-

cavities is cost-effective and far more simpler when considering the complicated lithography

techniques. Moreover, the precision and large-scale reproducibility of the gap morphology

and gap distances that can be achieved by employing molecular linkers are as of yet unpar-

alleled by other fabrication techniques. It would be interesting to extend the experiments

using different alkanedithiol linkers to other dimer systems, such as cubes, rods, etc where

the curvature of the cavity walls differ from that of in AuNS dimers, which should signifi-

cantly alter the gap conductivity profile. The ultra-small mode volumes achievable in AuNS

dimers are far below the diffraction limit and are suitable for strong coupling studies at

room temperature, unlike dielectric cavities which require cryogenic conditions. By carefully

positioning the emitter in the gap, mixed light-matter states can be generated via strong

interactions between the molecule and the confined optical fields in the plasmonic cavity.
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Additionally, AuNS dimer cavities can significantly enhance the local electric fields enabling

highly sensitive detection as experimentally demonstrated by single-particle SERS. AuNS

dimers mentioned in this thesis featured SERS EF of around 108, upon illumination with

632.8 nm illumination. However, by resonantly illuminating the AuNS dimers close to their

coupled resonance, it is possible to achieve SERS EF upto 1010 and hence can be employed

for single-molecule SERS. An important advantage of the colloidal dimer nano-cavities is

that the band position of the resonant cavity modes can be tuned in a precise and control-

lable manner within a broad range, making it suitable for resonant excitation using multiple

standard laser excitation wavelengths.

Having said that, the AuNS dimer system not without any drawbacks, and improvements

can be made on some aspects. For example more experimental efforts are needed to accu-

rately measure the inter-particle distances in molecularly bridged AuNS dimers. Another

major drawback of the AuNS dimer system is that, most of the interesting studies, may it

be strong coupling or single-molecule SERS or sensing require positioning of molecules or

reporters within the dimer nano-cavity, which are already occupied by the linker molecules.

Since the presence of a dithiol moiety is absolutely essential for dimer formations, for carry-

ing out such interesting studies, existing linker molecules has to be modified or novel linker

molecules has to be prepared for accommodating/positioning the molecules/reporters of in-

terest accurately within the cavity.

Finally, the dimers of PdNCs are characterized at the single-particle level experimentally

via electron microscopic imaging, dark-field scattering spectroscopy and SERS, and theo-

retically using FDTD simulations. Different configurations of PdNC dimers such as the

face-face contact, face-face contact with 10 nm offset and edge-edge contact are identified

from TEM imaging. Associated FDTD simulations predicts spectral shifts in the scattering

spectra owing to the changes in plasmon coupling energy associated with each configuration.

Different configurations of PdNC dimers are identified from the single-particle dark-field

scattering spectra of the PdNC dimers using the inputs from TEM and simulations. Po-

larization resolved single-particle SERS measurements on PdNC dimers (face-face coupled)

demonstrated that the PdNC dimers provide sufficient field enhancement to detect SERS

at the single-particle level. SERS EF measuring (2.79 ± 0.05) x 104 is observed for the

1580 cm−1 vibration mode of the BPDT molecule, when the input polarization is along the

PdNC dimer axis. FDTD simulations revealed that the PdNC gap features anisotropic field

enhancement, with the maxima located close to the upper corners of the gap. The averaged

theoretical SERS EF for PdNC dimer upon parallel illumination (3.6 x 104) is found to be

matching well with the experimentally observed value. Simulations further indicate that,

when the incident polarization is perpendicular to the dimer axis, there are non-negligible

contributions from the corners and edges of the PdNC, a prediction that is corroborated later

by non-zero SP-SERS intensity upon perpendicular illumination. Having gained a clear un-

derstanding of the field enhancement properties of the PdNC dimers, they are employed
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for in-situ observation of a Pd-catalyzed reaction at the single-particle level using SERS.

Suzuki-Miyaura coupling reaction of various aryl halides such as 4-CTP, 4-BTP, and 4-ITP

are observed on the surface of a single PdNC dimer. Further control experiments on PdNC

monomers points to the important conclusion that the PdNC dimerization and the resultant

field enhancement is crucial for in-situ reaction monitoring using SERS at the single-particle

level.

For catalytic applications across a wide range of fields, bifunctional transition metal-based

SERS substrates with single-particle sensitivity offer significant benefits over bimetallic

nanostructures with a plasmonic active component. Monitoring catalytic processes with-

out the use of bimetallic nanoparticles will substantially simplify the synthesis process and

prevents the possibility of new side reactions. It would be interesting to study the field

enhancement capabilities of other polyhedral Pd nanoparticles with sharp corners and their

assemblies. Furthermore, the dimer assembly-based strategy to creating transition metal

nanoparticle hotspots for field enhancement is readily extendable to other major transi-

tion metals such as Ru, Rh, Ir, and Pt, extending the applicability of SERS to the diverse

chemistry of transition metal-catalyzed processes.
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A. Appendix

Table A-1.: Experimental gap distance values in 50 nm ideal dimers obtained using trans-

mission electron microscopic imaging.

Linker

molecule
C8 (nm) C6 (nm) C4 (nm) C3 (nm)

1.166 0.931 0.665 0.58

1.166 0.89 0.66 0.5

1.166 0.832 0.665 0.583

1.083 0.931 0.66 0.582

0.999 0.9 0.6 0.592

0.91 0.66 0.66

0.93 0.66 0.582

0.99 0.74 0.58

0.85 0.66 0.58

0.95 0.747 0.6

0.75 0.55

0.66 0.6

0.7 0.58

0.6

0.6

Average 1.116 0.911 0.672 0.582

Standard de-

viation
0.074 0.046 0.045 0.0582

Highest value 1.166 0.99 0.75 0.66
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A Appendix

Figure A-1.: The gap distance values expected from the theoretical investigations using den-

sity functional theory calculations on alkanedithiol linker molecules in gaseous

(unbound) state. Reproduced with permission.[84]
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Figure A-2.: Average gap distances from TEM observations vs number of carbon atoms in

the alkane dithiol chain.

Figure A-3.: Highest observed gap distance value from TEM measurements vs number of

carbon atoms in the alkane dithiol chain.
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A Appendix

Figure A-4.: Calculated bond lengths and displacement eigenvectors of bisthiol polyene with

two C=C double bonds (DB2 polyene) a) Calculated bond lengths in DB2

polyene. b) C-S stretching, ν̃theo = 1100 cm−1. c) coupled C-H bending from

the phenyl ring and C-C stretching of the chain, ν̃theo = 1171 cm−1. d) C-H

bending of the phenyl ring, ν̃theo = 1212 cm−1. e) Coupled C-H rocking and

phenyl ring deformation, ν̃theo = 1525 cm−1.
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Figure A-5.: Simulated electric field intensity in face-offset PdNC dimers. a) Enhanced elec-

tric field intensity distribution within the ultra narrow gap in PdNC dimer, b)

enhanced electric field intensity distribution around the nanoparticle including

the gap region. Reproduced with permission.[103]
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A Appendix

Figure A-6.: Simulated electric field intensity in the gap in edge contact pd dimers. a) En-

hanced electric field intensity distribution within the ultra narrow gap in PdNC

dimer, b) enhanced electric field intensity distribution around the nanoparticle

including the gap region (narrow bright region in the middle) showing that

majority of the field enhancement is restricted to the gap, with minor contri-

butions from the corners.
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Figure A-7.: Simulated E-field intensity around a PdNC monomer with incident polarisation

a) parallel to the cube face and b) along the diagonal.
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A Appendix

Figure A-8.: In-situ SERS spectra of the Suzuki-Miyaura cross coupling reaction between

PBA and 4-CTP catalyzed by the single PdNC recorded at different reaction

times.Reproduced with permission.[103]
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[13] C. Sönnichsen, S. Geier, N. E. Hecker, G. von Plessen, J. Feldmann, H. Ditlbacher,

B. Lamprecht, J. R. Krenn, F. R. Aussenegg, V. Z-H. Chan, J. P. Spatz, and M. Möller.
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