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ABSTRACT

The localized surface plasmon resonance (LSPR)-based biosensors and
others optical devices that employ gold nanoparticles (AuNPs) have shown
tremendous advantages over techniques such as fluorescence and chemiluminescence
in recent developments of nanoscience and nanotechnology. In one hand,the localized
surface plasmon resonance (LSPR) biosensors are ultra-high refractive index sensing,
they have a fast sensor response, they enable real-time detection and can be use in a
label-free technique. In the other hand, instead surface plasmon resonance (SPR) in
a bulk gold, gold nanoparticles (AuNPs) exploited under the quasi-static boundary
condition offer an unprecedented platform for investigating on desired optical and
spectroscopic properties at nanoscale. Relative to other metallic nanoparticles
supporting LSPR signal, AuNPs have drawn the greatest attention and interest
owing to their biocompatibility with high chemical and physical stability. More
importantly, AuNPs easy functionalization with organic and biological molecules
fostered their use as LSPR-based sensors materials. However, LSPR still has many
fundamental limitations that cause LSPR based sensors efficiency to be low compared
to surface plasmon polariton (SPP) sensors. One major limitation of LSPR sensor
effectiveness is changes in the magnitude of the shift across the spectrum due to the
shape of the LSPR peak when monitoring changes of the nanoparticle local
environment at their surface. This results in unsymmetrical broadening and was
found to have a negative impact on sensing efficiency. Therefore, for optimal and
efficient engineering of gold nanoparticles (AuNPs) LSPR-based sensors and others
optical devices, AuNPs LSPR based unique optical properties must be fully
understood and harnessed.

As a first report, we devoted a particular focus on LSPR scattering
inflection points (IFs) of single gold bipyramids (AuBPs). The findings reveal that
tracking LSPR IF's exhibit high sensitivity over their counterpart LSPR peak shift
locations. More importantly, the limitation on unsymmetrical broadening is no more
a limitation on the changes of the magnitude of the shift across the spectrum due to
the shape of the LSPR peak.
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CHAPTER 1:
GENERAL INTRODUCTION

1.1. Motivation and Background

Recent developments of nanoscience and nanotechnology have seen a
tremendous growth in biosensors based on optical transducer principles. For
Iinstances, techniques such as fluorescence, surface plasmon resonance (SPR) and
chemiluminescence were developed and widely used in enormous applications and
optical devices [1]. In bio-sensing, SPR-based optical biosensors show numerous
advantages over conventional sensors. SPR biosensors are ultra-high refractive index
sensing, they have a fast sensor response, they enable real-time detection and can be

use in a label-free technique [1, 2].

Instead of SPR in a bulk gold, gold nanoparticles (AuNPs) exploited
under the quasi-static boundary condition offer an unprecedented platform for
investigating on desired optical and spectroscopic properties at nanoscale [1-3].
Indeed, AuNPs smaller than their excitation wavelength, defined as quasi-static
condition, LSPR. Under these subwavelength structure conditions, not only are
electrons polarized and resonate, but the local electromagnetic field is enhanced [3,
4]. When illuminated by light with appropriate wavelength and polarization, the
LSPR in AuNPs arises as a collective or coherent oscillation of conduction electrons.
This generates local hot spots of high electric field accompanied by strong absorption,
scattering, as well as several enhanced other optical properties [3, 5]. Relative to
other metallic nanoparticles supporting LSPR signal, AuNPs have drawn the
greatest attention and interest owing to their biocompatibility with high chemical
and physical stability. More importantly, AuNPs easy functionalization with organic

and biological molecules fostered their use as LSPR-based sensors materials [3].

Over many years, LSPR has been intensively investigated, which has
permitted the optical properties of nanoparticles to be monitored by conventional UV-
Visible spectroscopy and far-field techniques. Currently, LSPR has a variety of
applications ranging from spectroscopy [3, 6], such as surface enhanced Raman
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spectroscopy (SERS) [7]; to sensing [8], for instance plasmon-enhanced fluorescence
[9], SERS and other techniques, and energy devices [10] as plasmonic solar cells [11],
to photonics [12, 13], for example nanoscale lasers [14] and metamaterials [15].
Therefore, this broad range of advantages and applications has stimulated and
fostered their use in bio and chemical LSPR based sensors.

Otherwise, LSPR excitation on an ensemble sample of anisotropic
AuNPs exhibits two resonant modes, the less polarizable but high energy transverse
mode and the highly polarizable with low energy longitudinal mode [1, 16]. In
contrast, with a single AuNP, only the highly polarizable longitudinal mode has a
high probability of occurring [17]. Indeed, for chemically synthesized ensemble
nanoparticles, the inherent inhomogeneity or polydispersity (distribution of size and
shape) provide spectral information with hidden (average) or heterogeneous
properties of individual nanoparticles. Tremendous advances in experimental
techniques and computational modeling, with their relative efficiencies have
permitted and facilitated overcoming this limitation on measuring average properties
[18]. Therefore, with the measuring of homogeneous properties, LSPR investigation
through various scattering/absorption/extinction-based single nanoparticle
spectroscopy techniques is growing exponentially and gaining more attention,
especially for anisotropic single nanoparticles with high polarizability such as gold
nanorods (AuNRs) and bipyramids (AuBPs).

Moreover, the ability to monitor LSPR spectral characteristics at the
ensemble and single nanoparticle levels has revealed that they are strongly
dependent on the geometry, composition, and size of the nanoparticles as well as on
their local environment. Control of these parameters has opened an unprecedented
possibility of tuning plasmonic properties and engineering of light Generally, changes
in resonance peaks result in a red shift as well as a broadening of peaks when the
size of the nanoparticles or the local RI increases [1, 18]. The local nature RI
sensitivity of LSPR has led to the development of nanoparticles as chemo- and
biosensors. Fundamentally, LSPR sensors consist of functionalized particles with
target molecule receptors, which LSPR shifts, dampens, or enhances in the presence
of target molecules. These changes in nanoparticle optical properties signal the
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presence of target molecules and facilitate monitoring LSPR by relying on the shift of
the peak maximum, the intensity, and broadening of the peaks. Broadening arises
from LSPR decay, also known as the damping or dephasing time through energy
conversion or energy transfer [1, 3]. Although researchers have taken advantage of
all of these tremendous applications, LSPR still has many fundamental limitations
that cause LSPR based sensor efficiency to be low compared to surface plasmon
polariton (SPP) sensors [3]. In AuNPs, the LSPR related optical properties accuracy
determination are impacted by a realistic representation of the frequency dependent
dielectric function of the nanoparticles. Therefore, simplistic models negatively
1mpact the fundamental quantities that are necessary for the design and fabrication
of reliable devices based on plasmonic resonances. A realistic representation of the
frequency dependent dielectric function consists of intra-band and inter-band
electronic (IB) transitions [3, 19]. The former account for free carriers, whereas the
latter account for bound electrons. Because for metals, free carriers dominate, Drude-
type models were reliably used to describe material properties for silver. However,
applying this model to AuNPs does not work perfectly above a threshold where IB
transitions should be corrected. In the visible and near infrared, 2.4 eV is the most
used threshold to ignore the effect of IB transitions on gold plasmons [20]. Whereas
in the same frequency range, Derkachova et al. reported 1.8 eV to be the threshold
according to their experimental findings [19]. In attempting to correct IB transition
contributions by use of the Lorentz bound electron model, Alabastri et al. showed that
the threshold can vary depending on the resonance location [21]. In the literature,
there are no studies that quantitatively provide IB transition contributions to the
frequency range dominated by intra-band electronic transitions due to free carriers.

One other major limitation of LSPR sensor effectiveness is changes in
the magnitude of the shift across the spectrum due to the shape of the LSPR peak
when monitoring changes of the nanoparticle local environment at their surface. This
results in unsymmetrical broadening and was found to have a negative impact on
sensing efficiency [22]. Methods such as lithography have been attempted to improve
efficiency, but they tended to be high cost, low yielding, and tedious to process.
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In this work, I firstly for the first time introduced the LSPR inflection
points (LSPR-IF's) in single AuNPs as a novel approach for overcoming the limitation
due to LSPR shift minute changes and the lack of constancy in the magnitude of shifts
in LSPR-based bio- chemical sensors, to improve the performance of the latter.

1.2. Thesis Outline

Out of the present chapter on the general introduction, the following
parts of the present dissertation consist of chapter 3 which provide the general
theoretical background on Nanoplasmonics and single particles study. Chapters 3
presents one scientific manuscripts including introduction, experimental section,
results and discussion, cited literature, figures and supplementary information.
Chapter 3 reports the Homogeneous Localized Surface Plasmon Resonance Inflection
Points for Enhanced Sensitivity and Tracking Plasmon Damping in Single Gold

Bipyramids. The thesis fence by a general conclusion.
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CHAPTER 2:
THEORETICAL BACKGROUND

1. Historic Glimpse on gold nanoparticles.

Noble metal nanoparticles, especially Gold nanoparticles (AuNPs) with
their varieties of optical and spectroscopic properties have been formerly used since
ancient times to make stained glass (See Figure 1A-1C) and other products made by
humans [1, 2]. However, for AuNPs it was long assumed that the different colors of
the various gold suspensions were a result of the chemicals utilized to prepare those
suspensions. From 1857 with the development of electromagnetic theory and
experimental approaches, Michael Faraday produced the first pure samples of gold
colloids and discovered that their colors were due to the size (Figure 1D) of the gold

particles [2].

Figure 1. The 4th-century Roman Lycurgus Cup at the British Museum absorbs and

scatters blue and green light so that it shows a red color when the white light is
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placed inside the cup (A) or in reflected light mode, but appears green hue when the
white light is incident from the outside (B) or in transmitted light mode and a mix of
reflected and transmitted light. Reprinted from the reference 1 and 2. (D) Gold

nanosphere color as function of size.

Nowadays not only nanoparticles in general, but also especially those of
gold are extensively studied for the distinct properties that they can exhibit at the
nanoscale. However, in reality, such brilliant colors of stained glass, luster of jewelry,
and reflection of images in mirrors all owe their unique visual properties to the free
electron gas character of the noble metals, whose behaviors changes with respect to
their sizes when interacting with the electromagnetic field of visible light. In fact, the
ease of mobility of these carriers (free electrons) enable these materials to readily
respond to visible light, even when such materials are shrunk down to nanoscopic
dimension into individual nanoparticles and their assemblies [3]. Such a response to
light at the nanoscale exhibit a signal known as surface ‘plasmon’. To date plasmon
1s implicated in various application areas ranging from surface-enhanced molecular
spectroscopy and sensing to photothermal cancer therapy and plasmon-driven
photochemistry [1, 3].Plasmon has become an entire field called ‘Plasmonics’ and is
exponentially growing [4]. In the following section we introduce the fundamental
basic of plasmon. Our focus is mainly orientated on gold nanoparticles (AuNPs) as

noble metals.

2. Surface plasmon and localized surface plasmon

Plasmon is a quantum of plasma oscillation which is sometimes called
the fourth state of matter. Plasma is created by adding energy to a gas so that some
of its electrons leave its atoms [1, 5]. Plasmons are oscillations in the plasma of free
electrons that constantly swirl across the surface of conductive materials like metals.
In some nanomaterials, a specific color of light can resonate with the plasma and
cause the electrons inside it to lose their individual identities and move as one, in
rhythmic waves (Figure 2A-2B) [5]. Two kinds of plasmons can be distinguish
depending on the materials size. In one hand surface plasmon polaritons (SPP), when
the electromagnetic (EM) excitation propagates at the interface between a dielectric

and a metal (Figure 2A), or in a metal surface-confined EM radiation interact with
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molecular surface layer [1]. In the other hand, localized surface plasmon resonance
(LSPR), when the metallic particles are smaller than the incident wavelength of
radiation, giving rise to plasmon that oscillate locally around the nanoparticle
(Figure 2B). Indeed, AuNPs smaller than their excitation wavelength, defined as
quasi-static approximation, exhibit LSPR [6, 8]. When illuminated by light with
appropriate wavelength and polarization, the LSPR in AuNPs arises as a collective

or coherent oscillation of conduction electrons (Figure 2B).

A

z

Figure 2. The light resonates with the plasma and cause the electrons inside it to
lose their individual identities and move as one, in rhythmic waves or collective or

coherent oscillation of conduction electrons. Reprinted from reference 6.

This generates local hot spots of high electric field accompanied by
strong absorption and scattering which can be observed in three modes: angle
resolved mode, wavelength shift and field enhancement imaging mode (Figure 3A-
3C), as well as following several other optical properties [8].
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Figure 3. The three universal mode of observation of the plasmon excitation: (A)
angle resolved mode, (B) wavelength shift and (C) field enhancement imaging mode.
Reprinted from reference 8.

Plasmon in noble metals gave birth to plasmonics which is a branch of
Nanophotonics that studies how the electromagnetic field can be confined over a
dimension of the order or smaller than the wavelength [1, 3]. Applications related to
plasmon in AuNPs are impressively tremendous, ranging from sensing to
photothermal therapy to cell imaging. In addition, plasmon-enhanced phenomena,
including for instance, Raman spectroscopy of metal nearby analytes, catalysis, solar
energy conversion are highly impressive for multiple purposes. Furthermore,
plasmon excitation is involved in several useful fundamental advanced physical

processes such as nonlinear optics, optical trapping, magneto-plasmonics, and optical
activity [1, 3, 7, 9].

3. Localized surface plasmon and anisotropy of nanoparticles

LSPR is strongly dependent on sizes, shapes, materials and even the
surrounding medium [8]. Metallic nanoparticles of differentsizes and shapes show
different absorption properties and thus may display different colors, such as is seen
for nanospheres, nanorods and bipyramids (Figures 4A-4G). The anisotropic of
nanoparticles is characterized by their aspect ratio which is the length over the width
for nanorods and bipyramids [10]. LSPR excitation on an ensemble or bulk sample of
1sotropic nanoparticles such as nanosphere and nanocube arises in a one resonant

mode, however, anisotropic nanoparticles such as nanorods and bipyramids exhibit
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two resonant modes, the less polarizable but high energy transverse mode and the

highly polarizable with low energy longitudinal mode[11].
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Figure 4. The illustration of LSPR excitation in relationship with the anisotropic
nanoparticles. (A-B) Nanosphere, (C-D) Nanorods and (E-F) Bipyramids. (G) Colors

of nanorods colloids as function of aspect ratio. Reprinted from reference 12 and 13
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4. Localized surface plasmon and Sensing the shapes and the
environment of nanoparticles

The ability to monitor LSPR spectral characteristics at the ensemble and
single nanoparticle levels has revealed that they are strongly dependent on the
geometry, composition, and size of the nanoparticles (Figure 5A) [14, 15] as well as
on their local environment (Figure 5B) [16]. Control of these parameters has opened

an unprecedented possibility of tuning plasmonic properties and engineering of light.
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Figure 4. The redshift illustration of LSPR with the increase of aspect ratio as well
as the increase of the local refractive index. Reprinted from reference 12.

Generally, changes in resonance peaks result in a red shift as well as a
broadening of peaks when the size of the nanoparticles or the local RI increases [17].
The local nature RI sensitivity of LSPR has led to the development of nanoparticles
as chemo- and biosensors [18]. LSPR sensing the refractive indices has been widely
used. In that case the sensitivity is expressed as resonance shift over refractive index
(RI) change:

_ AL
Sensitivity = —
An (nm/RIU) or (eV/RIU).
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Fundamentally, LSPR sensors consist of functionalized particles with
target molecule receptors, which LSPR shifts, dampens, or enhances in the presence
of target molecules [19]. These changes in nanoparticle optical properties signal the
presence of target molecules [20] and facilitate monitoring LSPR by relying on the
shift of the peak maximum, the intensity, and broadening of the peaks [21].
Broadening arises from LSPR decay, also known as the damping or dephasing time

through energy conversion or energy transfer [11, 23].

5. Averaging and Homogeneous LSPR with the anisotropy of
nanoparticles

In contrast to the ensemble sample of isotropic nanoparticles, in a single
nanoparticles, only the highly polarizable longitudinal mode has a high probability of
occurring with a sharp shape for anisotropic with sharp tips such as bipyramids
(Figure 5) [24]. Indeed, for chemically synthesized ensemble nanoparticles, the
inherent inhomogeneity or polydispersity (distribution of size and shape). Provide
spectral information with hidden (average) or heterogeneous properties of individual
nanoparticles [22]. Tremendous advances in experimental techniques and
computational modeling, with their relative efficiencies have permitted and
facilitated overcoming this limitation on measuring average properties [25].
Therefore, with the measuring of homogeneous properties, LSPR investigation
through various scattering/absorption/extinction-based single nanoparticle
spectroscopy techniques is growing exponentially and gaining more attention [26],
especially for anisotropic single nanoparticles with high polarizability such as gold
bipyramids (AuBPs) [27]. Moreover, the ability to monitor LSPR spectral
characteristics at the ensemble and single nanoparticle levels has revealed and
confirmed that they are strongly dependent on the geometry, composition, and size of
the nanoparticles [15, 28] as well as on their local environment [16, 29]. Control of
these parameters has opened an unprecedented possibility of tuning plasmonic

properties and engineering of light.
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Figure 5. The averaging effect on the nanoparticles spectra. Reprinted from

reference 30.

6. Single nanoparticles spectroscopy and microscopy in a dark field

Bright-field (BF) microscopy is the most known and simplest type of
optical microscopy. BF microscopy relies on transmitted light for illumination of the
sample. The objects that strongly absorb light will appear as dark spots on a bright,
non-absorbing background. However, the major limitation is low contrast for weakly
absorbing samples including biological samples. To overcome this limitation, it is
usually required to stain biological samples in order to achieve better contrast under
a BF microscope [30, 31]. Besides, another microscopic technique, dark-field (DF)
microscopy which the schematic configuration of DF microscopy is shown in Figure 6
1s was used in this our investigations. In DF microscopy, the numerical aperture of
the condenser is larger than that of the objective. In addition, there is an annular
stop in the condenser which blocks the central part of the illumination light beam
coming from the base of the microscope. When there is no sample on the microscope
stage, the entire field of view appears dark. When a sample is placed on the stage,
the scattered light from the sample is collected by the objective lens. In the DF image,
the structures of the sample appear bright against the dark background. DF
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microscopy allows low contrast samples in BF microscopy to be detected with good

signal-to-noise ratios [30-32].

Dark-Field Image

Basic Principle of Silver Nanoparticles
DF Microscopy

scattered light CCD camera

bifringent ¢
[ ™ Y I
objectiv

] direc Scattering Spectra
- OB
e Spectrometer
T Annular stop I (spectrograph) §*°

P11

&
e

Scattered Light (arbi ary Lrits)

]
=]

/7
Figure 6. The working principle of dark-field microscopy and spectroscopy for single
nanoparticles studies. Reprinted from reference 32.

7. Localized surface plasmon resonance mechanisms in gold
nanoparticles.

As abovementioned, plasmon excitation is due to the collective motion of
hot electron generated by interaction of the material and light, and which lead to the
formation of hot spots (high field regions). The plasmon excitation and decay is well
described by the Fermi model (Figure 7), in which after excitation plasmon can decay
radiatively (Figure 7A) or non-radiatively (Figure 7B-7D) depending the dephasing
time [33]. In chemistry we are taught to understand the basic of photophysics in
terms of separable electronic and vibrational motions, and excited state dynamics
that can be described in terms of radiative and non-radiative decay (or relaxation)

processes, such as intersystem crossing and internal conversion. This zeroth-order
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picture is helpful for understanding the photo-physical properties of semiconductor
nanoparticles, with additional effects such as surface recombination of the charge
carriers. However, it breaks down for metal nanostructures. This i1s because of the
high density of empty electronic states at the Fermi level for metals. For metals the
starting point for discussing spectroscopy is Mie and related theories [34], which
describes the optical response of a spherical particle. Mie theory requires the
dielectric constants of the particle and the surroundings as input parameters. The
dielectric constants of metals are strongly frequency dependent and contain both real
and imaginary components [35]. Roughly, the real part determines the position of the
LSPR, and the imaginary part determines the dephasing [22]. Understanding the
frequency dependent of dielectric not only permit to get a deep insight on the theory
behind the absorption of photons by a metal nanoparticle, and the subsequent energy
relaxation processes, as well as LSPR mechanism is hidden in the optical signal
characteristics [22, 34].

The energy stored in the elevated LSPR fields (hot spots) is dissipated
either through radiative (Figure 7A) photon scattering or non-radiative (7B-7D)
absorption in the metal nanoparticles within a very short time period, as the lifetime

of a plasmonic excitation is in the femtosecond range [33].

A B 4 C A D A
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$ 5 Er

Figure 7. Illlustration of the plasmonic decay process. (a) Radiative decay of the
Plasmon. Non-radiative decay processes including (b) dephasing into energetic
electrons and holes, (c) thermalization of hot carriers, and (d) relaxation of hot

carriers into phonons. Reprinted from reference 33.
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Non-radiative absorption results in the generation of energetic charge
carriers in the metal nanoparticles. Absorption (that is, the generation of energetic
charge carriers) in metals can occur through either intraband s-to-s excitations or
interband d-to-s excitations (Figure 8).

Energy (E)
Energy (E)

Noble metal Non-noble metal

Figure 8. (A) (B), Sketches of the density of states of a plasmonic metal (A) and non-
noble transition metal (B). Intraband s-to-s transitions are accessible with visible
light photons for all metals. As the d band lies far before the Fermi level (Ef) for
plasmonic metals, only high-energy photons can induce interband d-to-s excitations
for these metals. In the case ofnon-noble metals, the d band intersects the Fermi level
allowing for d-to-s excitations to take place throughout the visible range. Band
diagram (energy (E) versus momentum (k)) depiction of photon absorption in metals
through either s-to-s intraband excitations (i) or d-to-s interband excitations (ii).
Intraband excitations require a change in momentum whereas interband excitations
are direct electronic excitations, which do not require a change in momentum.

Reprinted from reference 36.

Due to the inherently larger rate constant of interband excitations
(Figure 8i1), plasmon decay via these excitations is the dominant decay pathway when
available. Recent first principles calculations showed by the partitioning among
various absorption pathways in plasmonic gold nanoparticles versus plasmon
(photon) energy for different particle sizes. The data showed that direct interband
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excitations are the dominant pathway for plasmon decay (photon absorption) in Au
nanoparticles at energies where they are energetically accessible regardless of
nanoparticle size. The contribution of the other absorption processes (that is, the
phonon assisted or surface-assisted intraband s-to-s excitations) are size dependent
and only dominate for plasmon energies at which direct interband transitions are
inaccessible [36]. In noble metals, two transitions (Figures 7), that is intraband (
(Figure 81) and interband (Figure 8ii) can be distinguish giving rise to two most
known frequency dependent dielectric models (Figures 9A-9B) [37].

A B

0

Dielectric function

p ®, o

Figure 9. Components of the complex dielectric functions for (a) metals described
using the Drude model and (b) dielectrics using the Lorentz equations. Reprinted

from reference 37.

The simplest realistic model for the dielectric constant of a metal is the
Drude or free electron model (Figure 7A), which was developed to describe DC
conductivity. For many metals, this model gives reasonable results up to optical
frequencies, with suitable modifications because of interband transitions. For noble
metals like Ag and Au, the Drude model gives a good description of the dielectric
constants in the near-IR region of the spectrum, but it breaks down in the visible to
near-UV region because of interband transitions. The onset of the interband
transitions is at ca. 2.4 eV for Au, and 3.9 eV for Ag [34].
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The frequency and size dependence of the dielectric function of gold
affects the plasmon linewidth due to the bulk damping contribution [38]. The
dielectric function of gold is frequency and size dependent and a complex function
(Eq. S5).

g(w,size)=¢, +ig, (S5)

For metals, the most realistic expression that account intraband and

interband electronic transition for the CDF is dependent on the size and shape of

AuNPs included as contributions in the LSPR damping I' (bulk (Fbulk ~Ve | Iw,VF:
I

Fermai velocity, = : bulk mean free path of electrons between two collisions), radiation

=2rhk,

(F radV, Kraa: proportionality constant, V: particle volume) and surface

rad

scattering (F surt = At Ve [ , Aur . proportionality constant that describe the

probability that an electron scattered at the particle surface, Ly : effective mean free

path length of electrons which gives the average distance an electron needs to travel
before reaching a surface )) [8,40-41]. That is, when the size becomes comparable or

smaller than the bulk mean free path , of the metal free electrons between collisions,

the damping increase as additional scattering effective mean free path ‘«f of the

: : . r .
conduction electrons from the surface give rise to = suf . In case of smaller sizes than

the bulk, the volume (V) become smaller and the radiation (rrad ) contribution become

negligible [22, 38]. Another contribution is omitted here that arises due to the
chemical effect at the interface of gold nanoparticles, which is known as chemical

interface damping (CID) e [22].
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Abstract

The most polarizable localized surface plasmon resonance (LSPR)
longitudinal mode of anisotropic metallic nanoparticles, such as gold bipyramids
(AuBPs),is of high prominence. This optical response has tremendous applications
from spectroscopy to photonics and energy devices to sensing. In conventional gold
LSPR-based sensing, broadening and asymmetry in peaks due to chemical and
instrument noise hinder obtaining a precise insight on shift positions, accordingly
limiting the effectiveness and impact of LSPR sensors. Further, when investigating
LSPR properties, utilizing more simplistic frequency dependent dielectric-type
models can aberrantly impact the reliability of fundamental properties used for
designing and fabricating efficient optical devices. For instance, more approximations
can effectively limit screening intra-band and inter-band electronic (IB) transition
contributions and other related optical properties. With an aim to find alternative
methods to further improve their efficiency, as a first report, we devoted a particular
focus on LSPR scattering inflection points (IFs) of single gold bipyramids (AuBPs).
The findings reveal that tracking LSPR IFs exhibit high sensitivity over their
counterpart LSPR peak shift locations. In addition, we newly detected IB transition
contributions near the resonance energy in the range (1.50 eV~2.00 eV) dominated

by intra-band transitions. A small increase in the local RI effectively enhances the
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LSPR quality factor due to IB transitions. Thus, while neglecting IB transitions in
the range below 2.4 eV can work for local air RI, in high local RI media it can be
aberrantly underestimated. Demonstrated by the use of the dielectric function based
on Kramers-Kronig consistent Lorentz oscillators, our findings are in good agreement
with the enhancing RI sensitivity effect. The results of this investigation support the
1dea that tracking curvature changes of an optical signal can be effectively used for
LSPR longitudinal peak energy RI sensing as well as damping in the local RI

environment of a single AuBP.

Introduction

The plasmonic effect associated with localized surface plasmon
resonance (LSPR) and excited by an impinged oscillating electromagnetic radiation
on noble metal nanoparticles under the quasi static approximation condition is
regarded as involving collective or coherent oscillations of the conduction band
electrons of nanoparticles’:2. Under these subwavelength structure conditions, not
only are electrons polarized and resonate, but the local electromagnetic field is
enhanced. The strong interaction of metal nanoparticles with the incident
electromagnetic field causes light to be confined to sub-diffraction volumes and
optical absorption/scattering of a selective photon energy to be effectively enabled3:4.
Over many years, LSPR has been intensively investigated, which has permitted the
optical properties of nanoparticles to be monitored by conventional UV-Visible
spectroscopy and far-field techniques5. Currently, LSPR has a variety of applications
ranging from spectroscopy®, such as surface enhanced Raman spectroscopy 7 (SERS);
to sensing8, for instance plasmon-enhanced fluorescence®, SERS10 and other
techniques, and energy devices!! as plasmonic solar cells!?; to photonics!3!4 for
example nanoscale lasers!® and metamaterialsi6. More importantly, the particular
case of gold nanoparticles (AuNPs), relative to other metallic nanoparticles has
attracted considerable attention because of their intrinsic or unique properties!?,
biocompatibility® due to high chemical and physical stability!9, large numbers of
easily polarizable conduction electrons2? for preferential interaction with an
electromagnetic field2! and generation of nonlinear optical phenomena?2, easy surface

modification or functionalization23 with organic and biological molecules?4, and a
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multitude of optical properties?® related to surface modification and their
environment in spectroscopy and sensing experiments. Therefore, this broad range of
advantages and applications has stimulated and fostered their use in bio and
chemical LSPR based sensors26.27,

In addition, LSPR excitation on an ensemble or bulk sample of
anisotropic AuNPs exhibits two resonant modes, the less polarizable but high energy
transverse mode and the highly polarizable with low energy longitudinal mode?28. In
contrast, with a single AuNP, only the highly polarizable longitudinal mode has a
high probability of occuring.?® Indeed, for chemically synthesized ensemble
nanoparticles, the inherent inhomogeneity or polydispersity (distribution of size and
shape) provide spectral information with hidden (average) or heterogeneous
properties of individual nanoparticles20. Tremendous advances in experimental
techniques and computational modeling, with their relative efficiencies have
permitted and facilitated overcoming this limitation on measuring average
properties3?. Therefore, with the measuring of homogeneous properties, LSPR
investigation through various scattering/absorption/extinction-based single
nanoparticle spectroscopy techniques is growing exponentially and gaining more
attention3!, especially for anisotropic single nanoparticles with high polarizability
such as gold bipyramids (AuBPs)32.

Moreover, the ability to monitor LSPR spectral characteristics at the
ensemble and single nanoparticle levels has revealed that they are strongly
dependent on the geometry, composition, and size of the nanoparticles33.34 as well as
on their local environment35. Control of these parameters has opened an
unprecedented possibility of tuning plasmonic properties and engineering of light.
Generally, changes in resonance peaks result in a red shift as well as a broadening of
peaks when the size of the nanoparticles or the local RI increases3é.The local nature
RI sensitivity of LSPR has led to the development of nanoparticles as chemo- and
biosensors3’. Fundamentally, LSPR sensors consist of functionalized particles with
target molecule receptors, which LSPR shifts, dampens, or enhances in the presence
of target molecules3®. These changes in nanoparticle optical properties signal the
presence of target molecules3? and facilitate monitoring LSPR by relying on the shift
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of the peak maximum, the intensity, and broadening of the peaks4. Broadening
arises from LSPR decay, also known as the damping or dephasing time through

energy conversion or energy transfer20, 41,

Although researchers have taken advantage of all of these tremendous
applications, LSPR still has many fundamental limitations that cause LSPR based
sensor efficiency to be low compared to surface plasmon polariton (SPP) sensors42. In
AuNPs, the LSPR related optical properties accuracy determination are impacted by
a realistic representation of the frequency dependent dielectric function of the
nanoparticles43. Therefore, simplistic models negatively impact the fundamental
quantities that are necessary for the design and fabrication of reliable devices based
on plasmonic resonances44. A realistic representation of the frequency dependent
dielectric function consists of intra-band and inter-band electronic (IB) transitions.
The former account for free carriers, whereas the latter account for bound electrons4s.
Because for metals, free carriers dominate, Drude-type models were reliably used to
describe material properties for silver. However, applying this model to AuNPs does
not work perfectly above a threshold where IB transitions should be corrected46. In
the visible and near infrared, 2.4 eV is the most used threshold to ignore the effect of
IB transitions on gold plasmons44 47. Whereas in the same frequency range,
Derkachova et al. reported 1.8 eV to be the threshold according to their experimental
findings43. In attempting to correct IB transition contributions by use of the Lorentz
bound electron model, Alabastri et al. showed that the threshold can vary depending
on the resonance location4. In the literature, there are no studies that quantitatively
provide IB transition contributions to the frequency range dominated by intra-band

electronic transitions due to free carriers.

One other major limitation of LSPR sensor effectiveness is changes in
the magnitude of the shift across the spectrum due to the shape of the LSPR peak
when monitoring changes of the nanoparticle local environment at their surface4s.
This results in unsymmetrical broadening and was found to have a negative impact
on sensing efficiency49.Methods such as lithography have been attempted to improve
efficiency, but they tended to be high cost, low yielding, and tedious to process*2.
Recently P. Chen et al. theoretically attempted to use Mie theory to evaluate LSPR
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curvature changes on ensemble samples with respect to RI changes. They developed
an analytical expression as a function of RI and operated second derivatives to obtain
the curvature for various values of RI42. In a second report, they demonstrated that
inflection points at the long wavelength side of the LSPR extinction spectrum peak
maximum of ensemble samples show better RI sensitivity48. However, other than
sensitivity, they did not provide quantitatively any other optical information on
energy transfer such as broadening. Their report was limited to only ensemble
samples of nanoparticles rather than single particles. Moreover, we are not aware of
any additional reports of inflection points on single nanoparticles as well as their

broadening effect.

For further improvement of the performance of LSPR assays and
accordingly LSPR sensors, it is reasonable to gain insight into all of the
aforementioned limitations. As part of our effort, in this first report, we used a facile
method to obtain LSPR inflection points of experimentally determined LSPR
scattering. We then investigated both LSPR response damping and sensing effects on
the local vicinity of single AuBPs embedded in three local RI media (air, water, and
oil) suspended on a SiO2 glass slide substrate. In addition, homogeneous scattering
spectra with a Kramers-Kronig consistent Lorentz oscillator permitted us to derive
IB transition contributions in the frequency range near the LSPR excitations where
Iintra-band electronic transitions dominate. RI sensitivity from changes of the derived
analytical complex dielectric functions in the neighborhood of single AuBPs was also

investigated.

Experimental Section
Materials and Sample Preparation

AuBPs used in this study were synthesized via a seed-mediated method.
The average width and length of AuBPs were determined to be 26 nm and 76 nm,
respectively. The samples were prepared as follows. Briefly, the colloid solution was
first diluted with 18.2-MQ pure water to a proper concentration. The diluted solution
was then sonicated for 10 min at room temperature. Samples were prepared by spin

casting on pre-cleaned SiO2 glass slides. Then, a 22 mm x 22 mm No. 1.5 coverslip
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(Corning. NY) was placed on the glass slide. Although AuBPs in the water refractive
index samples were used directly, to obtain air and oil refractive indexes, samples
were dried at room temperature, which permitted a change from the air refractive
index medium to oil. Throughout all of the experiments, the concentration of AuBPs
on the glass slide surface was controlled to be approximately 1 pm-2 in order to
facilitate single particle characterization and to minimize inter-particle SPR coupling

resulting in spectral shifts.

Characterization of Gold Bipyramids

To ensure the shapes and dimensions, structural characterization of
AuBPs was performed using scanning electron microscopy (SEM). Figure S1A
1llustrates the shape of AuBPs in a SEM image. Further, heterogeneous LSPR
ensemble absorption spectra in water were recorded with a Varian Carry 100 UV-Vis
spectrometer. The high energy transverse and low energy longitudinal absorptions

are depicted in Figure S1B.

Single Particle Microscopy and Spectroscopy

In a dark home-built system, dark-field (DF) microscopy imaging was
carried out under a Nikon inverted microscope (ECLIPSE Ti-U). In DF mode, the
microscope utilized a Nikon Plan Fluor 100x 0.5-1.3 oil iris objective and a Nikon DF
condenser. An Andor iXon EM+ CCD camera (iXon Ultra 897) was employed to record
DF images of AuBPs. The collected images were analyzed with the Image J software.
Furthermore, DF scattering spectra were acquired with an Andor spectrophotometer
(SHAMROCK 3031, SR-303I-A) and an Andor CCD camera (Newton DU920P-OE).
When obtaining a spectrum, the scanning stage moved the sample to the desired
location so that only scattered light from the selected location was collected by the
objective. The scattered light was directed to the entrance of the spectrophotometer,
dispersed by a grating (300 I/mm, center wavelength of 700 nm), and detected by the
Newton CCD camera. The background was measured at a region without any

particles. Data analysis was performed with specially designed Matlab programs.
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Results and Discussion

AuBPs with the average size of 26 nm - 76 nm were used and synthesized
via a seed-mediated method. In the present study, resonance energy and damping
factor (Ko and I) were inferred by the use of LSPR scattering intensities of single
AuBPs obtained by the far-field technique dark-field (DF) microscopy and
spectroscopy. Figures 1A and 1B show a DF image and single spectrum of a
AuBPlembedded in water. As shown in Figure 1B, scattering spectrum of single
AuBP1 was well fitted with a Lorentzian function. More single particle spectra in
various RI media are given in the Supporting Information (Figures S2A, S3A, and
S4A). In Figure S1B illustrating an ensemble absorption spectrum of AuBPs
dispersed in water, while the transverse LSPR peak with high energy appears at
approximately 516 nm (2.40 eV), the longitudinal LSPR peak with low energy is
located at around 735 nm (1.69 eV). A single sharp peak is located at 721 nm (1.72
eV)in Figure 1B corresponding to longitudinal plasmon resonance, which is
consistent with the ensemble spectrum in Figure 1B. The high energy transverse
LSPR peak is not observed, which i1s in good agreement according to the

characteristics of a single AuBP59.

Unlike the study of P. Chen et al., to perform first and second derivatives
of our experimental LSPR scattering spectra, a facile method that uses the
Lorentzian fitting curve function form (EquationsS3, S5, and S6)related to the
scattering cross-section from Mie theory including only the dipolar mode for
ellipsoids(Equations S1 and S2) was performed20. The first, second, and third rows
shown in Figures 2A-2C represent the LSPR scattering spectra (Figures S2A-S2B,
Figures S3A-S3B and Figures S4A-S4B for full details) and the corresponding first
(Figures S2C, S3C, and S4C for full details) and second order derivatives (Figures
S2D, S3D and S4D for full details), respectively. Unlike the rows, the columns are
differentiated by three colors corresponding to the local RI media used; the red, blue,
and green colors correspond to local air, water, and oil RI, respectively. The LSPR
scattering peak maxima in the three local RI media, depicted by a capital B, are
located at values 1.90 eV, 1.72 eV, and 1.56 eV for local air, water, and oil RI media,

respectively, whereas the local maxima and minima of the first order derivatives
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flanking the LSPR peak maxima (B) are represented by A/C, situated at values 1.85
eV/1.95 eV, 1.68 eV/1.75 eV and 1.54 €V/1.59 eV for local air, water, and oil RI media,
respectively. Accordingly, A and C represent also the two IFs, i.e., the 0 values of the
second order derivatives spectra. IFs coincide with the local maxima/minima of the
first order derivatives and appear at the same points A and C on the photon energy
axis for the three local RI media. As seen in the first order derivative, B appears to
be the critical point of LSPR scattering spectra, i.e., the 0 values of the first order
derivatives of the LSPR scattering spectra.

As described, the characteristics of the shapes of these LSPR scattering
spectra first and second order derivatives against the photon energies were consistent
with those reported on IFs of LSPR extinction spectra of ensemble samples of gold4s.
In addition, the O of the first order derivatives fall exactly at the points B (LSPR peak
maxima), the point of symmetry for the three local RI media. We notice by analyzing
the curvatures that LSPR scattering curves and second order derivatives are even
functions and symmetrical to the intensity axis direction, whereas the first order
derivative curves are odd functions and are symmetrical to the photon energy axis.
This mathematical characteristics are similar to that of the shape and variation of
the real part of the complex polarizability/dielectric function against
frequency/energy provided by the dipole approximation IB transition contributions
given by the Kramers-Kronig consistent Lorentz model51. The real part of the complex
dielectric functions (here the first derivatives) determines the plasmon resonance
position, whereas the imaginary part (here the second derivatives) governs the
linewidth20. Changes in the real part and imaginary parts are obtained from
Kramers-Kronig transformations®2. Based on the consistency of these symmetrical
properties with the Kramers-Kronig transformations, we derived IB transition
contributions by utilization of the LSPR energy peak parameters. This approach
permits us to gain insight on IB contributions in the LSPR resonance range below 2.4
eV where intra-band transitions dominate over IB transitions. Furthermore, we use
the IB transition contributions to investigate theirs effects by changing the RI in the
local vicinity of AuBPs. In analyzing these spectra and their derivative characteristics
with the energy values given above for A, B, and C in Figures 2A-2C, shift changes
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(red-shifts) of LSPR scattering peaks maxima (B), the local maxima/minima and the
IFs (A and C) when changing the local RI around single AuBPs from the shapes of
the LSPR peaks and the first and second order derivatives, respectively, can
obviously be observed. Measurement of LSPR (B) scattering spectra in multiples of
10 for each local RI index exhibited the same results, which were determined to be
1.82 (x0.05) eV, 1.69 (+0.03) eV and 1.58 (+0.03) eV relatively to local air, water, and
oil RI, respectively. Similarly, the IFs were also determined with values of 1.78
(+0.05) eV (A) and 1.86 (+0.05) eV (C), 1.66 (+0.03) eV (A) and 1.73 (x0.03) eV (C), and
1.55 (£0.03) eV (A) and 1.61 (+0.03) eV (C), respectively. Further, given in the regime
relevant to sensing properties, that the peak energies are with good approximation
linear functions of local RI media53, we consider A, B, and C peak energies and test
their linearity to local air, water, and oil RI media. Figure 2D shows plots of energy
peaks A, B, and C against local air, water, and oil RI media with corresponding values
equal to 1.00, 1.33, and 1.52, respectively. As seen in Figure 2D, the peak energies A,
B, and C linearize with the local RI media. The use of a linear fitting function allowed
us to determine the slopes as 0.59 eV ‘RIU-! (R2 = 0.9875) for peak A, 0.64 eV ‘RIU-!
(R2=0.9868) for peak B, and 0.70 eV ‘RIU-! (R2=0.9872) for peak C. It is notable that
inflection point C exhibited the highest sensitivity with respect to A and the LSPR
peaks maxima (B) as shown in Figure 2F (see Tables S1~S4 for full details)

Interestingly, the local RI sensitivity improved by 9.38% with respect to the LSPR
peak maximum. This result is consistent with earlier reports with gold ensembles for
the use of IFs to improve sensitivity48. The present results highlight, however, that
in regimes relevant to a sensing experiment, the same method can be applied to the
experiment of sensing essays for single scattering nanoparticles with a single

resonant mode such as AuBPs.

More importantly, one striking element in the first and second order
derivatives that has not been considered in the previous study of P. Chen et al.when
comparing them in different local RI media, they broaden to the same extent as the
LSPR scattering peaks, as shown by the width distances AC as illustrated by the
black and magenta dashed parallel vertical lines (Figures 2A-2C). Indeed, we can
readily see from the width distances AC that the increase of local RI medium reduces
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the distance AC in energy units or increases it in wavelength units. A decrease in
energy units of the AC width corresponds to a decrease in the intensity and
broadening of the LSPR peaks. Therefore, the LSPR linewidth, i.e., full width at half
maximum (FWHM) of single AuBPs in local air, water, and oil RI media was
determined to be 0.143 (+0.020) eV, 0.131 (£0.029) eV and 0.099 (+0.009) eV,
respectively. Thus, the increase of local RI has broadened the LSPR scattering to
7.69% for water and 40% for oil. The negligible increase observed on local RI changes
has previously been discussed for anisotropic single gold nanorods54. To the best of
our knowledge, this is the first report to observe the effect with single AuBPs with
sharp tips.

Since the optical constants must satisfy Kramers-Kronig
transformations to be physically relevant and given the LSPR peak and first order
derivative curves are Lorentzian-like, we derived the phase-like changes (Equation
S2d) in order to have a deeper insight into the peak broadening behavior in relation
to the IFs and IB transitions. Changes in phase are derived against photon energy by
the use of LSPR scattering peaks and first derivatives (Figures S2E, S3E, and S4E
for full details). We expect to obtain a significant relation between the energy width
AC and the sensitivity on the shapes of the LSPR peaks, first and second order
derivative curves of the LSPR peaks, accordingly, to obtain better understanding of
the high sensitivity of the IF C compared to that of LSPR peak maximum shifts used
in traditional sensing experiments. Figure 2F shows the changes of the LSPR phase
1llustrated in local air RI plotted against photon energy. From the phase changes, we
can readily see the location of LSPR energy/resonance frequency at the dephasing
energy position and two steady states, the low phase steady state around 0 radians
and the high phase steady state around 3 radians (see Figures S2E, S3E and S4E for
full details). It is striking that this result is in good agreement with the fundamental
theory of plasmon IB transitions. Indeed, it has been reported that at the energy
excitation of the plasmon, the electrons oscillate coherently with a phase angle
situated between 0 and 3 radians?®>. At the resonance frequency or LSPR, there is
quick dephasing from the high phase steady state to the low phase steady state. The
analysis of the phase changes plotted against photon energy with the two tangent
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points at A and C reveals that on the energy range of the sensitivity of the IFs A and
C two phase steady states, suggesting that the sensing of these inflection points is
more stable to photon energy changes than the sensing of the LSPR peak maximum
(B) located in resonance energy where the phase readily changes. Further, the
stability of IFs to sensing effects due to the local RI media can be justified by the
small tangent slopes, tan 1 (pink) and tan 2 (black) at A and C on the phase changes.

As mentioned above, we used the Kramers-Kronig transformations
consistent with Lorentz oscillators, to derive the changes in the real and imaginary
parts with contributions of IB transitions near the resonance/LSPR energies. Figures
3A-3C show the derived frequency-dependent complex dielectric functions change
around the ranges of resonant energy of AuBPs embedded in air (red), water (blue),
and green (oil) (Figures S5A-5B, S6A-S6B and S7A-S7B for full details). As can be
seen inFigures 3A-3C, we successfully derived the IB transition based frequency-
dependent dielectric functions in the three local RI media. Indeed, it is obvious at the
resonance photon energy (E=E,), Re[e(E;)] = 1 and Im[e(E,)] take the maximum
values. If we set the derivative of Re[e(E)] (Equation S9) with respect to the variable
Eo — E equal to zero, it follows that the extreme values of Re[e(E)], Re[e(E)|max = 1+
Im[e(E)]max, and Re[e(E)Jmin = 1- Im[e(E)|max occur at E = Eo —I' and E = Eo +T,
respectively. In addition, Im[e(E)] tends towards 0 away from its peak maximum
energy. We further obtained the magnitude of the amplitude as shown in Figure 3D.
Like the LSPR peaks linewidths, the amplitudes show maximum values at resonance
and a significant damping effect (Figures S5D, S6D and S7D for full details). It is
notable via the oscillators strength (Im[e(E)] intensities) that the observed IB
transitions are weak. Indeed, the stronger the IB transition, the higher Re[e(w)]>>1
and the smaller Im[e(E)]{Toudert, 2017 #120;Toudert, 2017 #138}.

Figure 4A shows that AuBPs exhibit high IB transition oscillator
strength in oil RI as illustrated by the amplitude in Figure 3D, followed by water,
and then air RI. As a result, Figure 4B shows that the real part (Re[e(w)]) of AuBP IB
transitions becomes strongly negative (Re[¢(E)]<0 and small Im[e(E)]) for oil (green
hatched part) followed by water (blue hatched part) and then air (blue hatched part)
RI at photon energies higher than the resonance peak maxima (condition to achieve
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plasmonic resonance) as shown in Figures 4A-4B. At photon energies lower than the
resonance peak maxima, they take high positive values (Re[e(w)]>0) (Figure 4B) in
the same order. The conditions for achieving Mie resonances, Re[e(®)]>>1 and small
Im[e(E)] are not fulfilled due to the weak value of the oscillator strength and because
we are under the subwavelength scattering of our AuBPs. This suggests that only the
IB transitions originating from plasmons contribute to the resonance in single AuBPs
with the dominated intra-band transitions calculated by the use of Johnson and
Christy data, as shown in Figures 4C-4D. The extent of their LSPR quality factors is
shown in Figure 4C and magnified in Figure 4D for better illustration in the three RI
media. These results reveal that a small increase in the RI of the surrounding
medium effectively increases the quality factor of the LSPR due to IB transitions.
Thus, IB transitions of oil RI yields a higher quality factor followed by water RI. The
plasmonic quality factor gives a qualitative picture of the capability of nanostructures
of a material to support a well-defined LSPR at a chosen photon energy. The higher
the quality factor, the higher the probability of obtaining a spectrally sharp resonance
with a strong optical near field that can exist at the chosen photon energy. It is
noteworthy that neglecting IB transitions can work for an air RI medium, whereas in

a high RI medium its contribution can be underestimated.

Although the observed IB transitions are weak, as they have Lorentzian
shape like LSPR peaks and first derivatives, they helped us by analytically treating
the imaginary and real parts like LSPR scattering and its first derivative as they are
used above in Figures 2A-2C to investigate IF sensitivity and damping. Figures 5A-
5C show the changes of the Kramers-Kronig consistent Lorentz based complex
dielectric functions (Figures S5A-S5B, S6A- S6B and S7A- S7B for full details) around
single gold bipyramids in different local RI media near their resonance energies. The
first line represents the imaginary part and the second line represents the real part.
As for the LSPR spectra and their first and second derivative components, the
columns are differentiated by three colors with each corresponding to a different local
RI medium, red for air, blue for water, and green for oil. As mentioned previously, the
LSPR peak maxima are assimilated to the imaginary part of the complex dielectric
function in the three local refractive index media represented by capital B. The local
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maxima and minima of the real part of the complex dielectric function flanking the

LSPR peak maxima are represented by A and C, respectively.

This result is consistent with those we obtained for single gold LSPR
scattering located above. Moreover, a quantitative assessment of the shifts based on
discrete dipole approximation calculations performed on the oscillatory dependence
of the peak shift on wavelength tracks with the wavelength dependence of the real
part of the refractive index, determined by the Kramers-Kronig transformation of the
molecular absorption spectrum, showed that the Kramers-Kronig index needed to be
scaled to better match experimental data®6. However, the present results highlight
the observation for changes of the real part of the complex dielectric functions in the
surroundings of single nanoparticles and are in good agreement with another report

on the scaling of Kramers-Kronig transformations?6.

Similar to the single gold LSPR scattering, in the regime relevant to
sensing properties, the peaks energies are also with good approximation linear
functions of local RI media, as shown in Figure 5D. The exhibited sensitivity is
slightly higher than that of single gold LSPR scattering. Indeed, the linear function
fitting yielded slope values equal to 0.54 eV -RIU-! (R2 = 0.9876) for peak A, 0.64
eV RIU-1 (R2=0.9870) for peak B and 0.74 eV ‘RIU-! (R2=0.9871) for peak C. As seen
in Figure 5E, the peak energies C exhibited the highest sensitivity compared to both,
A and the resonance peaks B with a local RI sensitivity improvement of 15.63% with
respect to the resonance peaks. Although for the single gold LSPR scattering the
peaks A and C showed almost the same values of improvement, for changes of the
complex dielectric functions, the peak maximum B shows better sensitivity than A
with an improvement of 18.36%. This result could be justified by the changes of the
phases against photon energy. The high slopes of the two tangent lines on A and C in
Figure 5F show how the phases readily change (see Figures S5C, S6C and S7C for
full details) for a slight change in the range of photon energies where IB transition

contributions decrease.

Although in one hand we have demonstrated the tracking of curve
changes and its IF C by the use of single particle scattering spectra, and on the other
hand that monitoring the dielectric changes and its local minima peaks C enhances
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the local RI sensitivity, to better understand the performance of the phase stability
at peaks A, B, and C relative to the performance of sensitivity, we analyzed the effect
of the signal-to-noise ratio. In a sensing experiment, both the sensitivity and the noise
of the sensor determine the performance of the method?7. For full details, the results
of the analysis are shown in Tables S1~S4 and are summarized in Figure 6 with the
IB transitions.As seen for the two methods, the curvature changes and the dielectric
change peaks A, B, and C did not significantly propagate the noise. Tracking IF points
as well as the changing of the dielectric function in the vicinity of single gold
bipyramids enhanced the sensitivity. These results show that not only the low noise
level and high quality of the original scattering spectra, but also the improvement in
signal-to-noise ratio of sensing by single AuBPs in the three local refractive indexes,

are represented by the improvement in sensitivity.

Conclusion

In summary, we have demonstrated for a AuBP embedded in various
local refractive indexes the importance of tracking the curvature shapes through
inflection points near the resonance energy unlike LSPR peaks. In addition, we also
evaluated the IB transition contributions in the frequency range dominated by intra-
band transitions. The inflection point frequencies exhibited enhanced sensitivity in
high phase steady state range compared to monitoring resonance shifts. A small
increase in the local RI significantly increases the IB transition contributions to the
LSPR as well as related optical property measurements. These findings support the
idea that tracking curvatures of an optical signal can be used effectively for
longitudinal sharpened peak energy LSPR RI sensing as well as for damping in the
local RI environment of single AuBPs and other anisotropic nanoparticles with a
single resonant mode. Furthermore, the effect on IB transition contributions should

be taken into account when working with high refractive index media.
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Figures and Captions
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Figurel. Dark-field microscopy and spectroscopy of single gold bipyramids. (A)
Dark-field image of single AuBPs excited by white light illumination. (B) Scattering
spectrum of a AuBP1 in water refractive index. The line shape (black-curve) is well
fitted by the Lorentzian function (green-curve). The extraction of the resonance energy
(wres.)as well as the full width at half maximum (FWHM) isillustrated.
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Figure 2. Inflection point method for single particle LSPR scattering sensing
and damping in the three local refractive indexes, namely, air (red), water (blue),
and oil (green). (A), (B), and (C) LSPR scattering efficiencies (first row), LSPR
scattering efficiencies first order derivatives (second row), and LSPR scattering
efficiencies second order derivatives (third row). (D) LSPR scattering efficiencies,
LSPR scattering efficiencies first order derivatives and LSPR scattering efficiencies
second order derivative energy peaks A, B and C linearly related to local RI media in
regimes relevant to sensing. (E) Sensitivity of local RI media on Peak shifts A, B and
C. (F) Phase changes around the resonance/LSPR energy illustrated for a single
AuBP embedded in local air RI medium and illustration of the two low slope phase
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tangents on peaks A and C located near the high (pink) and low (black) phase steady
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Figure 3. Dielectric function changes around AulNPs embedded in air (red)
(A), water (blue) (B) and oil (green) (C) against the energy near their
resonance/LSPR energy, derived from the dipole approximation of the Lorentz model
based on Kramers-Kronig transformations (D) Resonance amplitude against
normalized frequency. The largest damping (oil) giving the sharpest resonance curuve.
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Figure 4. IB transition contributions affecting the corresponding plasmon
excitations in the frequency range dominated by intra-band electronic transitions. (A)
IB transitions with various oscillation strengths derived in the frequency range
where they are usually neglected as illustrated by the imaginary part of the dielectric
calculated by Johnson and Christy data. The colors are associated with RI media.
(B) Negative real part due to IB that interferes with intra-band electronic
transitions. (C) LSPR quality factor due to the IB contributions and magnified in
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Supplementary Materials
Electrodynamic for Gold Bipyramids and LSPR Inflection Points

For nanoparticles the optical cross sections as a function of energy are
dominated by the localized surface plasmon resonance!. At the resonance energy (or
wavelength), the peak position and linewidth are determined by the size and shape
of nanoparticle as well as the dielectric surrounding environment. By solving
Maxwell’s equations using Mie theory and considering only the lowest dipolar mode
(dipolar approximation) the scattering cross section solution can varies for different
shapes of nanoparticles characterized by a frequency-dependent complex dielectric

function €1 + e2(w) embedded in a medium of dielectric em = nm2.22 For an ellipsoid
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(such as bipyramids) along one of its main axis, the extinction cross section in the
dipolar approximation is well described by the analytical expression given by the

equation (1)3:

i (/1):27anm3 £ (4)
& 4@+tfmf

1)

where [ 1s a shape-dependent factor (only depend on the aspect ratio for nano-
spheroid). For a weakly dispersed £20) around the LSPR peak maximum (Ares) (e.g.,

away from the inter-band absorption), the resonance condition is well approximated

(4 )z(ﬂ—l)“m7
- £ . The LSPR width can then be estimated developing equation

by “
(1) around the LSPR frequency3-4wres to obtain equation (2):
3
aVvn r
O-ext (ﬂ’) = = 2
247 (%53,,) (00w )'+(T5)
o @

With the angular frequency w=(2mc/)A). The LSPR thus exhibits a quasi-
Lorentzian profile!: 3 with a full width at half maximum (FWHM) I" that took the
same form as in gold bipyramidsfrom our results and given by the Lorentzian fitting

curves:

2A r
IScat.=|0+ - 2 )
a 4(“’_6"%) +I 3)

Where I, and A are offset and area under the peak, respectively. In a nano-

sphere under the same approximations4:

1" — 2‘c"2 (a)res.)

P%wJ

The LSPR scattering spectra were fitted with the use of a Lorentzian function

o (4)

depicted by equation (3) to determine the LSPR linewidth I' and the resonance
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frequency wres. First and second order derivative of the LSPR scattering spectra were

performed by the use of equations (5) and (6), respectively.
dIScat. — _(16A

do & )[4(60—(0 )2+F2T )

(w_a)res.)a)

dZISCat~ = _(16A] |:r2 _12(w_a)res' )zila)

2 2 3
deo i [4((0—(0) +F2}
| (6)
For every first and second derivation, the local maximum/maximum and
inflection points were extracted for peak energies analysis. The FWHM obtained

between the two inflection points were in good agreement with that of equation (3).

Changes of theComplex Dielectric Functions

The changes in the complex dielectric functions in the vicinity of single gold
bipyramids embedded local RI media used in this work is introduced by considering
Kramers-Kronig consistent Lorentz transformations®. In the light absorption and
scattering by small particles experiments, the real and imaginary parts of optical
properties that are frequency-dependent complex functions of the driving electric
field such as polarizability$, dielectric” and refractive index® are related. For instance,
in the positives frequencies ranges, the changes of real and imaginary parts of
complex polarizability functions can be break down in equation (7) and (8) expressed

by dispersion relations?, and are called Kramers-Kronig transformations?.

Qz.
P
7 j (7)
20 PjQ"f )dQ

xi(@)=- . P @®

Where Zi, X , @ Q and P indicate the frequency-dependent imaginary part,
the frequency-dependent real part, the angular frequency (2mc/A), a parameter
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related to the change in the absorption coefficient® and the principal value of the
integral, respectively. The frequency-dependent real and imaginary parts are
connected by integrations. This analytic property imposes a constraint on physically
realizable susceptibility/polarizabilities or others optical responses, since the optical
constants must satisfy Kramers-Kronig relation!® (or dispersion relations) to be
physicalll.In this relation, if the frequency-dependent real part is known over a
sufficiently large range of angular frequencies @, the frequency-dependent
Imaginary part can be obtained by integration, and vice versa, that is, one is the

derivative of another!2. The change of analytic relative frequency-dependent complex

dielectric function is then obtained by & =1ty

and integrals in equations (7) and (8)
relate area under the frequency-dependent imaginary part of the complex dielectric
or susceptibility/polarizability functions to shape of frequency-dependent real part of
the complex dielectric and vice-versal3. From the same theory (S1) it was inferred
from the Lorentzian form of both, scattering cross section and absorption cross section
that the real part of the dielectric function determines the plasmon resonance position
whereas the imaginary part governs the linewidth!.Therefore, using this dipole
approximation equation, we derived both the real and imaginary part. Indeed, in
analyzing the shift of the plasma resonance in the optical properties for small metal
particles!4?, L.Genzel and T.P Martin used the changes of frequency-dependent
complex dielectric functions in the local neighborhood of small metal particle
exhibiting a uniform mode plasmon resonance an given by the classical dipole
approximation through the one single Lorentzian oscillator dipole functions?!: 151, 6,
which analytically is given in equation (9) as a photon energy function.

A
E)=1- !
gl’( ) ;Eozj_E

+iFjE (9)

Where Aj, Eo, E and, I" denote oscillator strength, resonance photon energy,
photon energy and damping coefficient, respectively. The complex dielectric is
described as sum of different oscillators and the subscript j depicts the jth oscillator.
The energy-dependent imaginary part form of equation (3) is often referred to as
Lorentzian. Fundamentally, the Lorentz model assumes a physical model in which

the electron oscillates in viscous fluid!® and account the inter-band transition
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contributions. The phase and amplitude of electric dipole are obtained by equation

B TE
= tan (ﬁj
0 (10)

(10) and (c), respectively:
0,

dip

The amplitude of electric dipole:
1

[(EOZ—EZ)Z—FZEZJ; .

Approximately for the scattering first and second derivatives, the oscillator

Qjip =

phases of electric dipole were obtained by equation (d):

dlscat.
Im
5dip — tanfl _M ~ tar‘rl d—a)
Re[&' (a))] Iscat
(12)
The LSPR quality factor is obtained by the equation (13)
_|Rele(E)]|

LSPR —
Im[z(E)] (15

The second member of equation (12) is the phase-like in terms or derivations
for Lorentzian-like signal.

Noise Analysis

Unfortunately, noise-free data can never be realized in laboratory because
some types of noise arise from thermodynamic and quantum effects that are
impossible to avoid in a measurement!6, In traditional LSPR based sensing
experiment, monitoring shifts of the peak position in response to local refractive index
(RI) changes is limited by instrumental and chemical noise, due to the limited ability
of resolving minute shifts changes in the LSPR position peak and shape, so-called
broadening and asymmetry. Noise associated with our experiment data, especially
the LSPR scattering peak maxima depicted by capital B (Figure 2A,the first line),
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inflexion points A and C in the local air, water and oil RI media. As it can be seen

from the tables S1 and S2 the method did not propagate the noise significantly.
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Supporting Tables: Inflection points and LSPR locations on the curvatures

in various refractive indexes and sensitivities.

Single AuBPs- le 2e 30 40 5e 6+ Te 8¢ 9 10- | Ave. | Std. |

Inflection A (eV)e| 1.72+| 1.80¢| 1.69-| 1.79-| 1.85¢| 1.74-| 1.80~| 1.83-| 1.74~| 1.82+| 1.78- | 0.05¢ |

LSPR B (eV)~ 1.76¢| 1.84¢| 1.74¢| 1.84¢| 1.90¢| 1.78¢| 1.84¢| 1.87¢| 1.78¢| 1.86¢| 1.82¢| 0.05+}

Inflection C (eV)e| 1.79-| 1.88+| 1.78¢| 1.89+| 1.95-| 1.82-| 1.88-| 1.91-| 1.82+| 1.90-| 1.86- | 0.06¢ |

Table S1. Air
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Single AuBPs- le 2a 3e 4o 5 6 Tea 8¢ 9. 10- | Ave.r | Std.c
Inflection A (eV)e| 1.68¢ | 1.63¢ | 1.61¢ | 1.66¢ | 1.72¢ | 1.67 | 1.66¢ | 1.65¢ | 1.64¢ | 1.64¢ | 1.66¢ 0.03+

LSPR B (eV)e 1.72¢ | 1.66¢ | 1.67¢ | 1.69¢ | 1.77¢ | 1.70¢ | 1.69¢ | 1.68¢ | 1.68¢ | 1.67~ | 1.69¢ | 0.03¢
Inflection C (eV)«<| 1.75¢ | 1.70¢ | 1.73¢ | 1.72¢ | 1.81¢ | 1.74¢ | 1.73¢ | 1.72¢ | 1.71¢ | 1.71e | 1.73¢ 0.03-

Table S2. Water

Single AuBPs- Lo 2e 3e 4o 5S¢ 6+ Te 8¢ 9 10e | Ave.r | Std.-
Inflection A (eV)e| 1.54¢ | 1.57¢ | 1.47¢ | 1.57« | 1.54¢ | 1.54¢ | 1.56+ | 1.55¢ | 1.550 | 1.58~ | 1.55¢ 0.03-

LSPR B (eV)« 1.56¢ | 1.60¢ | 1.50¢ | 1.60« | 1.57« | 1.57¢ | 1.59¢ | 1.58+ | 1.58¢ | 1.61¢ | 1.58¢ | 0.03¢
Inflection C (eV)«| 1.59+ | 1.63+ | 1.532 | 1.63¢ | 1.60< | 1.60« | 1.62¢ | 1.62« | 1.60« | 1.64¢ | 1.61« 0.03~

Table S3. Oil

Single AuBPs- e 2¢ 3¢ 4o Se 6+ Te 8¢ 9 10- | Ave.r | Std.r
Slope at Inflection
A (eVRIU). 0.32¢| 0.45¢| 0410 | 0.420| 0.58-| 0.37¢| 0.46¢| 0.54-| 0.36¢| 0480 | 0.44- | 0.080¢
Slope at LSPR. B
0.360| 0.48¢| 0440 | 0472 | 0.61¢| 0.39¢| 0.48¢| 0.56¢| 0.38¢| 0.500| 047~ | 0.080¢
(eV-RIUY)e
Slope at Inflection
0.36 0.49 0.45 0.51 0.65 0.41 0.50 0.56 0.42 0.51 0.49 0.080
c (EV'R]U'I)J o o o a a a Bl o o o o Bl

Table S4. Sensitivities
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Scanning electron microscope (SEM) image of AuBPs (B) High energy transverse
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peak and low energy longitudinal peak of the absorption spectrum of an ensemble
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index medium.
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Figure S3. Plotted data of LSPR of single AuBPs (A) and their fitted curves (B),
First (C) and Second (D) derivatives and Scattering phases (E) for water refractive

indexes.
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Figure S4. Plotted data of LSPR of single AuBPs (A) and their fitted curves (B),
First (C) and Second (D) derivatives and Scattering phases (E) for oil refractive
indexes.
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Figure S5. Plotted data of Im[e(w)] (A), Re[e(w)] (B), Phase of dipole (C) and
Amplitude (D) for changes of complex dielectric functions for air refractive index.
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Figure S6. Plotted data of Im[e(w)] (A), Re[e(w)] (B), Phase of dipole (C) and
Amplitude (D) for changes of complex dielectric functions for water refractive index.
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Figure S7. Plotted data of Im[e(w)] (A), Re[e(w)] (B), Phase of dipole (C) and
Amplitude (D) for changes of complex dielectric functions for oil refractive index.
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CHAPTER 4: GENERAL CONCLUSION AND FUTURE WORKS

In conclusion, anisotropic single AuNPs and corresponding curvatures
of their LSPRs are utilized to investigate on the enhancement of the LSPRs
sensitivities. Two LSPR IF's, high and low sensitive with respect to the LSPR peak
maximum sensitivities are found. The LSPRs IF also showed useful characteristics
for probing the dispersive nature of tunable complex RI in the visible range. The
LSPR IFs probing the dispersive nature of tunable complex RI is undergoing further

Investigations.
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