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Abstract
Plasmonic nanoparticles support surface plasmon resonances that are sensitive to
the environment. Factors contributing to the refractive index sensitivity are explored
systematically through simulation, theory, and experiment. Particles small with respect
to the wavelength of light and with size parameters much less than 1 have optical
properties accurately predicted by quasi‐electrostatic theory while particles with larger
size parameters necessitate electrodynamics. A theory is developed that captures the
effects of geometry on the refractive index sensitivity with a single factor, plasmon band
location, and, although based on electrostatic theory, well predicts the sensitivity of
particles whose properties are beyond the electrostatic limit. This theory is validated by
high quality simulations for compact particles with shape parameters approaching 1
and, therefore, electrodynamic in nature, as well as higher aspect ratio particles that are
electrostatic. Experimentally observed optical spectra for nanorods immobilized on glass
and subjected to changes in n of the medium are used to calculate the sensitivity of the
particles, found to be well matched by a variation on the homogeneous plasmon band
theory. The separate electrostatic and electrodynamic components of plasmon band
width, are explored and the overall width is found to affect the observability of the
aforementioned sensitivity similarly within each particle class. The extent of the sensing
volume around a spherical particle is explored and found to vary with particle size for
iv

small particles. Through simulation of oriented dielectric layers, it is shown particles are
most sensitive to material located in regions of highest field enhancement. Variations on
seed‐mediated growth of gold nanorods results in spectra exhibiting a middle peak,
intermediate to the generally accepted longitudinal and transverse modes. Simulated
optical properties and calculated field enhancement illustrates the correlation between
geometry and optical properties and allows for identification of the middle peak.
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Introduction
Noble metal nanoparticles and nanoshells support surface plasmons at optical
frequencies, known as localized surface plasmon resonances (LSPs).[1, 2] The
frequencies and intensities of LSP resonances are known to be sensitive to the dielectric
properties of the medium,[3‐14] and, in particular, to the refractive index (RI) of matter
close to the particle surface.[3, 6, 7, 15‐19] The local nature of nanoparticle surface
plasmon RI‐sensitivity has led to the development of nanoparticles as biosensors.[16, 20‐
22] Nanoparticle biosensors consist of particles functionalized with target molecule
receptors whose LSP resonances are shifted, damped, or enhanced in the presence of
target molecules. There are many factors that contribute to the refractive index
sensitivity of plasmonic nanoparticles including geometry, composition, plasmon band
width, detection method and the presence of a substrate. The objective of the work here
is to systematically explore such factors through simulation, theory and experiment.
In Chapter 2, through fully electrodynamic calculations of optical spectra of a
range of nanoparticle shapes and sizes and quasi‐electrostatic theory, a relationship
between the sensitivity of the peak plasmon band location and the refractive index of the
medium is characterized and explained. The limit of validity of quasi‐electrostatic theory
in predicting the optical properties of nanoparticles has been investigated by many
groups. [2, 23‐26] In this work simulations are performed of particles in a range of sizes
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widely used in sensing, including those which require electrodynamic calculations to
capture the optical properties. For these particles, quasi‐electrostatic theory continues to
predict the refractive index sensitivity. The notion of tailoring nanoparticles for optimal
sensing of a particular analyte is addressed in Chapter 3 for the case of spherical
nanoparticles and nanoshells through an investigation of the sensing volume in these
systems. Additionally, the effect of laterally localized layers on the optical response of
spherical and non‐spherical nanoparticles is explored through simulated dielectric
layers in Chapter 4. There are several factors that may reduce the sensitivity or
observability of a nanoparticle based system, two of these, plasmon band width and the
effect of the particles being immobilized on a substrate, are dealt with in Chapters 5 and
6, respectively. Experimental results in Chapters 6 and 7 are products of our
collaboration with Sihai Chen, working with Ashutosh Chilkoti. The objective of
interrogating the effect of a dielectric substrate is to learn if the refractive index
sensitivities observed in experiment can be systematically explained as well as if the
trend can be captured by a modification of the homogeneous plasmon band theory.
Acknowledging that more complex systems and spectra, such as those in Chapter 6,
necessitate more complex analysis, multi‐peak spectra of a series of high aspect ratio
particles are presented in Chapter 7. Through observations of trends in complex optical
spectra and corresponding images of gold nanords, a series of hypotheses regarding
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three dimensional structure and high quality simulations are used to understand the
properties of these nanorods.
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1. Methods
1.1 Computational Methods
High quality calculations are used to simulate the optical properties of metal
nanoparticles of various shape and size. In all cases metal dielectric functions fit to
gold[27, 28] and silver[27] dielectric data are used in the calculations. For particles with
spherical symmetry Mie Theory accurately captures the optical properties. Mie theory
provides an exact description of the interaction of electromagnetic radiation with
spherically symmetric particles in a dielectric medium.[2] The theory is exact and
accurate insofar as the dielectric functions used to describe the material properly
describe the polarization properties of the particle. For metal particles small relative to
the electron mean free path, the wavelength‐dependent dielectric functions used to
calculate the polarizabilities are corrected from their bulk values to account for
additional damping of the plasmon excitations at a nanoparticle surface.[29, 30] The Mie
solution consists of scattering coefficients, ai or bi, for each mode (electric dipole,
magnetic dipole, electric quadrupole, etc) from which fields, cross sections, and
efficiencies can be calculated as a function of wavelength. As with solid nanospheres, the
extinction cross section of a nanoshell in light of a given vacuum wavelength, λ, has the
form
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C ext (λ ) =

2π
k2

∞

∑ (2i + 1) Re{a
i =1

i

+ bi }

Equation 1
where k is the magnitude of the wavevector in the medium, 2πn/λ. Whereas for solid
nanospheres, the coefficients, ai and bi , are determined by the particle radius, for
nanoshells, the coefficients are a function, also, of the inner radius, ri, of the shell.[31]
Single particle extinction cross sections are normalized by the geometric cross section,
Cgeom=πr2, yielding efficiencies, Qext = C ext C geom .
For solid spheres and spheres with complete shells of dielectric material in
Chapter 3, Mie Theory is used to calculate the optical spectra as written explicitly in
Bohren and Huffman.[2] The metal dielectric functions are size corrected and used as
input to the calculations. For the complete shells of dielectric material, a coated sphere
code from the same source is used with a wavelength independent dielectric constant
for the shell material.[2] This dielectric matter is non‐absorbing, meaning it has no
imaginary part in the dielectric constant. For the case of the more complex partial shells
found in Chapter 4, a freely available code, nMie[32, 33], that calculates optical spectra
using Mie Theory for particles with multiple shells. The code is modified so that
wavelength‐dependent dielectric functions can be used for the core particles or the shells
of material, enabling calculation of core‐shell particles consisting of a dielectric core
surrounded by a metal shell.
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For non‐spherical particles it is necessary to employ a different method to
calculate the optical spectra. Accurate electrodynamic responses to plane wave
excitations can be calculated for particles of arbitrary shape using any of a number of
time independent[34‐36] or time dependent[37, 38] methods. Here, we use a
computationally efficient, time‐independent method, the discrete dipole approximation
(DDA), as developed and implemented by Draine, Goodman, and Flatau.[35] The
validity of this method as implemented in this work is evaluated for a 13 nm diameter
gold sphere and compared to the results from Mie Theory. The plasmon band location
as found from a DDA calculation of the particle is within 5 nm of the band location
calculated by Mie Theory. More important for the work here, the sensitivity of the
plasmon band location to a change in refractive index as calculated from both methods
is identical, therefore we conclude that, for our purposes, the DDA results are validated
through comparison with Mie Theory.
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Figure 1: Comparison of optical spectra resulting from calculations using Mie Theory (solid lines) and the
DDA (dashed lines), of 13 nm diameter gold spheres in n=1.33 (black) and n=1.41 (red).

In the implementation of the DDA, a given particle is represented as a cubic
array of point dipoles, each with a polarizability determined by the particle dielectric
function and the lattice parameter of the computational grid. Lattice dipole
polarizabilities, αι, are corrected from the electrostatic values for a sphere with volume
equivalent to that of a lattice element, so as to yield wave propagation through the
computational lattice that is consistent with the dispersion relation of bulk metal. The
response of a particle to a monochromatic, electromagnetic wave is determined through
a self‐consistent solution of the coupled equations that determine the polarizations of the
lattice elements. Each lattice element polarization vector, Pi,

Pi = α i E loc (ri )
Equation 2
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is proportional to the local electric field, Eloc. Th local field, αi ‐1Pi, at a given lattice
position, ri, is a sum of the incident field and the fields of all the other polarizations,

α i−1 Pi = E o exp(ik ⋅ r ) − ∑ A ij ⋅ P j
j ≠i

Equation 3
where k is the wave vector of the incident light and Aij is a 3x3 tensor that determines
the contribution

A ij ⋅ P j =

⎫⎪
(1 − ikrij ) 2
exp(ikrij ) ⎧⎪ 2
rij P j − 3rij (rij ⋅ P j ) ⎬
⎨k rij × (rij × P j ) +
3
2
rij
rij
⎪⎩
⎪⎭

[

]

Equation 4
to the local field at dipole i due to the polarization, Pj, at location j. If a particle is
represented by N dipole elements, the N polarization vectors are determined by
simultaneous solution of 3N complex, linear equations. For particles in a dielectric
medium, the wavevector is k=2πn/λ, the electrodynamic response is determined by the
particle geometry and the dielectric contrast between the particle and the medium.
Extinction cross sections are calculated from the resulting polarizations as

C ext (λ ) =

4πk
E0

2

∑ Im{E
N

j =1

Equation 5
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*
inc , j

}

⋅ Pj .

Scattering cross sections are calculated by integrating differential scattering cross
sections

C sca (λ ) =

k4
E0

∫ dA ∑ [P
N

2

j =1

j

]

− nˆ (nˆ ⋅ Pj ) exp(− iknˆ ⋅ rj )

2

Equation 6
where n̂ is a unit vector in the scattering direction and dA is the element of solid angle.
The cross section for absorption is the difference, C abs = C ext − C sca , between the cross
section for extinction and the cross section for scattering. Cross sections are expressed as
efficiencies, Q p = C opt , p C geom , i.e. optical cross sections normalized by a geometric
cross section, C geom . Spectra are calculated for particles oriented with a long axis parallel
to the electric field of the incident light so that the longitudinal dipole mode is excited.
The geometric cross sections used for normalization are, nonetheless, the cross section of
an equal volume sphere.
For the particles investigated in Chapter 4, the orientation of the particle relative
to the polarization of light is an important factor. For a given orientation of the particle,
defined by rotation angles, β, θ, and ϕ relative to a ‘lab’ frame (defined by the
propagation, k, electric field, E, and magnetic field, B, directions of the incident light),
the extinction cross section is calculated from the resulting polarizations (Equation 4) as
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C ext ( β , θ , ϕ ) =

4πk
Eo

2

∑ Im(E
N

j =1

*
inc , j

⋅ P j ( β ,θ , ϕ )

)

Equation 7
and expressed as an efficiency, Qext ( β ,θ , ϕ ) = Cext ( β ,θ , ϕ ) C geom , i.e. optical cross
sections normalized by the geometric cross section, C geom . In this work, the cross section
used for normalization is the cross section of a sphere of volume equivalent to that of the
bare nanoparticle, whether or not a dielectric shell is present. Scattering efficiencies,

Qsca ( β ,θ , ϕ ) = C sca ( β ,θ , ϕ ) C geom , are calculated either by integrating differential
scattering cross sections[39], or from extinction and absorption cross sections,

C sca ( β , θ , ϕ ) = C ext ( β , θ , ϕ ) − C abs ( β , θ , ϕ )
C abs ( β , θ , ϕ ) =

4πk
Eo

2

⎧
∑ ⎨⎩Im(P (β ,θ , ϕ ) • (α ) P
N

j =1

j

−1 ∗
j

*
j

)

2⎫
2
( β ,θ , ϕ ) − k 3 P j ( β ,θ , ϕ ) ⎬
3
⎭

Equation 8.
Spectra for ensembles of randomly oriented particles are calculated by
integrating spectra of single particles at fixed orientations over all relevant orientations
of the particle with respect to the frame of the incident field. For particles with full
rotational symmetry around a symmetry axis, u, particle orientation is independent of
rotation, β, around the axis, u, and all distinct particle orientations relative to the lab
frame are described by the pair of polar angles, θ and φ, that orient u in space.
Efficiencies, Qext , Qabs , and Qsca , are thus functions of two angles, only. Spectra for
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ensembles of randomly oriented particles are calculated by averaging spectra of particles
fixed in space over all orientations, θ and φ, thus,

Q =

1
4π

1

2π

−1

0

∫ d cosθ ∫ dφQ(θ , φ )

Equation 9
or alternatively, through linear combination of spectra of orthogonally oriented
particles.
In all cases, on a cubic grid with a lattice constant equal to 1 nm. The DDA with a
1 nm lattice constant has been shown to yield accurate results for metal nanospheres in
water.[40] The particles investigated through DDA are non‐spherical and therefore
convergence of the results is tested. The particles, cylinders, disks, nanorectangles have
sharp corners or flat edges that are difficult to approximate with an array of dipoles as in
the DDA. Increasing the number of dipoles and therefore decreasing the lattice spacing
will “sharpen” the corners by decreasing the radius of each dipole that is a part of the
target, but the corners will never be exact due to the approximation method used in the
DDA and therefore we do not expect to see convergence of the plasmon band location
even with a very small lattice constant. Working within the constraints inherent to the
DDA method the test of convergence necessary for the work here is that of the refractive
index sensitivity of the particles. Although the plasmon band location continues to move
with a decrease in the lattice constant, the change is small and therefore the refractive
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index sensitivities remain nearly constant. Since our goals are not to match specific peak
position to experimentally observed particles but rather to predict refractive index
sensitivities, the results are found to be converged for a lattice spacing of ~1.0. In Figure
2, optical spectra of a 20x5x5 nm nanorectangle in the presence of a 20 nm thick substrate
(as in the non‐embedded substrate in Figure 54), are shown for two lattice parameters.
As expected, the plasmon band location is not converged since plasmon band locations
are sensitive to the shape of the particle, something that changes slightly with a decrease
in lattice parameter, but calculations of the refractive index sensitivity result in similar
sensitivity values.

Figure 2: Convergence of simulated spectra of a 20x5x5 nm nanorod with square cross section in contact
with a n=1.5 substrate extended 20 nm below the particle and 20 nm away from the edges in n=1.0 (black)
and n=1.33 (orange).
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The simulations in this work are calculated with the 5a version of the DDA
code.[41] Non‐size corrected metal dielectric functions parametrized as shown in
Chapter 6 are used as inputs as well as non‐wavelength dependent dielectric constants
for the partial shells on spherical particles in Chapter 4 we well as the partial and full
shells for non‐spherical particles in the same chapter and the substrate approximation
found in Chapter 6. To calculate the optical spectra for all of the shapes and sizes of
particles, a target file is generated for each particle. For the cases involving partial shells
or substrates in contact with the particle, modifications to the existing target generation
files were made. All other parameters are as set by default with the program.

1.2 Experimental Methods
1.2.1 Preparation of gold nanorods
In Chapter 6, we present gold nanorods synthesized by our collaborators using
two different methods. First, rods with aspect ratios between 1 and 4.7 are synthesized
according to El‐Sayed et al. [42] Nanorods of aspect ratios greater than 5 use the method
originally reported by Mulvaney et al .[43] Both methods are seed mediated growth in
which gold seed particles are added to a growth solution containing a metal salt. In all
cases glassware is thoroughly cleaned with aqua regia (1:3 volume ratio of HNO3:HCl),
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rinsed extensively with Milli Q water (>18 M Ω resistivity) and dried in an oven before
use. Unless otherwise noted, chemicals are purchased from Sigma‐Aldrich.
For the lower aspect ratio rods, the gold seeds used as an initiator in the
nanoparticle growth mechanism are prepared by adding 0.6 mL of 10 mM ice cold
NaBH4 into a mixture of 10 mL of 100 mM Cetyltrimethylammonium bromide (CTAB,
99%) and 0.25 mL of 10 mM hydrogen tetrachloroaurate trihydrate (99.9+%
HAuCl4•3H2O) under stirring for 2 min. The growth solution is prepared by taking 100
mL of 100 mM CTAB and sequentially adding 5 mL of 10 mM HAuCl4, 0.85 mL of 100
mM ascorbic acid (99+% L‐ascorbic acid), and 0.4 – 1.2 mL of 10 mM silver nitrate
(AgNO3, 99.998%), mixing after each addition. The amount of silver nitrate added to the
solution controls the aspect ratio of the nanorods. Finally 0.12 mL of the prepared gold
seeds is added to initiate the reaction.
The higher aspect ratio rods are made in a similar manner. Gold seeds used in
this method are prepared by adding 0.3 mL of 10 mM ice cold NaBH4 into a mixture of
20 mL of 0.25 mM sodium citrate (99%, EMScience) and 0.25 mL of 10 mM HAuCl4 while
stirring. After 30 seconds of stirring the mixture is heated at 40 – 45oC for 15 min. The
growth solution is prepared by sequentially mixing 8 mL of 100 mM CTAB with 90.75
mL water, 1.25 mL of 10 mM HAuCl4 and 0.25 mL of 100 mM ascorbic acid. Finally 0.01
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– 0.1 mL of gold seed particles is added to initiate the reaction. For these higher aspect
ratio rods, the amount of seed controls the aspect ratio of the resulting rods.
All prepared nanorods are purified four times by centrifugation (Beckman J2‐21)
at 6000 rpm for 30 min. After each centrifugation step, the supernatant is removed and
the remaining particles are resuspended in water. A UV‐visible spectrophotometer
(Cary 300Bio, Varian Instruments) is used to characterize the extinction spectra of the
nanoparticles from 400 to 900 nm. A UV‐Vis‐NIR spectrophotometer (UV‐3600,
Shimadzu) is used for characterizing the extinction spectra for the higher aspect ratio
rods which necessarily have plasmon resonances beyond the range of the UV‐Vis
spectrophotometer. The mean diameter and aspect ratio, defined as the ratio of the
major to minor axis, is determined by transmission electron microscopy (TEM). Grids
are prepared by allowing a 5 μl droplet of purified nanoparticles to dry onto a Formvar‐
carbon coated copper grid and are then imaged on a Hitachi HF‐2000 TEM at an
acceleration voltage of 200 kV and a current of 51 μA.
In order to conduct studies of the sensitivity of the gold nanorod plasmon
resonance location to a change in the refractive index of the medium it is necessary to
immobilize the particles on a substrate. Glass slides are surface modified with APTES (3‐
aminopropyltriethoxysilane, Gelest) in order to adsorb the purified gold nanoparticles
onto the surface. The specifics of this surface modification technique have been
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described previously.[44] Briefly, glass cover slips cleaned using both detergent and acid
are immersed in a 10% (v/v) solution of APTES in anhydrous ethanol for 15 min, rinsed
five times in ethanol with sonication, and dried at 120°C for 3 h. The prepared slides are
immersed in the purified gold nanorod solution for 24 hours under reduced pressure to
form a monolayer of nanorods.

1.2.2 Preparation of multi-peak gold nanorods
For the particles described in Chapter 7, the following synthesis is used. Eleven
batches of gold nanoparticles were prepared by reduction of gold salt in the presence of
gold seed particles. The preparative procedures were based on the Nikoobahkt
variation[42] of the seeded growth method[45, 46]. The individual preparations used
gold

seeds

at

concentrations

that

spanned

three

orders

of

magnitude.

Cetyltrimethylammonium bromide (99%, CTAB), hydrogen tetrachloroaurate trihydrate
(99.9+%, HAuCl4•3H2O), L‐ascorbic acid (99+%), AgNO3 (99.998%), NaBH4 (99%), and
nitric acid (70%) are purchased from Sigma‐Aldrich while HCl (37%) is obtained from
EMD. All glassware is thoroughly cleaned with aqua regia (1:3 vol/vol HNO3/HCl),
rinsed extensively with Milli Q water (>18 M Ω resistivity) and dried in an oven before
use. Gold seeds are prepared by adding 0.6 mL of 10 mM ice cold NaBH4 into a mixture
of 10 mL of 100 mM CTAB and 0.25 mL of 10 mM HAuCl4 while stirring. Stirring is
continued for 2 min. The growth solution is composed of 6.5×10‐2 M CTAB, 2.5×10‐3 M
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HAuCl4, 1.1×10‐4 M AgNO3, and 5×10‐3 M ascorbic acid. Ten dilutions of seed solution
from 2‐fold to 1000‐fold were prepared from the seed stock solution. For each
preparation, x ml of one of the eleven seed solutions was added To x ml of growth
solution. The concentrations of seed are: 5.2 ×10‐8 M (Figure 63A), 1.3 ×10‐7 M, 2.6 ×10‐7
M(Figure 63B), 5.2 ×10‐7 M, 1.3 ×10‐6 M(Figure 63C), 2.6 ×10‐6 M, 5.2 ×10‐6 M(Figure 63D),
1.0 ×10‐5 M, 1.6 ×10‐5 M(Figure 63E), 2.6 ×10‐5 M, and 5.2 ×10‐5 M(Figure 63F).
The particles were characterized by transmission electron microscopy (TEM) and
absorption spectroscopy. Extinction spectra were collected at wavelengths between 400
to 900 nm using a UV‐visible spectrophotometer (Cary 300Bio, Varian Instruments).
Samples were prepared for TEM by dropping 5 μl of a suspension of the gold
nanoparticles onto a Formvar‐carbon coated copper grid and air drying. EM images
were collected using a Hitachi HF‐2000 TEM at an acceleration voltage of 200 kV and a
current of 51 μA.

1.2.3 Silver nanorods
Silver nanorods are presented in Chapter 7 and are synthesized with a seed
mediated method originally presented by Murphy et al.[47] This seed mediated
approach uses citrate stabilized silver seeds in conjunction with a growth solution
containing silver salt and a surfactant which caps the particles. Briefly, 20ml of silver
seed solution was prepared by reduction of silver in a solution with a final concentration
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of 0.25 mM silver nitrate (AgNO3, Sigma Aldrich) and 0.25 mM tri‐sodium citrate
(Fisher, enzyme grade) in deionized water (Milli‐q water, >18mΩ resistivity). This
solution was stirred while 0.6 mL of 10 mM sodium borohydride (NaBH4, Sigma
99.995%) was added rapidly. Stirring was continued for 30 seconds. The mixture was
heated on low heat for 3‐5 minutes to ensure all of the NaBH4 was used. Seeds were
aged for at least 2 hours and used within the next 2 hours. The growth solution was
prepared, in a clean, clear glass bottle, by mixing, in order, 0.25 mL of 10 mM AgNO3,
0.5mL of 100mM ascorbic acid (L‐ascorbic acid, Sigma), and 10 mL of 80mM
hexadecyltrimethylammonium bromide (CTAB, Sigma, >99%), inverting the bottle after
each addition to ensure the components are mixed. To this solution, different amounts of
seed particles were added, either 0.5, 0.25 or 0.125 mL. Finally, to initiate the reaction, 0.1
mL of 1M sodium hydroxide (NaOH, Sigma) is added and the mixture is swirled several
times to mix. The mixture was left overnight in an uncovered water bath at 29 degrees
Celsius. The resulting silver particles were characterized by optical spectroscopy and
TEM using the same instrumentation as was used to characterize the gold rods
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2. Bulk Refractive Index Sensitivity
2.1 Introduction
Noble metal nanoparticles and nanoshells support surface plasmons at optical
frequencies, known as localized surface plasmon resonances (LSPs),[1, 2] the frequencies
and intensities of which known to be sensitive to the dielectric properties of the
medium,[3‐14] and, in particular, to the refractive index (RI) of matter close to the
particle surface.[3, 6, 7, 15‐19] The local nature of nanoparticle surface plasmon RI‐
sensitivity has lead to the development of nanoparticles as biosensors.[16, 20‐22]
Nanoparticle biosensors consist of particles functionalized with target molecule
receptors whose LSP resonances are shifted, damped, or enhanced in the presence of
target molecules. These changes in the nanoparticle optical properties signal the
presence of target molecules. The magnitude of nanoparticle response to a local RI
change is a function of the thickness of the layer displaying RI contrast and of the
sensitivity of the resonance to changes in the RI of the bulk environment.
Measurements and simulations of nanoparticle LSP resonance sensitivity to both
bulk and local refractive index, n, are ongoing in many groups.[1‐22, 48] In general,
plasmon resonances have been found to shift to the red as n is increased. More
specifically, for a variety of nanoparticles, the peak wavelength, λ * , has been found to
increase linearly with n. [3‐5, 7‐10, 48] However, the peak wavelength sensitivities of
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plasmons supported by nanoparticles of various sizes, shapes, and compositions differ
greatly.[4, 8, 10] Considering only the RI‐sensitivities of the lowest energy, dipolar
resonances, values of dλ * dn ranging from tens to hundreds of nanometers have been
observed for various nanoparticles, such as nanotriangles,[4, 7, 17] nanoplates[5],
nanorods[48] nanospheres[9, 16] and nanoshells[9, 10], with high aspect ratio particles
and thin nanoshells having the higher sensitivities. While, for particles of a given
structural class (i.e. rods, nanoshells), the dependence of dλ * dn upon structural
parameters is fairly well documented, there are no existing explanations for the
relationships between the refractive index sensitivities of resonance location across
particle classes. In our group, we use accurate electrodynamic calculations of
nanoparticle spectra and investigate the sensitivity of dipolar LSP resonance peak
location to changes in bulk refractive index for several particle classes, with the goal of
discovering principles that control sensitivity and developing tools that can be used to
predict it. These results give an upper bounds for the local sensitivity so important for
biomolecule sensing.
The refractive index sensitivities investigated here are the sensitivities of
plasmon band location, as manifest in extinction spectra. The extinction cross section,
Cext, of a particle is proportional to the imaginary part of the particle polarizability, α,
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C ext = 4πk Im{α }
Equation 10
where k is the magnitude of the wavevector in the medium, 2πn/λ. For all particles, the
resonance whose sensitivity was investigated was the lowest energy dipolar mode,
which for nanocylinders is a longitudinal mode and for nanodisks is an in‐plane mode.
Sensitivities of the resonance peak location to refractive index were determined by
calculating extinction spectra of particles in two media, water (n=1.33), and a higher
index (n=1.41) medium representative of biomatter. The particles considered are small
relative to the wavelength of light, i.e. have size parameters, ka (a, the radius of an
equivalent volume sphere), at resonance less than 1, and in most cases, substantially less
than 1. While most of the particles are large enough to require electrodynamic theory to
accurately predict their resonant behavior, and all spectral simulations and sensitivity
calculations were performed using accurate electrodynamic methods, quasistatic
analysis was used to interpret the results. Within each particle class, sensitivities were
calculated for particles of various aspect ratios.
Spectral simulations were performed using electrodynamic methods appropriate
to the particle shape. The spectra of spherical nanoshells were calculated using Mie
theory, which is exact for particles with spherical symmetry. The spectra of
nanocylinders

and

nanodisks

were

calculated
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using

the

discrete

dipole

approximation[49, 50] (DDA) on a cubic grid with a lattice constant equal to 1 nm. The
DDA with a 1 nm lattice constant has been shown to yield accurate results for metal
nanospheres in water.[40] All spectra were calculated using optical ‘constants’ from
Palik.[51] The sensitivity of the peak wavelength of the plasmon band to bulk refractive
index is determined by taking the difference between peak wavelengths of the plasmon
band of particles in media of refractive index, n, equal to 1.41 and peak wavelengths for
particles in media of refractive index n, equal to 1.33.

2.2 Nanorods
Rod‐like nanoparticles support longitudinal, dipolar LSP resonances with
natural frequencies that are strongly dependent upon aspect ratio. Rods with higher
aspect ratios have been observed to support resonances at lower frequencies that are
excited by light of longer wavelength.[42, 46, 52, 53] Calculated spectra for three gold
nanocylinders, 20 nm in diameter and with aspect ratios (length to diameter) of 2, 2.5,
and 3, are illustrated in Figure 3. Resonant wavelengths, λ*, for the cylinders in water
(blue lines) vary from 660 nm to 780 nm. The resonant wavelengths for these cylinders
and two lower aspect ratio cylinders are plotted (solid circles) as a function of aspect
ratio in Figure 4. The lowest aspect ratio cylinder has a height smaller than the diameter
and is therefore disk‐like in shape but is illuminated along its longitudinal axis and
therefore behaves like a cylinder and is included here. Sensitivities of the peak
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wavelengths to the refractive index of the medium were determined by calculating
spectra of the particles in two media, with refractive indices, n, equal to 1.33
(corresponding to water) and 1.41 (corresponding to organic matter with a dielectric
constant of 2), and approximating the derivative, dλ * dn , with the ratio of variations,

Δλ * Δn . The effect of this small variation in the refractive index of the medium on the
nanocylinder spectra is illustrated in Figure 3 and summarized (hollow circles) in Figure
4. Band shifts induced by the 0.08 variation in refractive index vary from 11 nm for a
short ‘cylinder’ with an aspect ratio of 0.6 to 35 nm for a cylinder with an aspect ratio of
3.0. The dependence on aspect ratio of both the resonant wavelength and the sensitivity
of the resonant wavelength to bulk refractive index of the medium is linear for particles
in this size range, ie with size parameters, ka, less than 0.18, where a is the radius of a
sphere of equal volume. Note that the short ‘cylinder’ (20 nm diameter, 12 nm height) is
disk‐like in shape and is excited transverse to its longest dimension, but is included here
because the monitored excitation is parallel to the axis of rotational symmetry, as are the
longitudinal resonances of the true cylinders whose behavior is summarized here.
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Figure 3: Extinction spectra, calculated using DDA, of gold nanocylinders in two media. 40 x 20 nm
cylinders (solid line), 50 x 20 nm cylinders (dashed line) and 60 x 20 nm cylinders (dotted line) in n = 1.33
medium (blue) and n = 1.41 medium (red).
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Figure 4: Peak plasmon wavelength (solid circles) and sensitivity of peak wavelength to the refractive
index of the medium (open circles) for 20 nm diameter gold cylinders including the ones for which spectra
are plotted in Figure 3 and a low aspect ratio ‘cylinder,’ 20 nm in diameter and 12 nm high.

2.3 Nanodisks
Another class of metal nanostructures whose plasmonic properties and LSP
resonance

sensitivities

have

been

investigated

are

the

nanoplates,

such

as

nanotriangles[4, 7, 17] and nanodisks.[5] Here, we consider the refractive index
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sensitivities of the in‐plane dipole resonance of gold nanodisks of various aspect ratios,
where aspect ratio is defined as the ratio of diameter to height. Extinction spectra of
disks in water were calculated for disks with aspect ratios varying from 1.67 to 10, and
size parameters at resonance between 0.13 and 0.26. Extinction spectra for disks of
aspect ratio 2.5, 3.3, and 4.2 are shown in Figure 5. Peak wavelengths for a larger group
of disks in water are shown in Figure 6 as solid squares. As expected, the in‐plane dipole
resonance peaks at longer wavelengths for nanodisks of higher aspect ratio. Peak
wavelength sensitivities to refractive index (open squares), derived from spectra
calculated at refractive indices 1.33 and 1.41 (Figure 5), are also shown in Figure 6. For
disks in this size range, both peak wavelength sensitivities and peak wavelengths
increase approximately linearly with aspect ratio.

Figure 5: Extinction spectra of gold nanodisks in two media. Spectra are shown for 30 x 12 nm disks (solid
lines), 40 x 12 nm disks (dashed lines) and 50 x 12 nm disks (dotted lines) in water (n = 1.33, blue) and a
biomolecule medium (n = 1.41, red).
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Figure 6: Structural dependence of the peak particle plasmon wavelength (solid squares) and of the
sensitivity of the peak wavelength to bulk refractive index (open squares) for the 12 nm thick disks for
which spectra were plotted in Figure 5 as well as for 20 x 10 nm, 20 x 12 nm and 60 x 12 nm disks.

From these sensitivity studies it is apparent that, for nanocylinders and
nanodisks with size parameters less than 0.26, the sensitivity of the wavelength of the
lowest energy, dipolar resonance to refractive index of the medium increases with aspect
ratio and is strongly correlated with the peak wavelength of the resonance, which also
increases with aspect ratio. The nature of the correlation is captured in Figure 7, where
sensitivity is plotted as a function of peak wavelength for both classes of particles. For
these nanostructures, whose low energy dipolar resonances extend from 550 nm
through the red end of the visible spectrum, the sensitivity of the resonant wavelength
to bulk refractive index increases linearly with resonant wavelength and is independent
of particle class.
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Figure 7: Sensitivity of LSP peak wavelength to bulk refractive index as a function of peak wavelength for
gold nanodisks (squares) and cylinders (circles) of size parameter less than 0.26. Cylinders and disks are as
in Figure 4 and Figure 6 with the addition of a high aspect ratio, ultrathin 60x6 nm disk.

2.4 Analytical Approximation
In search of an explanation for the structural independence of the refractive
index sensitivity of the LSP resonance band position and its linear dependence on band
position, we have developed an approximate analytical expression for the sensitivity,

dλ * dn , of the resonance wavelength to the refractive index of the medium based upon
quasistatic theory. The refractive index sensitivity of the resonance is determined by the
same two relations that determine the wavelength, λ * , of the plasmon peak, namely the
resonance condition, which, for a given particle structure, determines the real part, ε '* ,
of the dielectric function at resonance given n, and the wavelength dependence of the
dielectric function, which determines λ * given ε '* .
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dε '*
dλ *
dn
=
dn
⎛ dε ' (λ ) ⎞
⎜
⎟
⎝ dλ ⎠ λ *
Equation 11
According to this relation, the refractive index sensitivity of the peak wavelength is
inversely proportional to the slope of the real part of the particle dielectric function and
is otherwise determined by the refractive index dependence of the resonance condition.
For solid particles much smaller than the wavelength of light, the polarizability is
approximated by the quasi‐static polarizability,

α=

ε − n2
3V
4π n 2 + L(ε − n 2 ) ,
Equation 12

where ε (= ε '+iε ' ' ) is the particle dielectric function, n is the refractive index of the
solvent, L is the shape‐dependent depolarization parameter, and V is the volume.[2]
Resonance occurs at poles of the polarizability. At wavelengths where the imaginary
part, ε ' ' , of the metal dielectric function is small or slowly varying, the pole of the
polarizability is found by setting the real part of the denominator of Equation 12 to zero.
The resulting resonance condition
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⎛1− L ⎞
Re{ε *} = −n 2 ⎜
⎟
⎝ L ⎠
Equation 13
determines the value of the real part of the dielectric function at resonance. For the case
of a sphere, the shape parameter, L, equals 1/3, and Equation 13 reduces to the familiar
relationship Re{ε *} = −2n 2 , or ε '* = −2n 2 where ε '* = Re{ε *}. For the general case, we
define another shape‐dependent parameter, χ ,

1 ⎛1− L ⎞
⎟
2⎝ L ⎠

χ= ⎜

Equation 14
such that the resonance condition assumes a shape‐parametrized form,

ε '* = −2 χn 2 .
Equation 15
χ is 1 for a sphere and greater than 1 for other particles with larger aspect ratios and
smaller depolarization parameters. Higher order modes satisfy resonance conditions of
the form of Equation 15, with other values of χ.
The resonance condition influences the sensitivity of the peak wavelength to the
refractive index of the medium through its derivative with respect to n,

dε '*
= −4 χn .
dn
Equation 16
29

The relation can be rewritten as

dε '* 2
= ε '*
dn
n
Equation 17
such that Equation 11 becomes

dλ *
2ε '*
=
dn
⎛ dε ' (λ ) ⎞
n⎜
⎟
⎝ dλ ⎠ λ *
Equation 18
and the explicit shape‐dependence of the resonance condition is eliminated from the
sensitivity

expression.

Alternatively,

Equation

18

can

be

expressed

as

n dλ * dn = 2ε ' (dε ' (λ ) dλ )λ * . When the sensitivity is expressed as sensitivity to relative
change in n it clearly is proportional to the ratio of the real part of the dielectric function
at resonance to the slope of the real part of the dielectric function. Equation 18 can be
evaluated by direct evaluation at each wavelength of the real part of the dielectric
function and its slope or by substitution of parametric expressions for these quantities.
For particles composed of noble metals, two parametrizations suggest
themselves, one based upon Drude theory and one that captures the apparent linear
nature of the wavelength dependence of ε ' in the visible range to the red of the small
particle limit of the plasmon resonance. True free electron metals have dielectric
functions that vary quadratically with wavelength. Introduction of a parameter, ε ∞ , that
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models the high frequency limit of the optical dielectric function, leads to an extension
of the Drude model to a physics‐based, Drude‐like form for the real part of the dielectric
function

ε'= ε∞

⎛ λ
−⎜
⎜ λp
⎝

⎞
⎟
⎟
⎠

2

Equation 19
that could be expected to provide a good description of the noble metal ε ′ over a broad
range of wavelengths. As demonstrated by Mulvaney,[11] Equation 19 with parameters
12.2 and 131 nm for ε ∞ and λ p , respectively, provides a good fit to the real part of the
gold dielectric function provided by Palik [51, 54, 55] in the particle plasmon part of the
visible range, as illustrated in Figure 8a.
Using this Drude‐like model for the dielectric function, others have investigated
the dependence of the peak wavelength on refractive index for noble metal
nanoparticles in dielectric media using expressions other than that of Equation 18.[4, 11,
19] In this work, the Drude‐like fit is used to parametrize the refractive index sensitivity,
through substitution of the Drude form for ε ′ , Equation 19, and its derivative

2
dε '
=−
dλ
λp

⎛ λ
⎜
⎜ λp
⎝

Equation 20
into Equation 18, such that
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⎞
⎟
⎟
⎠

2

dλ * λ * λ p ε ∞
=
−
dn
n
λ* n .
Equation 21
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Figure 8: Real and imaginary parts of the dielectric function of gold showing the (a) quadratic fit [11] to the
real part in the visible range and its extrapolation into the near-IR (Equation 18) and (b) the linear fit to the
real part and its extrapolation into the near-IR (Equation 22).

Alternatively, for each noble metal, in the part of the visible range to the red of
the small particle limit to the LSP frequency, the real part of the dielectric function varies
nearly linearly with wavelength and can be approximated using two parameters, m and
b, as

ε ' ≈ mλ + b .
Equation 22
where m =

dε ' (λ )
is the slope. For wavelengths between 500 and 800 nm, the real part
dλ

of the gold dielectric function[51] can be fit with the linear form (Equation 22) using 34
and ‐0.072 for b and m, respectively.[11] Substitution of the linear form of the dielectric
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function into Equation 18 yields an expression for the refractive index sensitivity of the
plasmon peak wavelength,
dλ * 2
2 b
= λ *+
dn
n
nm

Equation 23
that is linear in peak wavelength, λ * . The slope, 2 / n , and intercept, 2b / nm , that
parameterize the linear form are determined exclusively by the refractive index of the
medium, n, and the linear parameterization, b and m, of the dielectric function of the
nanoparticle.
A comparison (Figure 9) of the match between the sensitivities derived from
accurate electrodynamic calculations and analytic sensitivities (Equation 18) derived
from sensitivity theory and evaluated using quadratic (Equation 19) or linear (Equation
22) descriptions of the dielectric function reveals that, whereas the analytic sensitivity
expression that incorporates the linear fit (Equation 23) provides remarkably accurate
estimates of the calculated refractive index sensitivities of plasmon bands in the visible,
sensitivity theory based upon the quadratic approximation (Equation 21) provides
significantly less accurate estimates of the same sensitivities for particles with resonance
wavelengths in the visible range within which the rms error in the fits is small.
Specifically, use of the quadratic approximation as parametrized above[11] leads to
modest overestimation of the sensitivities of bands at wavelengths below 600 nm and
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more significant underestimation of the sensitivities of bands that occur at higher
wavelengths. The differences between estimated sensitivities follow directly from
differences in slope of the dielectric function, dε ' (λ ) dλ , according to the two
parametrizations. At wavelengths in the visible below 600 nm, the quadratic fit yields a
slope that is slightly too small and, thus, a sensitivity, dλ * dn , that is too large.
Inspection of the full, complex, dielectric function in this range indicates that interband
absorption increases the susceptibility of the metal at the low end of the wavelength
range of interest, making the real part of the dielectric function less negative and
linearizing its wavelength dependence. At higher wavelengths, the quadratic fit of ε ' (λ )
has a slope, − 2λ λ 2p , that overestimates the slope of the dielectric function and thus
underestimates the refractive index sensitivity. Thus, as errors in the fit, while small, are
systematic, they lead to significant errors in the sensitivity, by virtue of the latter’s
dependence upon slope. Given the nature of the bound electron contribution to the gold
dielectric function, successful parameterization of ε ' (λ ) in the region of interest requires
inclusion of a term linear in wavelength.
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Figure 9: Sensitivity of peak wavelength to bulk refractive index for cylinders (circles), disks (squares) and
the linear analytic approximation given by Equation 23 (solid line) and that given by the quadratic
approximation in Equation 21 (dash-dot line).

The close match between the accurately calculated sensitivities and the analytical
estimates based upon quasi‐electrostatic theory suggest that the analytical expression
(Equation 23) for the refractive index sensitivity is valid under a broader range of
conditions than those under which quasi‐electrostatic theory is valid. If so, then the
subsuming of the geometry dependence of the sensitivity in the geometry dependence
of the band location is a broadly applicable result. From the derivation of the analytical
results, it is clear that, apart from material properties, the refractive index sensitivity of
the LSP sensitivity is determined by the structure of the resonance condition and its
derivative with respect to refractive index.
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2.5 Nanoshells
Having established that, among solid, single component nanoparticles much
smaller than the wavelength of light at resonance, the refractive index sensitivities of
resonances are determined by the position of the plasmon band, and otherwise
independent of particle shape, we became interested in understanding the extent of
applicability of the result. In particular, we sought to determine whether the shape
independence of the refractive index sensitivities of solid particles extends to nanoshells.
Spherical nanoshells, like the solid nanoparticles considered above, have dipolar
resonances that are tunable through the visible and near IR spectrum[56‐58] and high
sensitivities to local refractive index that are desirable in refractive index‐based
biomolecule sensing.[10, 20, 56, 57, 59] Spherical gold nanoshells on gold sulfide cores
have been shown to have higher peak wavelength sensitivity to solvent refractive index
changes than solid nanoparticles of the same size.[13] While spherical nanoshells with
solid dielectric cores have more tunable parameters (two radii and a core dielectric
constant) than do the other nanoparticles considered here and, thus, may display a
richer range of sensitivity behaviors, hollow nanoshells have the same number of
tunable parameters as solid disks and cylinders. We considered both nanoshells on solid
dielectric cores and hollow nanoshells.
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The refractive index sensitivity of gold nanoshell resonances were investigated
using Mie theory.[2] As with the solid particle sensitivity study, the sensitivities of the
peak wavelength to the refractive index of the medium were determined by comparing
peak wavelengths of spectra calculated for particles in media of refractive index, 1.33
and 1.41. Initially, we examined the refractive index sensitivities of nanoshells with solid
cores of refractive index, nin = 2.332, representative of nanoshells with gold sulfide cores.
Spectra and sensitivities were calculated for nanoshells with diameters between 10 and
40 nm and aspect ratios between 0.25 and 0.83, where aspect ratio is defined as the ratio
of core radius to shell radius. Spectra in both media for three of the particles are shown
in Figure 10. Particle geometries are specified by r1/t where r1 is the radius in nm of the
core (inner radius of the shell) and t is the thickness in nm of the shell. As has been
previously documented,[57, 60] particles with larger aspect ratios, r1/( r1+t), i.e. thinner
shells, have plasmon bands located at longer wavelengths. The red shifts associated with
increments of 0.08 in the refractive index increase from 8 nm for the low aspect ratio
(thick shelled) nanoshells to 17 nm for the high aspect ratio (thin shelled) nanoshells.
Resonant wavelengths of the nanoshells in water as a function of aspect ratio are
summarized in Figure 11 (solid triangles). Among particles with aspect ratios below two
thirds, resonant wavelength increases approximately linearly with aspect ratio; among
particles with higher aspect ratios, the resonant wavelength increases more rapidly.

37

Figure 10: Extinction spectra of gold nanoshells on gold sulfide cores in two media calculated using Mie
theory. Nanoshells: 5/15 nm (solid lines), 15/15 nm (dashed lines) and 15/5 nm (dotted lines) in media of
refractive index n=1.33 (blue) and n=1.41 (red).

λ* and Δλ∗/Δn

1000
800
600
400
200
0
0

0.2

0.4

0.6

0.8

1

Aspect Ratio
Figure 11: Dependence on aspect ratio of Au/Au2S nanoshell plasmon peak (solid triangles) and the
sensitivity of the plasmon band location to refractive index of the external medium (open triangles). The
Au2S core has a refractive index of 2.332. Nanoshells with plasmon peaks and peak sensitivities to
refractive index that depend weakly upon aspect ratio have core radii, r1, and shell thicknesses, t, of 5/15,
15/15, and 15/7.5 nm. Higher aspect ratio nanoshells with peaks and sensitivities that vary rapidly with
aspect ratio have ri/t of 20/7.5, 15/5, 20/6, 20/5 and 20/4.5 nm.

Sensitivities of the resonant wavelength to refractive index, also, are summarized
in Figure 11 (hollow triangles) and display weak and strong dependence upon aspect
ratio for the same ranges of aspect ratio as do the band locations. While both band
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location and sensitivity to refractive index depend non‐linearly upon aspect ratio, band
location and sensitivity appear to be strongly correlated with each other, as was
observed for solid, single component nanoparticles.
Refractive index sensitivities were calculated for hollow nanoshells, as well.
Extinction spectra for hollow nanoshells with the same shell geometries as the solid core
nanoshells for which spectra are given in Figure 10 are plotted in Figure 12. For the
refractive index increment of 0.08 refractive index units from the index of water, red
shifts increase from 7 nm for the low aspect ratio (thick shelled) nanoshells to 15 for the
high aspect ratio (thin shelled) nanoshells. Peak wavelengths and sensitivities of the
wavelength to refractive index of the medium for these and other higher aspect ratio
nanoshells are summarized in Figure 13. As with the solid core nanoshells, both the
peak wavelength (solid diamonds) and the peak wavelength sensitivity (solid
diamonds) increase nonlinearly with aspect ratio, but appear to be strongly correlated
with each other.
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Figure 12: Extinction spectra of hollow gold nanoshells in two media. Nanoshell inner radii/shell thickness:
5/15 nm (solid lines), 15/15 nm (dashed lines) and 15/5 nm (dotted lines); refractive indices of the media
inside and outside the shells are n=1.33 (blue) and n=1.41 (red).
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Figure 13: Dependence on aspect ratio of hollow gold nanoshell plasmon peaks (solid diamonds) and
sensitivities of peaks to the refractive index of the medium (open diamonds). The refractive index of the
medium (internal and external) is varied from 1.33 to 1.41. Nanoshells (r1/t: 5/15, 10/10, and 15/15 nm)
with aspect ratios less than 0.6 have resonant wavelengths and refractive index sensitivities that vary slowly
with aspect ratio when compared with nanoshells (15/5, 20/5, and 20/4.5 nm) with aspect ratios greater than
0.7.

The positive correlation between peak wavelength, λ * , and peak wavelength
refractive index sensitivity, dλ * dn , apparent by comparison of the plots of the two
quantities as a function of aspect ratio in Figure 11 and Figure 13 for solid and hollow
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gold nanoshells, respectively, is analogous to that identified in Section A for solid gold
nanocylinders and nanodisks. Plots of refractive index sensitivity as a function of peak
wavelength (Figure 14) quantify the correlation. Both solid (triangles) and hollow
(diamonds) nanoshells have plasmon resonances with refractive index sensitivities that
depend linearly upon resonance wavelength. Superposition of the sensitivity function
(Equation 23, originally shown in Figure 9) derived in Section B for solid metal
nanoparticles indicates that the sensitivities of hollow shell plasmons to the refractive
index of the medium are the same as those of solid metal nanoparticles, while those of
nanoshells on solid cores of high dielectric constant, such as gold sulfide (n=2.332), are
smaller. The nanoshells for which sensitivities are illustrated have size parameters less
than 0.44 (hollow nanoshells) and 0.36 (solid nanoshells).
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Figure 14: Sensitivity of peak wavelength to bulk refractive index for hollow gold nanoshells (diamonds)
and solid nanoshells on a gold sulfide (n=2.332) cores (triangles). Solid nanoshell sensitivities are
reproduced from Figure 11 and hollow nanoshell sensitivities are reproduced from Figure 13. The line that
passes through the hollow nanoshell sensitivities is the peak wavelength dependent sensitivity derived for
solid nanoparticles.
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Additional electrodynamic sensitivity calculations were performed for larger
particles to determine whether particles that experience more phase retardation than the
sub‐60 nm shells considered above have refractive sensitivities consistent with those of
their smaller counterparts. Size parameters for hollow nanoshells were extended to 0.77,
while those of solid nanoshells were extended to 0.69. Results of the calculations are
illustrated in Figure 15 along with the small particle results. Larger hollow nanoshells
(large diamonds) have refractive index sensitivities consistent with the analytical theory
(Equation 23) for solid, single component nanoparticles, while larger solid nanoshells
(large triangles) have sensitivities that grow nonlinearly with band location, deviating
initially from the linear line followed by smaller solid nanoshells at a size parameters of
0.37. Hollow nanoshells, including nanoshells significant in size relative to the
wavelength of resonant light, but not solid nanoshells, thus appear to have refractive
index sensitivities that, like those of solid, single component, nanoparticles, are
consistent with the analytical theory of Section B, that yields particle shape‐independent
sensitivities which, for gold nanoparticles with resonances in the visible (and slightly
beyond), depend linearly upon resonance wavelength, with slope and intercept
determined by the dielectric properties of the particle and medium.
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Figure 15: Sensitivity of peak wavelength to bulk refractive index for hollow gold nanoshells (diamonds)
including larger particles (larger diamonds) of sizes: 25/7.5, 50/15, 35/7.5, 25/4.5, 35/6 and 25/3.5 nm and
gold nanoshells on Au2S (n=2.332) cores (triangles) including larger sizes (larger triangles), 25/7.5, 35/10.5
and 50/15 nm. The line that passes through the hollow nanoshell sensitivities is the peak wavelength
dependent sensitivity derived in for solid nanoparticles.

2.6 Analytical Approximation: Extension to Nanoshells
The consistency between the refractive index sensitivities of hollow nanoshells
and the shape‐independent quasi‐static sensitivity theory derived for solid, single
component nanoparticles in Section B suggests that there is a hollow nanoshell theory
that yields the same sensitivity expression as that derived for solid particles. While the
refractive index sensitivity expression matched by the hollow nanoshells is the linear
form (Equation 23) appropriate for plasmon bands in the linear range of the dielectric
function, the coincidence of calculated hollow nanoshell and solid nanoparticle
sensitivities suggests that the more general sensitivity expression, Equation 18, not
restricted to linear ranges of the dielectric function, also is applicable to hollow
nanoshells. Both sensitivity expressions are derived using a resonance derivative
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equation (Equation 17) that is satisfied by resonance conditions of the form ε '* = −2 χn 2 ,
and, therefore, are valid for any nanoparticle with a polarizability of the form

α∝

ε − n2
ε + 2 χn 2

Equation 24
where χ is a constant.
A closed form expression for the quasi‐static dipolar polarizability of a nanoshell
has been determined previously.[56, 59] The nanoshell polarizability depends upon the
2
dielectric function of the metal, ε , the medium, nout
, and the core, nin2 , and upon the

geometry of the particle through the shell volume fraction, P.
2
εε a − nout
εb
α∝
2
εε a + 2nout ε b

where

ε a = nin2 (3 − 2 P ) + 2εP
ε b = nin2 P + ε (3 − P )
r
P = 1 − ⎛⎜ in ⎞⎟
⎝ r ⎠

3

Equation 25
Whereas the denominator of the solid particle polarizability (Equation 12) is linear with
respect to the dielectric function, ε , the denominator of the nanoshell polarizability has a
quadratic dependence upon the dielectric function, ε , because of the ε ‐dependence of
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ε a and ε b . Poles of the polarizability are found by setting the real part of the
denominator to zero.

{

}

2
Re εε a + 2nout
εb = 0

Equation 26
In the wavelength range where the imaginary part, ε ' ' , of the dielectric function is small
relative to the real part, ε ' , contributions to the resonance condition from ε ' ' can be
neglected, and Equation 26 becomes a quadratic constraint on ε ' ,

2 Pε ' 2 +bε '+c = 0
Equation 27
with constant coefficients, 2P, b, and c
2
(3 − P )
b = nin2 (3 − 2 P ) + 2nout
2
c = 2nin2 nout
P

Equation 28
determined by the shell volume fraction, P, as well as the refractive index of the
medium, nout , and of the core, nin . Equation 27 has two real solutions

ε± =

[

]

1
− b ± b 2 − 8Pc ,
4P
Equation 29

among which ε − is the value, ε '* , of the real part of the dielectric function at the lowest
energy dipolar resonance. For nanoshells formed around solid dielectric cores, nin differs
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from the variable nout, and the resonance condition has a complex dependence on the
internal and external refractive indices,

ε '* =

(

) (n (3 − 2 P ) + 2n (3 − P ))

1 ⎡
2
(3 − P ) −
− nin2 (3 − 2 P ) + 2nout
⎢
4P ⎣

2
in

2
out

2

2
nin2 ⎤⎥ .
− 16 P 2 nout
⎦

Equation 30
For hollow nanoshells with an internal refractive index, nin, that matches the external
one, nout, the resonance condition takes the simpler form

ε '* =

[

]

n2
− (9 − 4 P ) − 3 9 − 8P ,
4P
Equation 31

where n = nin = nout .
From Equation 30 and Equation 31, it is apparent that hollow nanoshells with
index matched interiors and exteriors, but not solid nanoshells, have a resonance

(

)

condition of the form ε '* = −2 χn 2 , specifically with χ = (9 − 4 P ) + 3 9 − 8 P 8 P , such
that the structure independent sensitivity results (Equation 23) derived above for solid
particles are applicable. The analytical result for sensitivity of a hollow nanoshells
plasmon to bulk refractive index is the same as that for solid particles as suggested by
the accurate calculated sensitivities plotted in Figure 15 and again in Figure 16 (solid
line). As with solid nanoparticles, the analytical sensitivity expression derived using
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quasi‐static theory appears to be applicable to nanoshells much larger than those whose
plasmonic behavior is accurately represented by quasi‐static theory.
While nanoshells with solid dielectric cores have polarizabilities that do not fit
the analytical structure required to invoke the single component nanoparticle theory, the
sensitivities of small nanoshells with solid cores do display a linear dependence upon
band location that merits investigation. The quasi‐static resonance condition (Equation
30) can be used to determine explicitly the dependence of its refractive index derivative
on shell fraction and inner and outer refractive indices. Substitution of the derivative of
Equation 30 with respect to the external refractive index into Equation 18 using the
linearization of the metal dielectric (Equation 22) yields the gold/ gold sulfide nanoshell
sensitivity (dashed line) illustrated in Figure 16. The analytical sensitivity appears to
depend linearly upon band location in the visible range and is applicable to the smaller
solid nanoshells, but not the larger ones.
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Figure 16: Sensitivity results for hollow nanoshells (diamonds) and n=2.332 solid nanoshells (triangles).
Also shown are analytical results for sensitivity to bulk refractive index versus peak wavelength for hollow
nanoshells (solid line), n=2.332 (gold sulfide) core (dashed line).

The sensitivities of the gold/ gold sulfide (n=2.332) nanoshells fall well below the
sensitivities of solid gold nanoparticles and hollow gold nanoshells. Both simulation and
evaluation of Equation 11 (results not shown), as well as prior investigations by
others[60, 61], indicate that the sensitivity of a solid nanoshell to bulk refractive index
decreases as the refractive index of the core material is increased. Thus, a nanoshell with
a high refractive index core has a lower sensitivity to the external refractive index than a
structurally identical particle with a lower index core. A gold nanoshell with a silica
(n=1.439) core exhibits sensitivities intermediate between those of a gold nanoshell with
a gold sulfide (n=2.332) core and a hollow gold nanoshell with the same resonance
wavelength.
Using both accurate computational methods and quasi‐static theory, we have
investigated the sensitivity of LSP peak wavelength to bulk refractive index for a diverse
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collection of gold nanoparticles and nanoshells. Sensitivities for all investigated particles
are summarized in Figure 17. With the exception of solid nanoshells, which fall below
the line, we have shown that across classes we are able to define the sensitivity of the
plasmon band location to variation in the refractive index of the medium with a simple
analytic expression.
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Figure 17: Linear relationship between peak plasmon wavelength and sensitivity of that wavelength to
refractive index for nanocylinders (circles), nanodisks (squares, and hollow nanoshells(diamonds, larger
diamonds showing larger hollow nanoshells). Solid nanoshells (triangles) with an n=2.332 core are linear
except for larger particles (larger triangles). The solid line shows the analytical fit of Equation 23 using the
parameters for gold.

2.7 Dependence of Sensitivity on Mode of Detection
While plasmon bands have most often been observed in spectroscopic studies
performed in transmission mode, i.e. extinction efficiency measurements, a significant
number of recent studies have used scattering data.[8, 9, 62‐66] Those who study metal
nanosphere spectroscopy are familiar with the phenomenon of scattering peaks that are
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red‐shifted with respect to absorption peaks among spheres of sufficient size to scatter
efficiently.[67, 68] However, little attention has been given to the relationship between
sensitivities of resonances to bulk refractive index as detected using scattering data and
sensitivities as detected using extinction data. Using the same methods described above,
we evaluate the sensitivity of dipolar LSP resonance peak location to changes in bulk
refractive index for several particle classes and compare the results to sensitivities
calculated in Chapter 2 using simulated extinction spectra.[69] Our goals are to
understand both the factors that determine band position sensitivity as measured by
scattering and the relationship between band position sensitivity as determined by
scattering and as determined by extinction.

2.7.1 Nanocylinders
Rod‐like nanoparticles support longitudinal, dipolar LSP resonances with
natural frequencies that are strongly dependent upon aspect ratio. Higher aspect ratio
rods support dipolar modes at lower frequencies that are excited by light of longer
wavelength, whereas lower aspect ratio rods support higher frequency, dipolar
modes.[42, 46, 52, 53] Here, we examine the refractive index sensitivities of the plasmon
band location of nanocylinders as manifest in scattering spectra. Scattering spectra are
calculated for three 20 nm diameter, gold nanocylinders with aspect ratios (length to
diameter) of 2, 2.5, and 3 (Figure 18). Resonant scattering peak wavelengths, λ * , for the
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cylinders in water (blue lines) vary from 662 nm to 778 nm. The resonant wavelengths
for these cylinders are displayed in Figure 19 along with the resonance wavelengths of
two lower aspect ratio cylinders. The lowest aspect ratio cylinder has a height smaller
than its diameter and is therefore disk‐like in shape but is illuminated along its
longitudinal axis, as are the longer cylinders. Sensitivities of the scattering peaks to
variation in the bulk refractive index, determined from differences in the peak locations
displayed by spectra calculated for cylinders in two media, are indicated by cross marks.
For these particles with size parameters, ka, less than 0.19, where a is the radius of a
sphere of equal volume, both the scattering resonant wavelength (plus marks) and the
sensitivity of the scattering resonant wavelength to bulk refractive index of the medium
increase with aspect ratio. Calculated extinction peak locations (solid circles) and
extinction peak sensitivities (open circles) [70] are included from Chapter 2 for
comparison. Even for the largest cylinders considered, the wavelength dependence of
scattering is indistinguishable from that of extinction, despite the efficiency with which
the particles scatter. Correspondingly, plasmon band location sensitivities to refractive
index as determined by scattering spectra are the same as those determined from
extinction spectra. Given the matching of the scattering and extinction peak locations,
sensitivities as determined by these two methods are indistinguishable.
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Figure 18: Scattering spectra of gold nanocylinders in media of refractive index 1.33 (blue) and 1.41 (red).
Cylinders are 20 nm in diameter and 40 (solid lines), 50 (dashed lines), or 60 (dotted lines) nm in length.
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Figure 19: Nanocylinder plasmon band location and bulk refractive index sensitivities. Peak plasmon
wavelengths as manifest in scattering spectra (plus marks) and sensitivity to bulk refractive index of the
band locations (cross marks). Results calculated from extinction spectra,[70] (solid circles for peak
wavelengths and open circles for sensitivities) are reproduced for comparison. Cylinders are as shown in
Figure 18 with the addition of two lower aspect ratio cylinders, with lengths of 12 and 30 nm and have size
parameters, ka, less than 0.19.
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2.7.2 Nanodisks
Another class of metal nanostructures whose plasmonic properties and LSP
resonance sensitivities have been widely investigated are the nanoplates, such as
nanotriangles[4, 7, 17] and nanodisks.[5] Here, we consider the refractive index
sensitivities of the in‐plane dipole resonance of gold nanodisks of various aspect ratios,
where aspect ratio is defined as the ratio of diameter to height, and the particles are
illuminated with normally incident light. Scattering spectra of disks in water were
calculated for 12 nm thick disks with aspect ratios varying from 1.67 to 10, and size
parameters at resonance between 0.14 and 0.32. Scattering spectra for disks of aspect
ratio 5.0, 6.67, and 8.33 are shown in Figure 20. Peak wavelengths for a larger group of
disks in water are shown in Figure 21 (plus marks) along with peak wavelength
sensitivities to refractive index (cross marks), derived from scattering spectra calculated
for disks in media of refractive indices 1.33 and 1.41. Results from previous calculations
of band location and band location sensitivity as determined by extinction spectra are
included for comparison.[70] As with nanocylinders, the scattering peak wavelengths
and refractive index sensitivities closely match the corresponding values determined
from extinction.
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Figure 20: Scattering spectra of gold nanodisks in media of refractive index 1.33 (blue) and 1.41 (red).
Disks are 12 nm in height and 60 (solid lines), 80 (dashed lines), or 100 (dotted lines) nm in diameter.
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Figure 21: Nanodisk plasmon band location and bulk refractive index sensitivities. Peak scattering
wavelength (plus marks) and sensitivity to bulk refractive index (cross marks) for gold nanodisks disks
with size parameters, ka, less than 0.32. Disks are 12 nm thick and have diameters of 20, 30, 40, 50, 60, 80,
100, or 120 nm. Peak extinction wavelengths (solid squares) and sensitivities to refractive index (hollow
squares) from reference [70] are also shown.

2.7.3 Nanoshells
Spherical nanoshells, like the solid nanoparticles considered above, have dipolar
resonances that are tunable through the visible and near IR spectrum[56‐58] and high
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sensitivities to local refractive index that are desirable in refractive index‐based
biomolecule sensing.[10, 20, 56, 57, 59] Here, we consider the sensitivities of hollow
nanoshells to simultaneous variation of the refractive index both exterior and interior to
the shell. While the extinction spectra of large nanoshells are dominated by the
scattering contribution, and resonance sensitivities to refractive index as determined by
scattering are necessarily the same as those determined through measurement of
extinction, there are sizes of nanoshells for which absorption and scattering contribute
comparably to extinction and for which the relationship between sensitivities
determined by the various far field techniques is not obvious. Here, we consider the
refractive index sensitivities of nanoshells over a size range in which scattering varies
from being negligible to being dominant. Scattering spectra for the three hollow
nanoshells with core diameters of 10, 60 and 100 nm with 15 nm thick gold shells are
shown in Figure 22. Peak wavelengths and sensitivities to refractive index for a larger
group of 15 nm thick hollow nanoshells are summarized in Figure 23. For nanoshells of
constant shell thickness, peak wavelengths and wavelength sensitivities are seen to
increase with aspect ratio, where aspect ratio is defined as the ratio of inner to outer
radii. As was the case for the rod and disk sensitivities examined above, band locations
and band location sensitivities as manifest in scattering spectra are virtually identical to
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those manifest in extinction spectra. A positive correlation between sensitivity and peak
wavelength is apparent, as was also observed for the solid particles.

Figure 22: Scattering plasmon bands of three hollow gold nanoshells in media of refractive index 1.33
(blue) and n=1.41 (red). The particles have core radii of 5 (solid lines), 30 (dashed lines), and 50 nm (dotted
lines) and 15 nm thick gold shells. Note that sensitivities are calculated under the assumption that the
refractive index of the interior, ncore, varies identically with that of the external medium.
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Figure 23: Hollow nanoshell plasmon band location and bulk refractive index sensitivities. Scattering band
position (plus marks) and sensitivity of band location to refractive index (cross marks) for hollow
nanoshells with 15 nm thick gold layers on cores of radii 5, 10, 30, 50 and 60 nm with size parameters, ka,
less than 0.77. Extinction band position (solid diamonds) and sensitivity to refractive index (open
diamonds) from reference [70] are also shown.

2.7.4 Overview of the sensitivities
From these sensitivity studies it is apparent that, among the particles considered
here, the sensitivity of the wavelength of the lowest energy, dipolar resonance to
refractive index of the medium increases with aspect ratio and is strongly correlated
with the peak wavelength of the resonance, as identified by the scattering maximum,
which also increases with aspect ratio. To clarify the correlation between refractive index
sensitivity and band position, sensitivities of the scattering peak wavelength to bulk
refractive index are plotted (Figure 24) as a function of peak wavelength for nanodisks
(open squares), nanocylinders (dashes) and hollow nanoshells (open circles). For these
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nanostructures, whose low energy dipolar resonances extend from 550 nm through the
red end of the visible spectrum, the sensitivity of the resonant wavelength to bulk
refractive index increases linearly with resonant wavelength and is independent of
particle class.
The same relationship between peak wavelength and peak wavelength
sensitivity to refractive index has been observed, recently, for refractive index
sensitivities as identified in extinction spectra for a very similar set of particles.[70]
Given the nearly one‐to‐one correspondence between scattering and extinction peak
locations, and, hence, band position sensitivities to refractive index as measured by the
two methods, it becomes reasonable to invoke resonance theory based upon particle
polarizability for the purpose of explaining sensitivities based upon scattering peak
location, as was done in Chapter 2 to explain sensitivities based upon extinction peak
locations.
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Figure 24: Sensitivity of the scattering plasmon resonance for nanocylinders (dashes) of diameter 20 nm
with lengths of 12, 30, 40, 60 and 60nm, nanodisks (open squares) of thickness 12nm with diameters of 20,
30, 40, 50, 60, 80, 100 or 120 nm, and hollow nanoshells (open circles) of 15nm thick gold shells on core
diameters of 5, 10, 30, 50, and 60nm as well as the linear analytic approximation to the sensitivity given by
Equation 23 (solid line).

The results presented above are for nanoparticles in water, n =1.33. Sensitivities
for particles in more and less refractive media, evaluated using the linear form, Equation
17, are illustrated in Figure 25, along with sensitivities for particles in water. To more
fully understand the significance of the plot when considering particular nanoparticles,
calculated sensitivities for a specific particle, a 30 x 12 nm gold disk, in media of
refractive index 1.0, 1.33, and 1.5 are included in the plot (squares) and fall, as expected,
on the theoretical lines. Experimental measurements of plasmon band location as a
function of refractive index of the medium have been widely interpreted as
demonstrating a linear dependence of band location upon refractive index, [3‐5, 7‐10, 48]
with the result that refractive index sensitivities are thought to be independent of
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refractive index. The calculated nanodisk sensitivities illustrated in Figure 25a, however,
are not all of the same value; rather, they display a trend of increasing sensitivity with
increasing refractive index. The explanation for the variation can be found through close
inspection of a plot of computed band location as a function of refractive index, n, Figure
25b. Whereas the dependence of band location on index is approximately linear,
deviation from linearity is highlighted through comparison of a quadratic fit and a
tangent line of constant slope. Thus, refractive index sensitivities should be expected to
vary with refractive index, and predictions of these sensitivities can be determined from
plots of Equation 23, such as those illustrated in Figure 25.
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Figure 25: Plasmon peak sensitivity to bulk refractive index as calculated from Equation 23 for peak
plasmon wavelengths in air (n = 1.0, dashed line), water (n =1.33, solid line) and media of refractive index
n=1.5 (dotted line). Also shown are sensitivities for a 30 x 12 nm gold disk as determined by finite
differences (around each refractive index considered.) (b) Relationship between plasmon peak location and
refractive index for the same particle showing a non-linear fit to the points (solid line) and a linear fit
(dashed line) between refractive indices n = 1.33 and n =1.41.
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Recently, we observed that, for a surprisingly diverse group of single component
nanoparticles, the sensitivity to refractive index, n, of the peak plasmon wavelength, λ*,
as identified in extinction spectra, increases linearly with peak wavelength, irrespective
of particle shape.[70] In this work, we have found that the result extends to sensitivities
of peak wavelength as manifest in scattering spectra. On the basis of the close
correspondence identified above between scattering band location and extinction band
location, the insensitivity of the result to mode of detection for the particles considered
here is not surprising. However, given the existence of offsets between absorption and
scattering peaks among spherical particles, and the less obvious correspondence
between sensitivities of peaks detected by alternative methods in the case where
absorption and scattering peaks are offset, we were motivated to examine the relative
magnitude of the scattering contribution to extinction, so as to understand the physical
basis for the nearly one‐to‐one correspondence between scattering and extinction peaks,
and, hence, band sensitivities to refractive index as measured by the two methods. In
particular, we sought to identify when the match between extinction and scattering
maxima was a consequence of aligned absorption and scattering peaks and when the
match was a consequence of domination of the extinction spectrum by the scattering
contribution.
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To address this issue, absorption and scattering contributions to extinction were
calculated for several of the nanoparticles whose sensitivity is discussed above and
plotted along with the analogous contributions to the extinction spectrum of a 90 nm
gold sphere. Figure 26 displays contributions to the extinction spectra of a 60 nm
diameter hollow nanoshell with a 15 nm thick gold shell and of a 100 x 12 nm nanodisk,
as well as contributions to the extinction spectrum of the 90 nm sphere. Each of these
particles scatters and absorbs comparable amounts of light. However, whereas the
scattering peak of the nanosphere is offset substantially from the absorption peak, the
nanoshell peaks display significantly less offset, and the nanodisk peaks display none at
all.

Figure 26: Calculated extinction spectra (solid lines), and the contributions from absorption (dashed) and
scattering (dotted lines) for gold nanoparticles of various shapes in water (n=1.33). Left to right: 90 nm
solid sphere (black); 60 nm diameter hollow nanoshell with a 15 nm thick Au shell (blue); 100 nm x 12 nm
disk (magenta).
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Given the apparently greater proclivity of nanoshells among particles in this size
range to display scattering offsets, absorption and scattering contributions to extinction
were investigated for a representative set of hollow nanoshells. Figure 27 displays
absorption and scattering contributions to the extinction spectra of three hollow, gold
nanoshells with 15 nm thick gold shells and overall diameters of 40, 90, and 130 nm.
Within this size range, scattering contributions relative to absorption contributions
progress from being negligible (40 nm particle), to comparable (90 nm particle), and,
finally, dominant (130 nm particle). Offsets between peaks are largest for the 90 nm
nanoshell, for which the offset between scattering and absorption peaks is 13 nm and
that between scattering and extinction peaks is 6 nm. However, given that, even for this
case of maximally split peaks, band location sensitivities to refractive index, as measured
by scattering (233.75 nm/RIU) and by extinction (243.75 nm/RIU) differ by around than
4%, we conclude that scattering and extinction can be used interchangeably as
sensitivity detection methods for a broad range of particle types.
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Figure 27: Scattering and absorption contributions to plasmon bands of hollow nanoshells. Scattering
(dotted lines) and absorption (dashed lines) contributions to the extinction spectra (solid lines) of three
hollow gold nanoshells with inner radii of (a) 5 (solid lines), (b) 30 (dashed lines), and (c) 50 nm (dotted
lines) and 15 nm thick gold shells.

2.7.5 Discussion
Using accurate electrodynamic simulations of the far field properties of gold
nanoparticles of size parameter less than 0.33 and hollow gold nanoshells of size
parameter less than 0.77, we have demonstrated that the scattering band position closely
matches the extinction band position, and that, consequently, the sensitivity of the
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scattering band position to a variation in refractive index of the medium closely matches
the sensitivity of the extinction band position and is determined, irrespective of particle
shape, by the plasmon band position and the dielectric properties of the material. We
have provided an analytic expression for the peak position sensitivity that depends
upon the slope of the real part, ε ′(λ ) , of the particle dielectric function, or upon
constants that parametrize ε ′(λ ) . We have shown that, whereas plasmon band location
sensitivity to refractive index is accurately predicted for bands in the visible using a
linear approximation to the metal dielectric function, use of a Drude‐like model imposes
too large a variation in the slope of ε ′(λ ) in the visible range of interest, and, thus, errors
in the sensitivity predictions for plasmon bands at either end of the wavelength range.
The validity of the band location‐ and material‐dependent analytic expression for
band location sensitivity to refractive index of the medium for a broad range of single
component metal nanoparticles and nanoshells makes prediction of refractive index
sensitivity a straightforward task for nanoparticles of arbitrary shape in solution. The
insensitivity to detection method of the band location sensitivities to refractive index
renders comparison between experiment and theory straightforward, irrespective of
whether sensitivities are measured in scattering or transmission mode.
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2.8 Sensitivity as a Function of Nanoparticle Compositions
Given our straightforward analysis which results in a simple equation for the
plasmon band sensitivity to refractive index (Equation 23) we were also interested in the
sensitivities attained from other noble metals. We have shown that a linear
approximation to the metal dielectric function produces a more accurate estimate of the
plasmon band sensitivity to refractive index (Figure 9) and, therefore, investigate only
the linear approximation for the different metals.
The material dependence of the refractive index sensitivity of the plasmon peak
wavelength can be examined by considering the dielectric functions of the nanoparticle
materials of interest. Dielectric functions for the noble metals gold, [51] silver,[51] and
copper[71] are displayed in Figure 28.
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Figure 28: Dielectric functions of (a) gold, (b) silver, and (c) copper with linear fits to the real part of the
dielectric function in the visible range superimposed.
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While the natural parameterization of the dielectric function of a nearly free
electron metal is quadratic in wavelength, within a limited wavelength range, the
wavelength dependence of the real component is approximately linear. At the short
wavelength end of the visible spectrum, both interband transitions and free electron
properties contribute to the nonlinearity of the wavelength dependence of the dielectric
functions, imposing a lower bound, λmin, on the range of validity of the linear
parameterization. Deviation from linearity in the near IR is intrinsic to the quadratic
dependence of the nearly free electron contribution. This nonlinearity begins to be
significant at the transition from the visible to the IR. Linear fits to the real parts, ε ' , of
the dielectric functions for the various metals in the visible range yield slopes and
intercepts, m and b, i.e. the parameters of the linear form (Equation 22). These are
presented in Table 1, along with the bounds (λmin, λmax) of the ranges for the given linear
parameterizations.
Table 1. Parameters characterizing the linear form,ε’ = mλ+b, of the real parts of the dielectric functions of
the noble metals, gold, silver and copper, in the indicated range of approximate linearity.

Material
Gold
Silver
Copper

Linear fit parameters
b
m (nm‐1)
34
‐0.072
16
‐0.050
41
‐0.083
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Range of linearity
λmin (nm)
λmax (nm)
500
800
330
650
560
830

Sensitivities of nanoparticle plasmon peak locations to refractive index of the
medium are evaluated by substitution into Equation 23 of the material‐specific
parameters given in Table 1. Plots of the sensitivities for gold, silver, and copper particle
plasmons as a function of the peak plasmon wavelength of the particle in water (n=1.33)
are presented in Figure 29. Among particles plasmons in the visible range, those
supported by silver nanoparticles (dashed line) have higher sensitivities than plasmons
of the same frequency supported by nanoparticles composed of gold (solid line) or
copper (dash‐dot line). While the refractive index sensitivities of particles with plasmon
bands in the near‐IR are greater than those of particles with resonances in the visible,
beyond the linear region of ε ' (λ ) the increase in sensitivity with increasing peak
wavelength (not shown) becomes smaller due to the increased magnitudes of the slopes
of the real parts of the dielectric functions in that range.
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Figure 29: Sensitivities of metal nanoparticle plasmon band location to the refractive index of the medium
for particles composed of silver (dashed line), gold (solid line), and copper (dash-dot line) in the ranges
(see Table 1) where the real parts of the dielectric functions, and, hence, the sensitivities vary linearly with
wavelength.

2.9 Conclusions
Using accurate electrodynamic simulations of gold nanoparticles of significant
size parameter, we have demonstrated the sensitivity of a plasmon peak wavelength to a
variation in refractive index of the environment is determined by the location of the
peak wavelength and the dielectric properties of the material. Among single component
particles within the size ranges considered here, refractive index sensitivities are
independent of particle shape, size, and composition, except through their control of
band location. Using quasi‐electrostatic theory, an analytical expression for the
sensitivity of the band location to refractive index of the medium is developed and
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found to predict the sensitivity of particles that require electrodynamic calculations to
capture their optical properties. Among localized surface plasmons of both solid
nanoparticles and hollow nanoshells in the range of wavelengths where the dielectric
function of the nanoparticle material varies linearly with wavelength, the refractive
index sensitivities vary linearly with band location. These particles are characterized by
a simple resonance condition (Equation 15) in which χ is weakly dependent on n and
therefore the derivative of ε’* with respect to n is accurately approximated by a single
quasi‐static term and the analytic expression for the sensitivity is surprisingly simple.
For multi‐component solid nanoshells, the refractive index sensitivity of χ is intrinsic to
the geometry and the relationship is more complex (Equation 30).The parametrization of
the dielectric function determines the relationship between sensitivity and plasmon
band location, easily allowing simple extensions to other materials as illustrated for
gold, silver and copper in Figure 28. Additionally we have shown these results to be
independent of detection method, specifically that extinction or scattering may be used
interchangeably without altering the homogeneous refractive index sensitivity. The
particle size or shape limit at which the theory fails to predict the refractive index
sensitivity of the particles which are electrodynamic in nature.
It should be noted, however, that additional factors influence band location
sensitivities to refractive index when particles are immobilized upon substrates or when
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they experience dielectric variations in their environment that are local, rather than
global. Under these alternative conditions, the bulk refractive index sensitivities
presented here provide an upper bound to the true sensitivities. Reductions in
sensitivity due to incomplete exchange of the medium are explored in Chapter 6.
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3. Sensing Volume of Spherical Particles
3.1 Introduction
As has been shown in this work, noble metal nanoparticles and nanoshells
support surface plasmons at optical frequencies. These resonances, known as localized
surface plasmons (LSPs), are sensitive to the dielectric properties of the environment
and, in particular, to the refractive index of the material close to the surface of the
particle. This sensitivity can be exploited in molecular detection systems that use
nanoparticles functionalized with receptors to (a) bind target molecules and (b) optically
transduce the resulting change in the dielectric environment. Optimization of an optical
nanoparticle sensor involves tailoring the particle to the target so as to maximize the
sensitivity of spectroscopic features to the dielectric variation associated with binding of
target molecules to the particle surface.
The dependence of nanoparticle plasmon band positions and intensities on the
refractive index of the medium has been studied both with theory and experiment [3‐
14]. Here, we use simulations of nanoparticle UV‐vis spectra to examine the localization
of the environmental sensitivity of spherically symmetric nanostructures. Using accurate
electrodynamic theory, we demonstrate how metal nanospheres and nanoshells can be
designed to possess sensing volumes that match the region exterior to the particle into
which target molecules assemble.
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Specifically, we consider Au nanoparticles and Au/Au2S core/shell particles in an
aqueous environment (refractive index, n = 1.33) modulated by dielectric surface shells
of variable thickness. The dielectric shells are models of biomolecule (n = 1.39) or
polyelectrolyte (n = 1.525) surface layers. The former are representative of the target
materials in biomolecule sensing systems; the latter are relevant because of their use in
experimental calibration of sensing volume. We show that by controlling the size and
structure of nanospheres it is possible to tune their sensing volumes over a wide range
of useful molecular scale sensing thicknesses.
Optical spectra of the particles are examined using Mie Theory, as described in
Chapter 1. To examine the local nature of nanoparticle plasmon sensitivity to the
dielectric environment, we define a series of particle shell structures each of which
consists of a nanosphere core and a dielectric overlayer of constant thickness and
refractive index, nshell, greater than that (n) of the particle solvent. We then track the
evolution of well‐defined spectral features, such as extinction peak position or
wavelength as the region of dielectric contrast is extended to larger and larger shell
volumes. The spectral sensitivity is local if the spectral observables converge rapidly
with thickness to the values they assume in a bulk medium of refractive index equal to
nshell. For a given observable, the sensing thickness is the shell thickness at which the
change in the observable relative to its value in the absence of a dielectric shell is a given
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large fraction of the change in the observable upon substitution of bulk solvent of
refractive index, nshell, for bulk solvent of refractive index, n. In our system, we track the
peak extinction of gold nanoparticles in water while changing the thickness of an
overlayer representative of biomolecules or of polyelectrolyte layers. We define sensing
thickness as the shell thickness at which the difference,

ΔQ(t , n shell ) = Qn0 (t , n shell ) − Qnshell
Equation 32
between peak extinction of the particle in a dielectric shell of thickness, t, and that of a
particle in a dielectric medium of the same refractive index as the shell is reduced to 1/e
of the difference,

ΔQ = Qnshell − Qn0
Equation 33
for particles in bulk shell material and particles in the original solvent.

3.2 Results
3.2.1 Solid Particles
Initially we consider the extinction spectra of solid 13 nm gold nanoparticles in
water calculated with Mie theory. Figure 30a displays both the dependence of these
spectra on the refractive index of the bulk medium and the local nature of the sensitivity.
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The two solid line spectra correspond to particles in dielectric media with refractive
indices of 1.33 (water) and 1.525. The dipole plasmon band is seen to shift and grow in
strength when the refractive index of the medium is increased from 1.33 to 1.525. The
dashed line spectra, which have features intermediate between those of the low and
high dielectric environment particles, correspond to particles with high dielectric
(n=1.525) shells in low dielectric (n=1.33) media. Most of the spectral progression that
occurs upon replacing water with a higher dielectric solvent is accomplished, without
changing the solvent, by adding an 8 nm, high dielectric (n=1.525) shell to the gold
nanoparticle. The dependence of maximum extinction, in particular, on the thickness of
this shell is illustrated explicitly in the upper trace in Figure 30b. The large slope at small
shell thickness quantitates the high sensitivity of the peak extinction to dielectric matter
close to the surface, while the reduced slope at higher thickness corresponds to a
relatively low sensitivity to dielectric variation at locations removed from the surface.
This reduction in sensitivity with distance from the surface is a manifestation of the
fundamentally local nature of the particle plasmon’s sensitivity to its environment. It is
this localization of sensitivity that justifies the notion of a sensing thickness. Use of the
‘1/e’ definition described above leads to a sensing thickness of 0.675 radii (identified on
the curve as a black X) for the n=1.525 environment.
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Figure 30: Dependence of the extinction spectrum of a 13 nm Au nanoparticle on refractive index of the
medium and on refractive index of the local environment. (a) Extinction spectra of particles in low and high
dielectric media (n=1.33, 1.525, illustrated by solid lines) and of particles with high (n=1.525) dielectric
shells (2 and 10 nm in thickness, dashed lines) in low dielectric (n=1.33) media. (b) Peak extinction of
nanoparticles in dielectric shells (n=1.39 or 1.525) as a function of the shell thickness. Shell thickness is
expressed in units of particle radius. Shell thicknesses at which all but 1/e of the effect is accomplished are
marked with large black X’s.

Results of analogous calculations for layers of lower dielectric contrast (n=1.39 relative to
solvent n=1.33), indicate that the sensing thicknesses for low contrast overlayers are
smaller than those for high contrast overlayers. For n=1.39 shells (Δn=0.06) on 13 nm
particles, the sensing thickness is only 0.54 radii, or 3.51 nm.
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To characterize further the structure of gold nanoparticle dielectric sensitivity
localization, deviations, ΔQ(t, nshell), of dielectric shell‐shifted peak extinctions from bulk
solvent shifted peak extinctions are plotted on a natural log scale as a function of shell
thickness in Figure 31. The diamonds in Figure 31 track the convergence of shell‐ to
bulk‐shifted extinction maxima for 13 nm particles; other traces capture the shell‐driven
evolution of spectra of gold nanoparticles of smaller (4 and 8 nm) and larger (18, 30, 40,
52, and 62 nm) size. For each particle size, sensing thicknesses according to the ‘1/e’
convergence definition are marked with black X’s. For all particle sizes up to 40 nm, the
logarithmic plots of ΔQ(t, nshell), are seen to be approximately linear for shell thickness, t,
up to the sensing thickness. The deviations of spectra of locally perturbed particles from
those of bulk media‐perturbed particles can therefore be described as exponentially
decaying with shell thickness for particles up to 40 nm.
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Figure 31: Deviations of plasmon extinction maxima in the presence of local refractive index changes from
extinction maxima in the presence of bulk refractive index changes as a function of shell thickness.
Particles are Au nanoparticles of diameter 4, 8, 13, 18, 30, 40, 52, and 65 nm with dielectric shells of
refractive index 1.525 in water (n=1.33).

Given the exponential nature of derivatives of exponentials, we can characterize
the sensitivity of peak extinction to dielectric shell thickness for these small nanoparticles,
as exponentially decaying with thickness, as well. For 50 nm particles, however, the log
plot becomes nonlinear at shell thickness less than the sensing thickness, indicating
deviation from exponential convergence, while 65 nm particles display local dielectric
sensitivities that at all thicknesses vary non‐exponentially with thickness. We note that a
40 nm cutoff in particle size for exponential sensitivity convergence corresponds to a
size parameter, nkr, in water at resonance of 0.035. We conclude therefore that, while
metal nanoparticles generally have dielectric environment sensitivities that are local,
only those particles that are small enough to interact with light in a fundamentally
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electrostatic manner have local dielectric sensitivities that decay exponentially with
distance from the particle surface. The slopes of the logarithmic decays of particle
sensitivities shown in Figure 31 appear to be the same for all particles with logarithmic
decays. Given that the plot presents ΔQ(t, nshell) as a function of shell thickness, t,
normalized by particle radius, it is apparent that the shell thickness sensitivity for small
particles is fundamentally a function of thickness relative to particle size. The
dependence of sensing thickness on particle size is presented explicitly in Figure 32.
The relationship between particle size and sensing thickness for solid gold
nanoparticles (diamonds) is approximately linear for particles with diameters up to ~40
nm. For particles larger than 50 nm, the sensing thickness begins to decrease with
increasing particle size.
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Figure 32: Sensing thickness as a function of nanoparticle diameter for the particles, shells, and medium
described above. Sensing thickness is defined as the dielectric shell thickness at which the difference,
ΔQ(t), between peak extinction of the particle in a dielectric shell of thickness, t, and that of a particle in a
dielectric medium of the same refractive index is reduced to 1/e of the difference, ΔQ, for particles in bulk
shell material and particles in the original solvent. Note the linear relationship between particle size and
sensing thickness up to around 50 nm at which point the sensing thickness appears to decrease with
increasing particle size.

Given our interest in being able to design nanoparticles with sensing thicknesses
as necessary for a given molecular target, the above described upper limit on sensing
thickness poses a challenge. The correlation between loss of linearity in the sensing
thickness/ particle size function at particle sizes for which the size parameter, nkr, is
sufficiently large as to indicate electrodynamic behavior in nanoparticle optical response
suggests that the observed upper limit for sensing thickness may be fundamental to
particle sensing. However, the dependence of electrodynamic effects on size parameter,
nkr, as opposed to size (or radius, r), suggests that a particle system with resonant size
parameters that grow less rapidly with particle size could potentially expand the range
of tunable sensing thickness to larger values by delaying the onset of electrodynamic
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features in the response to particles of larger size. Fortunately, the properties of
nanoshells, i.e. nanoparticles composed of dielectric cores and thin gold shells
developed as resonance tunable nanostructures[56‐58] suggest a solution. Nanoshells
have resonances that are red‐shifted relative to solid gold particles, and therefore have
smaller wavenumbers, k, and smaller size parameters, nkr, at resonance. Motivated by
the notion that nanoshells could extend the range of sensing volume tunability to
thicknesses beyond those provided by solid particles, we have investigated the sensing
volumes of nanoshells in a manner analogous to that applied to solid particles.

3.2.2 Nanoshells
Again using Mie theory, though with scattering coefficient calculations that take
into account the more complex geometry of the core/ shell particles, we examined the
dielectric shell sensitivity of the dipole plasmon maxima of particles with Au2S cores
(refractive index, 2.332) surrounded by thin Au shells. The particles investigated have
dielectric cores ranging in size from 10 to 50 nm and shells with thicknesses equal to
0.3r. Figure 33 superimposes the particle size dependence of core shell particle sensing
thickness upon the overlayer thickness sensitivities of solid particles. For nanoshells, the
linear growth of sensing thickness with particle size is seen to extend to much larger
particle sizes, than for solid particles. Core shell particles therefore provide a larger
range of sensing thickness than that provided by solid particles.
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Figure 33: Comparison of the sensing thickness of solid Au nanoparticles and particles with a dielectric
core (n=2.332, corresponding to Au2S) and thin gold shell. Sensing thicknesses of the nanoshells grow
linearly with particle size to larger thicknesses than can be achieved with solid Au nanoparticles.

3.3 Conclusions
Using calculated UV‐vis spectra of Au nanoparticles and nanoshells with
dielectric overlayers, we have shown that the environmental dielectric sensitivity of the
particle dipole plasmon band is confined to dielectric variations in the environment
close to the particle surface. We have characterized the extent of the sensing volume of
both single component particles and dielectric core/ metal shell particles and have
concluded that the thickness of the sensitive region is controlled primarily by the size
and structure of the nanoparticle or shell. For the smallest nanoparticles, i.e. particles
that behave as electrostatic dipoles, the thickness of the dipolar sensing volume grows
linearly with particle size. Larger nanoparticles, i.e. particles large enough to feel the
nonuniformity of the incident field, have sensing volumes not much thicker than those
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of smaller particles. We have also shown that the size at which the sensing volume
begins to be constrained is a function of the structure of the nanoparticle; Au
nanoparticles with dielectric cores, i.e. nanoshells, display proportional growth of the
sensing thickness to larger particle sizes than exhibited by solid Au nanoparticles and
thus provide more extensive tunability of the sensing thickness. We understand this
phenomenon to be a consequence of the longer wavelength (and hence, more spatially
uniform nature of the incident fields) of the exciting light in nanoparticle systems that
have lower energy resonances; in ongoing work, we are exploring this notion. Thus,
while the primary factor controlling the sensing volumes of particle based dielectric
sensors is particle size, resonant wavelength (which is the primary controlling factor in
planar SPR detection systems), also plays a role.
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4. Localized Ligand Layers
The sensitivity of metal nanoparticle plasmon resonances to surface assembled
molecules is shown to depend strongly upon where on the surface molecules assemble.
Electrodynamic calculations reveal that the resonances of nanospheres, nanospheroids,
and nanocylinders are disproportionately sensitive to dielectric matter assembled in
regions of the particle surface where the near fields are laterally localized. For spheres,
the high field regions of the near field are defined by the orientation of the incident
electric field, and localization of surface coverage to the high field regions of the particle
surface is possible only when the particles are fixed in space. In contrast, the high field
domains associated with resonant modes of large aspect ratio particles are pinned to the
particle. The resonances of high aspect ratio particles, therefore, have disproportionately
large sensitivity to dielectric matter assembled in the high field domains, regardless of
particle orientation, as long as the incident field has a non‐zero component in the
polarization direction of the mode. The lowest energy dipolar resonance of a nanorod
induces high fields at the rod ends and is sensitive to dielectric surface matter assembled
on the ends. Nanorods with thin, low contrast dielectric shells or end‐caps absorb
resonant light less efficiently but scatter light more efficiently than do bare nanorods.
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4.1 Introduction
As has been shown in this work, noble metal nanoparticles and nanoshells
support surface plasmons at optical frequencies, known as localized surface plasmons
(LSPs), which are known to be sensitive to the dielectric environment[3‐14]. Of
particular interest for molecular detection applications is the local nature of the
environmental sensitivity.[3, 6, 7, 15‐19] Measurements and simulations of the
dependence of resonance energies and intensities on the refractive index, n, of the
medium as a function of particle size, shape, material, orientation of the particle relative
to the polarization state of the exciting light, and, for particles supporting multiple
resonances, resonance identity are actively being pursued.[1‐22, 48, 56] Nanoparticles
coated with molecular shells of higher refractive index than that of the medium have
resonant frequencies that approach those of particles embedded in a medium of the
same higher index when the shells are comparable in thickness to the particle size, even
when those dimensions are much smaller than a wavelength of the exciting light.[17, 56,
57, 72] Figure 34 illustrates this phenomena with calculated optical spectra of a 13nm
diameter gold nanosphere with a 4 nm thick shell of refractive index contrast, Δn, equal
to 0.08 with respect to the solvent, water. This localization of sensitivity to a region close
to the metal/ dielectric interface is significantly more extreme than that displayed by
planar surface plasmons at the energies at which they typically are excited. As with
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planar surface plasmons, however, the spatial extent of the region of sensitivity is
correlated with the spatial extent of the region of high near field.

Figure 34: Local nature of the dielectric sensitivity of a 13 nm Au nanosphere. Nanosphere in water
(n=1.33, blue line); in a higher refractive index (n=1.41, red line) medium; and encased in a 4 nm thick,
n=1.41, shell in water (black line).

In contrast to our understanding of the thickness scale of the local dielectric
sensitivity, explored in Chapter 3, very little is known about how the lateral
organization of a dielectric overlayer affects sensitivity of nanoparticle plasmons to the
local dielectric matter. Meanwhile, research is ongoing[16, 20‐22] to develop
nanoparticle‐based molecular detection systems in which nanoparticle surfaces are
functionalized with target molecule receptors and target molecule binding is detected
through changes in the plasmon resonance that occur in response to an elevated external
refractive index. The usual approach to functionalizing particles is to allow receptors to
self‐assemble on all available particle surfaces with the goal of maximizing the plasmon
response when target molecules bind. Target molecule surface coverage is incomplete
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when surfaces are sparsely functionalized or target molecule concentrations are low, but
the distribution of receptors and target molecules is assumed to be uniform. In these
familiar instances of nominally homogenous partial coverage, nanoparticle optical
resonances are observed to have frequencies and intensities that are intermediate
between those of bare and fully functionalized particles.[17, 56, 57, 72] Recent
developments in nanoparticle synthesis and surface functionalization, however, suggest
that receptor and target molecule distributions need not be uniformly distributed among
facets of a nanoparticle surface. In general, synthesis of single crystal[73] or reproducibly
twinned[52, 53, 74] nanoparticles with shapes controlled by surfactants with face‐
specific
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will

enable

molecule

controllable,
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Recently,
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surface
localized

functionalization has been demonstrated with gold nanorods.[75] The nanorods, grown
in the presence of the surfactant CTAB and incubated with thiolated biotin, form end‐to‐
end assemblies in the presence of streptavidin. Structured functionalization of gold
nanosphere surfaces through latitudinal banding has recently been demonstrated by
Stellacci and coworkers.[76]
The possibility of assembling laterally organized overlayer domains on
nanoparticle surfaces motivates us to investigate whether the plasmon bands of
selectively functionalized particles will display sensitivities to structured overlayers that

89

depend, not only upon the fraction of the particle surface covered, but also upon the
structure of the overlayer assembly. Evidence for the latter comes from experiments
with triangular nanoplates, in which the particles display extraordinarily high
sensitivity to biomolecules that assemble on the particle perimeter.[22] The localization
of the sensitivity appears to be correlated with the localization of the near field intensity
to specific regions of the particle surface.
Here, using electrodynamic methods, as described in Chapter 1, to simulate
spectra, we explore the dependence of nanoparticle plasmon resonance sensitivity to
dielectric surface matter upon lateral localization of the matter. In particular, we
investigate the hypothesis that the sensitivity of MNP resonances to dielectric surface
matter depends, not only upon coverage, but also upon the location of the dielectric
domains on the particle surface and/or on the polarization state of the illuminating light.
Nanoparticles and their overlayers are defined by their geometry and dielectric
functions or constants. Thin dielectric shells are used as models of molecular
monolayers; partial dielectric shells that cover only a fraction of a particle surface are
used as models of laterally localized molecular layers. The particles considered are
nanospheres, nanospheroids, and nanocylinders and the overlayers are either full
coverage or confined to the particle ends or sides (Figure 35b). Among particles large
enough to scatter light, the overlayer sensitivities of plasmonic features in both
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extinction and scattering spectra are evaluated and compared. Fractional coverage is
defined as the fraction of surface area of the nanoparticle covered by the partial shell.
This fractional coverage is contrasted with the fraction of intensity increase or decrease
or the fraction of peak wavelength shift which results from a partial shell as compared to
that which results from a complete shell. In all cases, the overlayer sensitivity results will
be compared to the equal fraction line, the line for which a half coverage partial shell
would accomplish exactly half of the expected result of a complete shell.

Figure 35: (a) Nanoparticles with full shells. (b) Nanoparticles with partial shells: (i) nanocylinder with end
caps (left); (ii) nanocylinder with sheath (second from left); (iii) nanosphere with end caps covering half of
the surface area (top right); (iv) nanosphere with an equatorial band covering the other half of the surface
area (bottom right).

The effects of partial shells on the resonances of spheres, both randomly oriented
and fixed in space, are considered and, given those results, for the case of a sphere, the
orientation of a surface plasmon mode is determined by the polarization direction of the
incident light, we use this example to examine the relation between sensitivity
modulation due to lateral localization and alignment of the dielectric shell domains
relative to the polarization direction. Subsequently, we address the effects of lateral
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localization of dielectric overlayers on nanorods. The dielectric shells are 4 nm thick with
refractive index, n=1.41, which is in low contrast (Δn=0.08) with the aqueous solvent, but
representative of conditions under which biomolecule sensing systems operate. The
shell thickness is at the lower limit of thicknesses characteristic of biomolecular
overlayers. Spectral changes associated with these overlayers are, therefore, modest
relative to those associated with thicker (or higher contrast) shells.
In this work we considered the sensitivities of the lowest energy, dipolar mode of
small (sub‐50 nm) nanoparticles of several shapes. Small nanospheres support a single,
dipolar resonance the frequency of which is independent of polarization direction of the
incident light. Nanospheroids and nanocylinders support two dipolar modes, a low
frequency longitudinal mode and a higher frequency, transverse mode, as well as higher
order modes with intensities that are particle size dependent. For the nonspherical
particles, the level of excitation of the dipolar modes depends upon the extent to which
the electric field of the incident light is aligned with the polarization direction of the
particular mode. For the case of spherical particles, the partial shells investigated were
half‐coverage (50% of the particle surface area) overlayers, configured either as an
equatorial band or as a pair of polar caps, and lower coverage polar caps that extended
from the polar axis out to angles of 20, 30, or 40 degrees off axis. The effects of 20, 30,
and 40 degree polar caps on spheroidal particle resonances were evaluated, as well. For
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the case of nanocylinders, the sensitivity of spectral features to both end caps (16.7%
coverage) and sheaths (83.3% coverage) were evaluated.

4.2 Results
4.2.1 Spherical Particles
To address the fundamental question of whether lateral structure in a dielectric
overlayer affects the sensitivity of particle plasmon resonances to the presence of the
overlayer, we initially consider particles with the highest possible symmetry, i.e.
spheres. The sphere surface is subdivided into two equal‐area domains (Figure 35b) that
are defined relative to an arbitrary body axis, u. The “polar cap” overlayer consists of
two caps, each of which covers an area within 60 degrees of one of the poles (Figure
35b), while the “equatorial” band overlayer covers the area further than 60 degrees from
either pole (Figure 35b).
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Figure 36: Sensitivity of a 13 nm gold nanosphere resonance to 4 nm thick half-coverage dielectric shells
with refractive index contrast, Δn=0.08. The polar axis, u, is aligned with the field, E. (a) Half-shell spectra
are illustrated for particles with (i) a pair of polar caps (orange line) and (ii) an equatorial band (green line).
Spectra for particles with full shells (black line) or bare particles in ‘low’ (blue dashed line) or ‘high’ (red
dashed line) index media from Figure 34 are reproduced for comparison. (b) Intensity increase associated
with assembly of a partial shell as a function of surface coverage afforded by the shell. Intensity increase is
expressed as a fraction of the increase associated with assembly of a full shell.
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Initially, we consider oriented particles illuminated by polarized light, with the
polarization direction (direction of the electric field, E) parallel to the particle polar axis,
u, as defined by the partial overlayers. Simulated extinction efficiency spectra for
partially covered nanospheres are illustrated in Figure 36. Extinction efficiencies of a
nanosphere with a complete shell (solid black) and nanospheres without shells in water
(dashed blue) and in a ‘high index’ medium (dashed red) are reproduced from Figure 34
for comparison. Complete 4 nm shells are seen to enhance the plasmon peak intensity by
14% and shift it by ~4 nm. Half‐coverage polar caps (solid orange) enhance the band
nearly as much as a full shell, and accomplish the majority (70%) of the shift. In contrast,
particles with only equatorial coverage (solid green) display only a very small red shift
and an imperceptible increase in resonance intensity, even though the same fraction
(50%) of the surface is covered with the shell material as is covered when the overlayer
consists of caps. The shift accomplished by these half‐coverage caps is highlighted in
Figure 36b where the fraction of the intensity increase with respect to the increase
associated with a complete shell is shown versus the fraction of surface area of the
particle covered by the partial shell.
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Figure 37: Extinction spectra of Au nanospheres in water (n=1.33) with complete and partial shells
(n=1.41) illuminated by polarized light. Particles and shells are the same as those whose spectra are shown
in Figure 36. However, for both cases illustrated here, the polar axis, u, determined by the partial shells is
oriented orthogonally to the polarization direction of the incident light. (a) Particles with polar axis, u,
oriented parallel to the magnetic field, H, such that both the E-field and the propagation direction are in the
plane of the equator. (b) Particles with polar axis, u, oriented parallel to the propagation direction, k, such
that the E-field is in the plane of the equator. Note, for a given overlayer structure, the two orientations, u ||
H and u || k, both leading to excitation of the transverse dipolar resonance, have indistinguishable plasmon
bands.

The second question we sought to address was whether the sensitivity increase
observed for polar capped nanospheres oriented parallel to the field direction would be
sustained for capped nanoparticles tumbling in solution and therefore randomly
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oriented relative to the field, E. To address this question, extinction spectra were
calculated for capped and banded particles oriented orthogonally to the polarization
direction and for a randomly oriented ensemble of particles. The resonance spectra for
selectively functionalized particles with polar axis, u, parallel to the magnetic field, H,
(Figure 37 a) or parallel to the propagation direction, k, (Figure 37b) are nearly identical
to each other, but differ significantly from the spectra shown in Figure 36 for particles
with polar axis aligned with the electric field, E. Among partially covered particles with
polar axis perpendicular to the electric field, particles with equatorial shells exhibit a
much larger plasmon band enhancement than particles with polar caps. Given the
diversity of results for the three orientations, it is not surprising that the orientationally
averaged spectra for capped and banded particles (Figure 38) display less distinctive
sensitivities than do the spectra of the same structures when oriented relative to the
incident field. Figure 38 shows the result one would expect from an ensemble of
particles tumbling in solution. In contrast to the result for oriented particles excited by
polarized light, the response of the resonance to half coverage caps and equatorial bands
on randomly oriented particles appears to be approximately proportional to the fraction
of the surface area covered by the dielectric shell.
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Figure 38: Extinction spectra of randomly oriented particles with half-coverage partial shells. Dashed lines
are spectra of bare particles in n=1.33 and n=1.41 media. Response of randomly oriented particles to partial
coverage deviates much less from simple coverage dependence than the responses of aligned particles
plotted in Figure 36.

Sensitivities of spherical particles to partial overlayers for the three orthogonal
orientations and the randomly oriented case are summarized in Figure 39. As in Figure
36 b the case for which the polar axis is aligned with the E‐field is presented and polar
caps of coverage between 10 and 50 percent fall above the equal fraction line while a
half‐coverage equatorial band falls far below. A blue diamond indicates the relative
sensitivity of the resonance intensity for the cases involving transverse excitation of half
coverage polar caps and an solid blue circle for the case of a half‐coverage equatorial
band. In contrast to the case of excitation along the polar axis, the transversely excited
equatorial band produces a disproportionately large intensity increase captured in a
point above the equal fraction line while transversely excited polar caps fall below the
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equal fraction. Thus when we average these three cases we find that the caps and bands
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Figure 39: Sensitivity to partial shells of nanosphere peak extinction. Diamonds show the response for a
sphere with its polar axis oriented parallel (orange diamonds) or transverse (blue diamonds) to the E-field,
while the open diamond shows the response of randomly oriented particles to a pair of half coverage polar
caps. Fractional sensitivities for particles with equatorial bands are labeled as circles with orange
representing the case where the polar axis is parallel to the E-field and blue for the transverse case while the
open circle shows the response of randomly oriented particles.

4.2.2 Cylinders
While some progress has been made in controlling the domain structure of
multicomponent overlayers on nanospheres,[76] most of the near term potential for
lateral organization of overlayers will be based upon face‐selective functionalization of
single crystal or controllably twinned nanoparticles. Using an electrochemical
method[23, 53], single crystal particles with the long axis in the [001] direction are
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synthesized. These particles are composed of {100} and {110}‐type facets bounding the
sides and {001}, {110} and {111}‐type facets at the ends of the particles. The suppression
or expression of these various faces can result in particles that are cylinder like, with
octahedral cross sections or particles that are more spheroidal in nature. Murphy et
al.[45, 46, 52] report on the synthesis of twinned nanorods with five {111} planes arrayed
radially to the longitudinal direction and five {100} faces along the length of the rod,
generally resulting in pill‐shaped particles, a shape between that of a blunt ended
cylinder and a spheroid. It is therefore of interest to consider the effect of face‐selective
dielectric overlayer formation on the dipolar plasmon resonances of a 50 x 20 nm gold
nanocylinder and a 30 x 12 nm gold spheroid.
As with spherical MNPs, the visible spectra of cylindrical MNPs are sensitive to
the dielectric environment. Bulk and local dielectric sensitivities and, in particular, the
sensitivities to full and partial ligand layer shells are evaluated by comparing the
plasmon bands of disks in ‘high dielectric’ (n=1.41) environments with those of bare
particles in water (n=1.33). As with spheres, an increase in the shell thickness (not
shown) causes the band to further shift towards that of a bare cylinder in a medium of
refractive index equal to that of the shell. Figure 40 shows the calculated extinction
efficiency spectra of a cylinder in ‘low dielectric’ medium (dashed blue), ‘high dielectric’
medium (dashed red) and a complete 4 nm ‘high dielectric’ shell (solid black) which falls
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between the two bare particles. Note that these spectra are of the orientationally
averaged case. Due to the distinct separation between the longitudinal and lateral
dipolar peaks modeling nanocylinders of this size as tumbling in solution does not shift
the plasmon band peak, it simply decreases the amplitude by a factor of ½.
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Figure 40: (a)Sensitivity of a 50x20 nm Au cylinder to structured dielectric overlayers. Extinction
efficiencies of cylinders with a pair of end-caps (solid orange), a sheath (solid green), and a complete
dielectric shell (solid black) for cylinders randomly oriented within the plane parallel to a substrate. Shells
are 4 nm thick and low contrast (Δn=0.08) with respect to the medium (water, n=1.33). For comparison,
efficiencies of a bare cylinder in water (dashed blue) and in an n=1.41 medium (dashed red) are also
shown. (b) Sensitivity expressed as the fractional shift versus fractional surface area coverage. Solid sphere
and square show the fraction of intensity decrease and fractional wavelength shift, respectively, for a part
of end caps. Open circle and square show the same for a sheath of material.
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The extinction efficiency spectra of cylinders with partial 4 nm shells, either end
caps (solid orange) or sheaths (solid green), also are displayed in Figure 40. Whereas a
complete (albeit a low‐contrast) dielectric shell red‐shifts the band by 5 nm, caps alone
shift it less that 1 nm while a sheath shifts the resonance 7 nm. Based on what is known
about the fields around a nanocylinder[40] we know that the fields are the largest near
the ends of high aspect ratio particles. Following Hao and Schatz[40] we calculated the
fields around a nanocylinder (Figure 41) and due to the location of the highest field
enhancement we would expect to see a large response to material placed on the ends.
When examining the extinction efficiency we do not see a large shift in the location of
the resonance for end caps (solid square in Figure 40b). What we do see is a significant
fraction of the intensity decrease seen for a full shell (solid circle in Figure 40b) when
only the end caps are covered with surface molecules. But an intensity decrease can be
confused with loss of sample and may not be the ideal observable.

103

Figure 41: Field enhancement calculated for a 50 x 20 nm gold nanocylinder illuminated with light
polarized along the longitudinal axis(top) and a 30 x 12 nm spheroid similarly polarized. Both images are
of a fixed plane through the center of the particle, parallel to the longest dimension, and the polarization
direction.

We have shown, in Chapter 2, that the sensitivity of the plasmon band location to
variation in the bulk refractive index is insensitive to mode of detection.[69] Given the
results for a change in bulk sensitivity we were interested in examining the sensitivity of
the scattering plasmon band to laterally localized layers. Figure 42a shows the calculated
scattering efficiency modeling results for the same cases as described above, a
nanocylinder in ‘low dielectric’ (blue dotted), ‘high dielectric’ (red dotted) and a full
coverage ‘high dielectric’ shell (solid black). The results here are very different than
those exhibited by the extinction plasmon band. There is a large intensity increase and a
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significant wavelength shift for a small, 4nm thick shell which is the first indication that
scattering could provide a valuable observable for high aspect ratio particles. When
considering partial coverage shells, end caps (green) and sheaths (orange) accomplish a
large fraction of the intensity increase, especially when compared the fraction of surface
area covered. The wavelength shift is not as extraordinary as the intensity increase.
When considering the fractional intensity increase, end caps produce 70% of the increase
with only 16% coverage. The results of the fraction of intensity increase and the fraction
of peak wavelength shift for both end caps and sheaths can be found in Figure 42b.
Scattering provides a useful observable for nanocylinders and later we discuss its shape
dependence in reference to spheroidal particles.
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Figure 42: (a) Sensitivity of a 50x20 nm Au cylinder to structured dielectric overlayers. Scattering
efficiencies of cylinders with a pair of end-caps (solid orange), a sheath (solid green), and a complete
dielectric shell (solid black) for cylinders randomly oriented within the plane parallel to a substrate. Shells
are 4 nm thick and low contrast (Δn=0.08) with respect to the medium (water, n=1.33). For comparison,
efficiencies of a bare cylinder in water (dashed blue) and in an n=1.41 medium (dashed red) are also
shown. (b) Sensitivity expressed as the fractional shift versus fractional surface area coverage. Solid sphere
and square show the fraction of intensity decrease and fractional wavelength shift, respectively, for a part
of end caps. Open circle and square show the same for a sheath of material.
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4.2.3 Spheroids
As discussed earlier, synthesis of high aspect ratio particles can result in particles
shaped like cylinders or ones shaped more like spheroids.[53] Using the same numerical
calculation method as for spheres and nanocylinders, the extinction efficiency spectra of
a 30 x 12 nm spheroid is calculated for the particle in ‘low dielectric’ (dotted blue line) ,
‘high dielectric’ (dotted red line) and a solid 4nm shell of ‘high dielectric’ material (solid
black). Similarly to nanospheres and nanocylinders, the simulated solid shell spectra
falls between that of the low and high dielectric mediums, as seen in Figure 43a. Figure
43b extends this idea to polar end caps which cover increasing amounts of the spheroid
around the polar axis; the caps are small in comparison to the half‐coverage caps shown
for spheres above, these caps cover 20, 30 and 40 degrees around the polar axis. These
caps correspond to 5, 11, and 22 percent coverage while accomplishing 40, 50 and 65
percent of the peak wavelength shift accomplished by a full coverage shell, respectively.

107

Figure 43: Sensitivity of a 30 x 12 nm spheroid with partial shells of ‘high dielectric’ material. (a)
Extinction spectra for a spheroid in n=1.33 (dashed blue), n=1.41 dielectric (dashed red) as well as a solid
4nm n=1.41 shell (solid black). Polar caps of increasing coverage 20, 30, and 40 degrees around the polar
axis are shown as green, orange and magenta lines respectively.

The sensitivity of nanospheroids to the simulated assembly of partial layers of
surface molecules is shown in Figure 44. The partial caps, as described above,
accomplish fractional responses well above the equal fraction line for both fraction of
wavelength shift and fractional intensity increase. As with nanocylinders, the field
enhancement in the area around the simulated nanospheroid is calculated. Again,
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similar to nanocylinders, the regions of highest field enhancement are fixed to the ends
of the particles (Figure 41). Therefore, the large wavelength shift and intensity increase
associated with the simulated assembly of material at the ends of the nanopsheroids can
be correlated with material being located in the regions of highest field enhancement.
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Figure 44: Sensitivity of partial shells shown explicitly as fraction of extinction plasmon shift relative to
fraction of the spheroid covered by surface molecules. Spheres represent the fraction of intensity decrease
relative to the decrease accomplished by a complete shell and squares indicate the fractional wavelength
shift. Dashed line indicated the point at which fraction of coverage and fraction of shift are equal.

Extinction efficiency spectra, while a good observable for spheroids are shape
dependent, as they are not a good observable for nanocylinders, as seen in Figure 40b.
Nanocylinders necessitate the use of scattering efficiency to obtain an observable
appropriate for the partial coverage layers. If scattering efficiency provides a shape
independent observable it could be used to quantify shifts in any high aspect ratio
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particles, not only cylinders. By modeling the scattering for spheroidal particles we find
the high sensitivity seen in extinction efficiency is maintained in scattering. Figure 45a
shows the sensitivity to partial coverage of a 30 x 12 nm spheroid from a ‘low dielectric’
medium (dashed blue) to a ‘high dielectric’ medium (dashed red) and a complete
coverage 4 nm thick shell of ‘high dielectric’ material (solid black). The green, orange
and magenta lines represent the sensitivity to polar end caps covering 20, 30 and 40
degrees around the polar axis, respectively. Figure 45b displays the results in a fractional
coverage plot showing that both the fractional wavelength shift and the fraction of
intensity increase are larger than the corresponding fractional area coverage.
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Figure 45: Spheroid Fractional Shifts (a) Scattering efficiency for a 30 x 12 nm spheroid. Green, orange
and magenta lines indicate polar caps covering within 20, 30 and 40 degrees around the polar axis,
respectively. (b) Fractional wavelength shift (squares) and fractional intensity increase (spheres) for the
partial shells described above. Both are about the equal fraction line and therefore accomplish a fractional
shift or increase larger than their fractional area coverage.

4.3 Discussion
We have shown there is a size and shape dependence on the sensitivity of metal
nanoparticles to partial coverage ligand layers. Clearly for the polarized, oriented
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overlayer case on nanospheres, resonance sensitivity to a structured partial shell does
not scale simply with coverage but the increased sensitivity is not maintained for
particles which are randomly oriented in space. Investigating higher aspect ratio
nanoparticles yields a more stable sensitivity, one which survives orientational
averaging. These particles support a longitudinal and a lateral resonance peak which are
separated such that randomly oriented particles exhibit sensitivities comparable to their
fixed‐in‐space counterparts. The spherical case for which there is increased sensitivity
can be thought of as the longitudinal resonance since the partial coverage caps give the
sphere a longitudinal direction. Therefore we can draw the conclusion that all particles
investigated here exhibit an increased sensitivity to partial coverage shells when the
longitudinal resonance is excited and is separated in wavelength space from the lateral
resonance such that it endures when randomly both are excited, as happens in randomly
oriented particles.
Nanorods are a class of high aspect ratio particles of which the two extremes are
nanocylinders

and

nanospheroids.

Controlled

synthesis

of

nanoplates

and

nanocylinders already has been achieved using face‐selective surfactants to promote or
suppress crystal growth in well‐defined lattice directions.[23, 52, 73] For particles
composed of face‐centered cubic metals, such as gold and silver, one of the most
controllable faces is the (111)‐face, which alternatively has been stabilized to suppress
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growth, thereby yielding plates which are spheroid‐like in nature, or activated as a
growth direction, thereby yielding rods which are cylinder‐like in shape, with (111)‐
plane facets at their ends.[23, 52, 53] Our modeling is limited to nanospheroids and
nanocylinders, the two extremes of the class of particles defined as nanorods and we
hypothesize that the results we see for these cases are representative of what would be
seen with nanorods in general. The increase in scattering efficiency is a good observable.
For the case of a 50 x 20 nm nanocylinder, 16% coverage polar caps accomplish 70% of
the expected increase while 5% coverage polar caps on a 30 x 12 nm nanospheroid
achieve 50% of the expected increase.
The face‐selective surface assembly used in producing nanorods has the potential
to be exploited in the development of sensor particles with receptors localized on
specific crystal faces positioned at high‐sensitivity regions of the particle surface. The
controllable (111) faces which occur at the ends of nanorods and can be stimulated for
cylinder‐like growth are coated with surfactants which control this growth and can also
be exchanged for a ligand receptor with much less exchange occurring along the length
of the cylinder, or the (100) faces.[75] If this ligand receptor creates a refractive index
contrast in the medium, one would be able to monitor that exchange had occurred by an
increase in scattering intensity such as in Figure 43 or Figure 45.
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In an attempt to explain why we see a high fraction of intensity increase and
peak wavelength shift for end caps on all particles investigated here the location of the
highest field enhancement surrounding the particles is interrogated. Following the work
of Hao and Schatz[40] we calculated the fields for the three particles investigated here.
The area of highest field enhancement for high aspect ratio particles is at the ends of the
long axis (Figure 41). From this information we can draw the correlation that by placing
surface molecules on particles where the field enhancement is the largest we are able to
see an increased sensitivity by noting the amount of shift in the plasmon resonance.
With nanocylinders we presume that polar caps do not cover the entire area of high field
enhancement and that is why we do not see a large wavelength shift with extinction
efficiency while with nanospheroids we presume that we are covering the area of
highest enhancement with the various polar caps and therefore see a shift and intensity
change.

4.4 Conclusions
We have shown that the localized surface plasmon resonances of gold
nanoparticles have dielectric shell sensitivities that depend upon the lateral localization
of the surface matter. Laterally localized dielectric layers which assemble in the area of
highest field enhancement cause a fraction of intensity increase and wavelength shift
larger than the fraction of surface area covered by the layer. For spherical particles, these
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areas of greatest field enhancement are dependent on the orientation of the particle with
respect to the incident field and therefore the increased response is not present when
particles are modeled as tumbling in solution. Higher aspect ratio particles have high
field enhancements that are fixed to the ends of the particles and therefore exhibit the
increased fractional response in both intensity and wavelength while modeled as
randomly oriented with respect to the incident light.
Face selective functionalization, such as that required to generate dielectric end
caps or full length sheaths on nanocylinders, is the focus of significant ongoing research
and builds upon successes in surfactant‐based control of crystal growth.[75] Partial
overlayers whose lateral boundaries correlate with face edges are therefore imminently
realizable. Functionalized or protected (111)‐planes, such as those present at the ends of
appropriately synthesized nanocylinders,[52, 73, 75] are particularly promising near‐
term candidates for templating face selective target molecule assembly. Therefore our
findings detailing the sensitivity of nanocylinders and nanospheroids to localized layers
are promising as we believe they can be extended to the entire class of nanorods.
The relevance of observations of high sensitivity to structured overlayers for
particles of well‐defined orientation excited by polarized light depends not only upon
the feasibility of assembling the structured surfaces, but also upon either the existence of
a method for orienting the particles or sensitivities that persist when particles are
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oriented randomly in space or on a substrate. Since lithographically defined ordered
arrays of oriented particles are now generated fairly routinely,[5, 77, 78] we can imagine
applications of our findings related to higher aspect ratio particles within experimental
reach.
The partial shells that we have focused upon here are 4 nm thick. Among
biomolecule overlayers, a 4 nm thickness is fairly small. Surface assembled molecular
detection schemes that use antibodies as well as antigens, for example, are much thicker.
The absolute shifts accomplished using the partial shells investigated here should not,
therefore, be interpreted as the sensitivity limits of partial overlayer molecular sensing.
A more appropriate indicator of the level of shell sensitivity possible for these
nanostructures the 30 nm band shift response of bare cylinders to a bulk refractive index
change of 0.08 (Figure 40a). Sensitivity optimization will require that particles be
designed to have sensing volumes tailored to the thickness of the target overlayer.[79]
Beyond the specific results discussed here, we emphasize that, given the strong
dependence of particle plasmon shell sensitivities upon non‐uniformity of overlayer
lateral distribution, spectral simulations will play an essential role in both the
interpretation of spectral sensitivities and in the design of nanoparticle‐based molecular
sensors.
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5. Width Modulated Sensitivity
5.1 Introduction
Electrodynamic calculations of nanoparticle spectra are used to investigate the
refractive index sensitivities and widths of surface plasmon peaks of gold nanodisks,
nanorods and hollow nanoshells. In Chapter 2, the refractive index sensitivities of
plasmon band position were found to increase linearly with band position, when band
position is expressed in terms of wavelength. Here, we present width modulated
sensitivities. Width is important when considering peak location sensitivity, as a large
shift of a wide plasmon band may be undetectable, while a small shift of a narrow
plasmon band is easily detectable. Because the radiative processes that broaden
nanoparticle plasmon bands increase with particle volume, quality factor modulation
lowers the refractive index sensitivities of particles elongated in one or more large
dimension. Shape‐dependent maxima in quality factor modulated refractive index
sensitivities are identified for 12 nm thick disks, 20 nm diameter rods, and nanoshells of
various thicknesses.
Noble metal nanoparticles and nanoshells support surface plasmons at optical
frequencies, known as localized surface plasmons (LSPs).[1, 2] The frequencies and
intensities of LSP resonances are determined, not only by particle properties, but also by
the refractive index of the medium[3‐14], and, in particular, the refractive index of the
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local[3, 6, 7, 15‐19] environment. The sensitivity of particle surface plasmons to the
material properties of the local environment serves as the basis for the use of
nanoparticles in biosensing applications. We have shown that, among single component
particles, the refractive index sensitivity is determined simply by the frequency of the
resonance[69, 70, 80] and the dielectric properties of the particle at that frequency. The
result is a consequence of the separability of the resonance condition into refractive
index and geometry dependent factors. Based on these results we were able to conclude
that the redder the resonance, the larger the bulk refractive index sensitivity of the
plasmon band location.
Several other considerations are, however, also relevant. For biosensing, an
important consideration is the geometric extent of the region around the particle to
which the resonance is sensitive relative to the size of the receptor/ligand complex of
interest. Of even more general importance is the issue of observability of a band shift,
which necessarily is a function of band width as well as sensitivity.[81] The influence of
band width on the observability of an environmentally induced band shift is illustrated
in Figure 46 by simulated spectra for a pair of gold nanoparticles with resonances in
water at ~720 nm, specifically a 5:2 nanorod and a 20:3 nanodisk.
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Figure 46: Simulated optical spectra indicating the plasmon band shift due to a Δn = 0.08 and the plasmon
band width of (a) 50 x 20nm gold nanocylinder and (b) 80 x 12 nm gold nanodisk.

While the plasmon bands of the two particles occur at the same frequency, the nanodisk
peak is significantly broader (0.14 eV) than that of the nanorod (0.1 eV). Consequently,
an 0.08 increment in refractive index of the medium leads to 4‐fold increase in nanorod
extinction at 750 nm, but only a 2.3‐fold increase in nanodisk extinction at the same
wavelength. Clearly, the utility of resonance based sensors is a function of band width,
or lifetime, as well as absolute sensitivity, dλ dn (or dE dn ).
Several groups have studied plasmon band width using both theory and
experiment for nanoshells[82], nanospheres [83],nanodisks[5], and nanorods[84]. The
full widths measured from experiment range from 0.76 eV for nanoshells[82, 85] to
between 0.26 and 0.94 eV for solid spheres[83] and a plasmon band width of ~0.5 eV for
nanodisks[5]. A study by Sönnichsen et al.[84] found plasmon band widths for gold
nanorods ranging from 0.22 to 0.073 eV, the smallest band width reported for gold

119

nanorods. This width matches well with widths determined here from fully
electrodynamic calculations of plasmon bands.
What controls lifetime of an LSP resonance? Material‐specific properties
determine an intrinsic damping rate. Furthermore, while not beyond controversy,[86]
confinement is understood to induce additional losses that hasten the decay of LSPs in
the smallest nanoparticles.[29] Among larger particles, including those with resonances
in the highly n‐sensitive, red end of the spectrum, resonance lifetimes are shortened due
to radiative effects that increase with the square of the particle volume. Within classes of
particles, such as nanorods of a given diameter or nanoplates of a given thickness,
increases in aspect ratio that move plasmon bands to spectral ranges where refractive
index sensitivities are high occur in tandem with increases in particle volume and
radiative losses that broaden the resonances and make bands shifts less observable. The
observability of LSP‐based refractive index sensitivity among metal nanoparticles,
therefore, depends upon a balance of several factors. Here, we investigate the tradeoffs
between several of these.
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5.2 Results
5.2.1 Wavelength and Energy
In previous work we have shown a simple theory by which the sensitivity of the
plasmon band location to a change in n of the medium can be described. It depends on
the location and slope of the real part of the metal dielectric function. For noble metals,
there are two logical parameterizations, a linear model which captures the wavelength
dependence of ε ' in the visible range, and a model stemming from the Drude
approximation which extends into the near‐IR. In Chapter 6, we have describe in detail
the equations and methods used to describe the dielectric functions of gold and silver.
Chapters 2 and 6 also show the refractive index sensitivity for nanoparticles in a
homogeneous medium as determined from numerically accurate calculations of optical
spectra theory. Here we present a similar set of results, but additionally we examine the
optical spectra versus energy.
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Figure 47: Sensitivity of peak plasmon band location of gold nanoparticles to a change in n of the medium
in wavelength and energy. The solid line illustrates the theoretical sensitivity as determined by equation (2).
20nm diameter cylinders (dashes), 12 nm thick nanodisks (squares) and 12nm (small open circles) and
15nm (large open circles) nanoshells on hollow cores.

The width of a nanoparticle plasmon band is important in determining the
observability of a plasmon band shift due to a change in n of the medium. There are two
main components which comprise the plasmon band width, intrinsic and radiative. For
the purposes of this paper we refer to the intrinsic width as that stemming from the
Drude‐like model for the dielectric function and ignore the effects from the interband
transitions which traditionally are included in intrinsic width discussions. The radiative
width is that which stems from the size of the nanoparticle and therefore is generally
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though to increase with the particle volume. Here we will investigate these two factors
and determine the width modulated n sensitivity for the particle types described above.
We will also show a simple radiative width theory which captures the effect of particle
size and shape on the radiative component of plasmon band width.
Using a Drude‐like model for the dielectric function,

ε = 1−

ω p2
ω 2 + iωγ

Equation 34
we are able to fit the gold dielectric function and determine a γ which accurately
describes the Drude‐like width as a function of wavelength. Figure 48 illustrates the
result (solid line) as well as the FWHM results from simulations of nanorods (dashes),
nanodisks (squares) and hollow nanoshells (open circles). As expected, the plasmon
band widths observed from simulated optical spectra are larger than the intrinsic width
as determined from the Drude model. It is also interesting to note that simulate optical
spectra of nanoshells in homogeneous media exhibit large plasmon band widths which
also increase rapidly with red shifting plasmon band location, while more compact, high
aspect ratio, particles have smaller widths that increase slower with the same red
shifting.
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Figure 48: Intrinsic plasmon band width (solid line) in the wavelength and energy domains. Also shown are
plasmon band widths from simulated spectra: 20nm diameter cylinders (dashes), 12 nm thick nanodisks
(squares) and 12nm (small open circles) and 15nm (large open circles) nanoshells on hollow cores

As illustrated in Figure 46, plasmon band width plays a large role in the
observability of a plasmon band shift, we propose the plasmon band shift due to a
change in the bulk n relative to the plasmon band width as a useful observable. Others
have also defined this as a figure of merit [81] and we do the same here, calling it the
quality‐factor modulated sensitivity. Figure 49 show the effect of only the intrinsic
plasmon band width on the bulk n sensitivity as determined by theory (solid line). For
reference the bulk refractive index sensitivities from numerically accurate simulations
124

for the various particle classes in a homogeneous medium are also included and are
modulated by the true plasmon band width from the simulated spectra. It is clear from
these graphs that the intrinsic width is only part of the story which describes the
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Figure 49: Plasmon band location sensitivities modulated by plasmon band width as determined from
simulated spectra for gold nanoparticles, 20nm diameter cylinders (dashes), 12 nm thick nanodisks
(squares) and 12nm (small open circles) and 15nm (large open circles) nanoshells on hollow cores. For
clarity, the theoretical sensitivity modulated by intrinsic width is also shown (solid line).
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As a qualitative explanation we examine the relationship between aspect ratio,
plasmon band location and volume. We will then show, using simple theory, that the
trends exhibited by the different particle types can be explained by size and shape
parameters. It is illustrative to show the volume, aspect ratio and plasmon band location
trends for nanocylinders, nanodisks and nanoshells on hollow cores as a qualitative
measure of the relationship between plasmon band location and width.
Figure 50 illustrates how the volume for nanoshells increases with aspect ratio much
more rapidly than for nanodisks and nanocylinders, respectively. This result is intuitive
based on the volume dependence of the particular particle types on the increasing
dimension and the known correlation between increased volume and increased
radiative width of the plasmon band. Figure 51 demonstrates the relationship between
plasmon band resonance location and aspect ratio and how this relationship is also
particle type specific. In this case, nanodisks, nanocylinder and nanoshells on hollow
cores exhibit increasing rates of resonance red shift with aspect ratio, indicating that
nanodisks have the smallest resonance shift for a given increase in aspect ratio. To tie
those results together, in Figure 52 we present particle volume versus resonance
location, showing this is the relationship that helps to clarify the radiative width
component of plasmon band width. As the radiative width component is known to
depend somewhat on volume, Figure 52 indicates that nanoshells would have the

126

largest widths, followed by nanodisks and finally nanocylinders. This corresponds to
the measured plasmon band widths from simulated spectra as shown in Figure 48. More
importantly, this results indicates that, when given our results above regarding the
sensitivity of nanoparticles in homogeneous medium and its correlation with plasmon
band location, one can choose a particle type (i.e. nanorod, nanodisk) to generate a
certain refractive index sensitivity, but the plasmon band width and therefore the
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Figure 50: Increase in particle volume for 20nm diameter cylinders (dashes), 12 nm thick nanodisks
(squares) and 12nm (small open circles) and 15nm (large open circles) nanoshells on hollow cores versus
aspect ratio where aspect ratio is inner radius / outer radius, diameter / thickness and length / diameter for
each particle type respectively.
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Figure 51: Increase in resonance wavelength with an increase in aspect ratio for 12nm (small open circles)
and 15nm (large open circles)hollow nanoshells increase more rapidly than 20nm diameter cylinders
(dashes) which increase more rapidly than 12 nm thick nanodisks (squares)
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Figure 52: Increase in particle volume versus plasmon band location for 12nm (small open circles) and
15nm (large open circles)hollow nanoshells which have volumes increasing more rapidly than 20nm
diameter cylinders (dashes) or 12 nm thick nanodisks (squares).
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5.2.2 Theory
An examination of plasmon band width would not be complete without an
analysis of radiative width theory. It is well known that the polarization of a
particle, P = αE , is equal to the polarizability times the field. Equally as well known is
that the polarizability of a particle is size and shape dependent and is often thought of as
being roughly proportional to volume. The quasi‐static polarizability as derived by
Bohren and Huffman[2] is dependent on the metal dielectric function, ε, the refractive
index of the medium, n, and the shape parameters, L (Equation 35).

α ≈ Vol ∗

ε − n2
n 2 + L(ε − n 2 )

Equation 35
From others we know that there are two terms that modify the electrostatic
polarizability to account for perturbative electrodynamic corrections, commonly
referred to as the modified long wavelength approximation (MLWA).[87] In the work
here we are only concerned with the term contributing to plasmon band width, the
radiative damping term, dependent on the wave number, k, cubed, and can ignore the
dephasing term, the k2 term that only affects the plasmon band location. Others have
expressed this radiative damping term and show how it modifies the polarizability, [87,
88]
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P = αE
⎛ 2
⎞
α = α 0 ⎜1 − ik 3α 0 ⎟
⎝ 3
⎠

−1

Equation 36
where P is the dipole moment, α is the polarizability, E the incident field, while k is the
wave number. By evaluating the modified polarizability using the electrostatic
polarizability for the α0 term the radiative width can be determined. For the work here it
is natural to evaluate the polarizability using a Lorentzian model for the metal dielectric
function as in Equation 37. The volume‐like term contained in Equation 35 can be
determined by evaluating the MLWA polarizability using the Lorentzian model of the
metal dielectric the results of the absorption cross section, C abs = k Im{α }, to that
presented by those employing the Drude form of the metal dielectric[2] (Equation 34).

ω p2
ε = 1+ 2
ω 0 − ω 2 − iωγ
Equation 37
Substituting the Lorentzian form of the polarizability into the quasi‐electrostatic
approximation for the polarizability results in,

α0 =

ω s2
V
A(shape, n ) 2
4π
ω s − ω 2 − iγω
Equation 38
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where A is a shape and n dependent function which can be determined analytically for
different nanoparticle shapes, ω s is the resonant frequency, and V is the particle volume.
Evaluating the MLWA modified polarizability (Equation 36) substituting in the quasi‐
electrostatic polarization in Equation 38, the radiative component of the plasmon band
width, is found to be dependent upon the plasmon band location, a phase volume and a
shape dependent term, A.

γ total = γ Drude +

ω2
k 3v
A(shape, n ) s
ω
6π

Equation 39
It is possible to evaluate the radiative component of the plasmon band width for cases in
which the shape dependent parameter, A, can be explicitly determined. One such
particle class is that of prolate and oblate spheroids. Shape factors, L, for spheroids have
been calculated from the geometric parameters of a particle.[2] The spheroid shape
parameters are used to approximate the shape parameters appropriate for nanodisks
(prolate spheroids) and nanocylinders (oblate spheroids). Together with accurate
particle volumes optical spectra were calculated and graphed in the previous figures.
The radiative damping term can be extracted from Equation 39, assuming, as done in
this work, that the intrinsic width is approximated by the Drude width. The result of
these substitutions and approximations is found in Equation 40.
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γ radiative =

k 3v
n2
6π n 2 − L n 2 − 1

(

(

))

2

ω s2
ω

Equation 40

This equation is evaluated for a range of wavelengths and shown in Figure 53. The solid
black line represents the analytic sensitivity scaled by the intrinsic width, the red and
green lines represent the analytic sensitivity scaled by the MLWA approximated width
(Equation 39) as evaluated for nanocylinders and nanodisks respectively. The
homogeneous plasmon band theory is modified by the theoretically determined intrinsic
and radiative widths for these two cases (Figure 53) and is shown to follow the trends of
the simulations of nanoparticle sensitivity modified by the plasmon band width of the
calculated optical spectra. We do not expect the evaluated theory to match the results
from simulations because the intrinsic width is approximated by the Drude width only,
ignoring the interband effects which are significant at high energy for gold
nanoparticles.

132

ΔeV∗/Δn / Peak Width

14
12
10
8
6
4
2
0
1

1.5

2

2.5

eV*

Figure 53: Bulk n sensitivity modulated by the radiative width term from the medium long wavelength
approximation as in Equation 40. Clearly the trends for cylinders (dashes) and disks (squares) are met by
the radiative and intrinsic components together evaluated for those particles types, red line indicating
prolate spheroid evaluation (approximating a cylinder) and a green line for an oblate spheroid
(approximating a disk)

5.3 Conclusions
Using a systematic approach to simulation and theory, we investigate the trends
of plasmon band width across particle classes and evaluate the effect of that width on
the observability of a plasmon band shift due to a change in the refractive index of the
homogeneous medium. Thus while calculations of properties such as the plasmon band
location and band width require electrodynamics for accuracy, the quasi‐electrostatic
analytic sensitivity expression continues to predict the bulk refractive index sensitivity
for a surprisingly large range of particles. We are able to calculate an intrinsic width in
eV and wavelength by approximating this width as the Drude width, stemming from a
Drude‐like model for the metal dielectric function. Incorporating plasmon band width
theory with shape parameters appropriate for nanodisk and nanorod shaped particles, a
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radiative width term is calculated which closely matches the trends displayed by
nanocylinders and nanodisks. Through an investigation of the width modulated
refractive index sensitivity, we conclude that the observability of a refractive index
change induced plasmon band shift is dependent not only on the size of the shift but
also on the width of the plasmon resonance.
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6. Substrate Modulated Sensitivity
6.1 Introduction
Noble metal nanoparticles and nanoshells support surface plasmon resonances at
optical frequencies, known as localized surface plasmon (LSP) resonances.[1, 2] The
frequencies and intensities of LSP resonances are sensitive to the dielectric properties of
the medium,[3‐14] and, in particular, to the refractive index, n, of matter close to the
particle surface.[3, 6, 7, 15‐19]. Measurements and simulations of nanoparticle LSP
resonance sensitivity to both bulk and local refractive index, n, are ongoing in many
groups.[1‐22, 48, 89] In general, plasmon resonances have been found to shift to the red
as n is increased. More specifically, for a variety of nanoparticles, the wavelength, λ*,
either of the extinction maximum or the scattering maximum has been found to increase
linearly with n. [3‐5, 7‐10, 48] Considering only the refractive index sensitivities of the
lowest energy, dipolar resonances, values of dλ * dn ranging from tens to hundreds of
nanometers have been observed for various nanoparticles, such as nanotriangles,[4, 7,
17] nanoplates,[5] nanorods,[48] nanospheres[9, 16] and nanoshells[9, 10], with high
aspect ratio particles and thin nanoshells having the higher sensitivities.
Recently we developed a theory for refractive index sensitivity of single
component nanoparticles in bulk media.[69, 70, 80] For resonances at a given
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wavelength, band shifts are determined by the wavelength dependence of the dielectric
function at resonance. Thus, remarkably, for particles in homogeneous media, the
sensitivity of a plasmon resonance to refractive index of the medium depends upon
particle shape and size only insofar as shape and size determine band position.[70] In
previous work, the sensitivity theory was validated for a variety of particle shapes
through comparison with sensitivities determined by finite difference using high quality
spectral simulations of particles in various media.[69, 70, 80] Comparisons of theory
with simulation were performed for single component gold disks, cylinders and
nanoshells with resonances in the visible. For particles with resonance in the visible, the
real part of the gold dielectric function is an approximately linear function of
wavelength, the relationship between bulk refractive index sensitivity of metal
nanoparticles in homogeneous media and plasmon band position was determined to be
not only shape independent, but also linear.[70] Core‐shell particles composed of more
than one material were, however, found to have refractive index sensitivities that
depended strongly upon particle geometry and components properties [70], a result that
has been demonstrated previously through experiment[10].
While these recent theoretical results are specific to the refractive index
sensitivities of particles in homogeneous media, practical implementations of particle
plasmon‐based sensing generally involve particles patterned or immobilized on a
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substrate. It is well known that substrates have a significant influence upon the
refractive index sensitivities of particle plasmons.[4, 5, 10, 18, 81, 90‐92]. Most widely
observed is a correlation between the fraction of a particle surface in contact with a
substrate and the extent of reduction of the bound particle sensitivity from that of a free
(homogeneous phase) particle. Most relevant to our ongoing efforts to identify trends in
sensitivity behavior, however, are studies that document the subtler phenomenon of
differential sensitivities of plasmon modes split when association of a particle with a
substrate eliminates degeneracy. For the case of nanocubes on substrates that support
both modes localized near the particle‐substrate interface and modes localized near a
particle‐solvent interface, surface localized modes were found to be less sensitive to
solvent than solvent localized modes. [81] These important results are consistent with a
well established, but less widely understood, notion that a plasmon resonance is most
sensitive to the refractive index of matter co‐located within the near field of the plasmon
mode.[40, 93]
Because particles of different shapes support modes with near fields that are
unequally distributed between the substrate and a variable medium, the sensitivities of
their plasmon bands, therefore, must be expected to deviate to different extents from the
sensitivities they would display if fully embedded in the variable medium. In our
previous theoretical papers, we asserted, however, that while the sensitivities of
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plasmons of immobilized particles are necessarily shape dependent, the refractive index
sensitivities of homogeneous phase particles (which depend upon shape only through
the dependence of band location upon shape) provide an upper bound to the
sensitivities of modes of immobilized particles that are intrinsically shape dependent.
Here the systematics of sensitivities of one family of immobilized nanoparticles is
investigated. The sensitivities of gold nanorods of varying aspect ratio, immobilized on
glass, are both measured and calculated. Next, the dependence of the resulting
sensitivities to band locations is determined to see if the experimentally measured
sensitivities display trends similar to those understood from theory describing particles
in homogeneous media. For the purpose of better understanding the variation of
sensitivities of immobilized particles from those of particles in homogeneous media we
simulate the sensitivities of particles on surfaces. So that experiment can be compared
with homogeneous phase theory, the theory is extended into the IR, where the
functional form of the homogeneous phase theory is determined by the Drude form of
the dielectric function rather than by the unusual linearity displayed by the dielectric
function in the visible where interband effects are strong.
As we are interested in the relationship between the plasmon band of
nanoparticles on a substrate and the refractive index of the surrounding medium, and
our previous results are restricted to particles embedded in homogeneous media, we
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simulate optical spectra of metal nanoparticles in the presence of a substrate using the
DDA method as described in Chapter 1. The transverse and longitudinal polarizations of
a nanorectangle of length L and symmetric cross section with width w, where L > w, are
modeled with the propagation of light in the direction illustrated in Figure 54. In order
to determine the size of substrate needed to capture the effect as seen in optical spectra,
a substrate is represented in three ways. First as a simple adjacent ‘particle’ of dielectric
material, then one which extends in the two directions orthogonal to propagation and,
finally, extended in the directions as before but the metal nanoparticle is partially
embedded in the dielectric substrate.

Figure 54: Geometry for simulations of particles on a substrate. From the left, a simple substrate consisting
of an adjacent dielectric particle, then a substrate extending in the two directions orthogonal to the
propagation direction (k) and on the right, a substrate extending in those same directions but also
embedding the base of the particle.

6.2 Results
6.2.1 Experimental Results
Nanorods synthesized as described in the methods have resulting aspect ratios
between 1 and 7 and necessarily have peak locations ranging from~515nm to 950nm.
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The approximate diameter of all nanorods studied is 20nm. After immobilization onto
APTES modified glass slides the nanorods are subjected to a refractive index change, Δn
~ 0.33, of air to water. Optical spectra of the particles, immobilized on substrates in air
and in water can be seen in Figure 55. TEM pictures show the size and shape of the
particles, both with ~20nm diameters and the upper image in Figure 55 has an aspect
ratio of 2 while the lower image is 2.5. It can clearly be seen that for particles which have
a plasmon resonance in air at a higher wavelength (thin black line in Figure 55) a change
in refractive index of ~0.33 (air to water) causes a larger shift than particles which have a
plasmon resonance in air at a lower wavelength(thin blue line in Figure 55).
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Figure 55: Optical of two prepared nanorod samples and TEM pictures, thin line, particles on a substrate in
air, thick lines, particles on a substrate in water. Note that the upper panel is of nanorods with an aspect
ratio of 2 and the lower panel 2.5 with approximate diameters of 20nm in both images. Scale bars on the
image indicate a length of 100nm.

Optical spectra are measured for the entire aspect ratio range of nanorods. By
observing the shift of the plasmon band position to a change in the refractive index of
the medium from air to water, we calculate the sensitivity of the plasmon band location
to a change in the refractive index of the surrounding medium. The sensitivity results
are shown in Figure 56 (gold diamonds).
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Figure 56: Experimentally determined sensitivities from a family of gold nanorods immobilized on glass.

As expected, the sensitivities of surface immobilized particles are less than those
predicted by our homogeneous plasmon band theory. The unexpected result is we
observe the experimentally measured results appear to follow the same trend as the
simulations of particles freely floating in a dielectric medium. Although the standard
notion is that the sensitivity resulting from particles immobilized on a substrate is scaled
by the surface area remaining exposed to the medium, here it appears these substrate
based sensitivities are scaled by a simple factor from the homogeneous plasmon theory.
This factor accounts for the effect of the substrate, both the change in the refractive index
of the system as well as the inaccessibility of the particle and is constant across the class
of particles, rather than proportional to the fraction of surface area exposed to the
changing medium.
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6.2.2 Nanoparticles in Homogeneous Medium
In previous work we have shown a simple theory by which the sensitivity of the
plasmon band location to a change in n of the medium can be described.[69, 70, 80] This
work was limited to the optical wavelength range but, given the extended wavelength
range of the prepared nanorods, and our desire to compare the homogeneous plasmon
band theory to experimental results of particles immobilized on a substrate, we build
upon our previous results with a theory extending into the IR.
The bulk refractive index sensitivity of nanoparticles embedded in homogeneous
media is controlled by the resonance of the real part of the metal dielectric function, ε ' ,
only so far as the slope of the real part with respect to wavelength determines the value
of the resonance, ε '* , for a specific change in the refractive index of the medium, n.
Understanding that metal dielectric functions can be described by an equation or set of
equations dependent on wavelength, it is then intuitive to write the bulk refractive index
sensitivity as,

dε '*
dλ *
dn
=
.
(λ ) ⎞
ε
d
'
dn
⎛
⎜
⎟
⎝ dλ ⎠ λ *
Equation 41
To further evaluate this relation it is necessary to employ the resonance
condition, ε '* = −2 χn 2 , which, given particle structure, determines the real part of the
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dielectric function, ε '* , and evaluate the slope of the real part of the dielectric function
which, given ε '* , determines the plasmon band location, λ * . In conjunction with an
equation or set of equations describing a metal dielectric function, it is possible to
evaluate the analytic sensitivity of metal nanoparticles in a homogeneous medium using
the following,

2ε '*
dλ *
=
dn
⎛ dε ' (λ ) ⎞
n⎜
⎟
⎝ dλ ⎠ λ *
Equation 42
For noble metals, there are two logical parameterizations, a linear model which
captures the wavelength dependence of ε ' in the visible range, and a model stemming
from the Drude approximation which extends into the near‐IR. The dielectric functions
for gold and silver used here in calculations and in the analytic model are a result of our
fit to optical ‘constants’ from Palik[51, 54, 55]. For gold, the following equations are
used, joined by a switching function at centered at 740nm which allows for continuity in
value and slope of the real part of the dielectric function, where ε ' is the real part of the
metal dielectric function and λ is the wavelength in nanometers.

ε ' = 34 − 0.072λ

(

)

2
ε ' = 10.739 − 0.00656λ − λ 147.4

Equation 43
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Silver is easily described by a simple Drude‐like approximation as,

(

)

2
ε ' = 4.08 − λ 141.8

Equation 44
Substituting these equations into Equation 42 allows us to compare the analytic
results with results from spectral simulations using the DDA method. Figure 57 shows
the agreement between the analytic results (solid line) and the bulk refractive index
sensitivity results for nanoparticles simulated in n=1.33 and n=1.41 media. Some of the
particles shown here have also been shown in a previous paper and include hollow
nanoshells (circles), nanodisks (squares) and nanocylinders (dashes). As can be seen in
Equation 42, the choice of ‘n’ determines the wavelength in which the particle spectra is
evaluated, in this case n = 1.33. In Chapter 2, we also show that this analytic line is scaled
by refractive index in which the resonance wavelength is evaluated, as clear from the

1 n dependence of Equation 42 moving the line up or down for lower and higher
refractive indices, respectively.
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Figure 57: Bulk refractive index sensitivities as determined from gold nanoparticle simulated extinction
spectra for hollow nanospheres (circles), nanorods (dashes), nanodisks (squares) as well as analytically
determined sensitivity fromEquation 42 for n = 1.0(black), n = 1.33(blue), and n = 1.5(grey).

6.2.3 Substrate Simulations
To understand and explain the variation in sensitivity between particles in
homogeneous media and particles on a substrate we investigate, through simulated
optical spectra, the refractive index sensitivity of gold nanorectangles on a dielectric
substrate meant to approximate glass (n = 1.5). In order to generate results applicable to
the most general case of a high aspect ratio particle on a substrate, we chose not to
embed the particle in the substrate. It is then necessary to determine the size of substrate
for which the bulk refractive index sensitivity of the peak location is converged. We
investigate a series of substrate sizes for a 20nm long, 10nm square cross section
nanorectangle on a n =1.5 dielectric substrate. We find that the sensitivity is converged
for a substrate of size 1.5L in all directions, the 30nm substrate case in Figure 58.
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Interestingly, this substrate is deeper than needed for a converged substrate and we
determine that a substrate of depth L and extending 1.5L from the edges of the
nanorectangle is sufficient and greatly saves on computation time.

Figure 58: Convergence of the refractive index sensitivity for a 20x10x10nm gold rectangle on an n =1.5
dielectric substrate. Shown are the bulk refractive index sensitivity results for increasing sizes of substrates
from no substrate (bluest resonance wavelength) and then increasing in size 5, 10, 20, 30 and 40nm.

Simulations are performed for a set of gold nanorectangles on a substrate
modeled as shown in Figure 54. Simulations are done for a single polarization direction,
the longitudinal polarization, in all cases. Simulated extinction spectra for a 20nm long
nanorectangle with a symmetric 10nm cross section are shown here as representative of
the range of nanoparticle sizes investigated. In Figure 59, we show simulated extinction
spectra of this particle in homogeneous mediums as well as in the presence of an n=1.5
substrate, 20nm thick and extending 30nm from the edge of the particles in the two
directions orthogonal to the propagation direction. This substrate size is chosen based
on the convergence of the sensitivity as shown in Figure 58.
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Figure 59: Simulated spectra of a 10x20x10nm gold rectangle in air (n=1.0, black), water (n=1.33, blue),
and n=1.5 (red), along with a 20nm thick substrate extending 30nm away from the edges of the substrate in
air (dashed black) and water (dotted blue).

We see that the effect of a substrate is larger for the case when embedded in air,
an expected result as the refractive index difference between the dielectric substrate and
air is larger than that between the substrate and water. A series of particles of various
size and aspect ratio are modeled in this way such that a model sensitivity line can be
graphed. As with particles embedded in homogeneous media, particles on a substrate
initially having higher plasmon band locations (dashed lines versus dotted lines in
Figure 60) experience a larger wavelength shift for the same change in refractive index of
the medium.
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Figure 60: Simulated extinction spectra of gold nanorectangles with 10x10nm cross sections on glass in air
(black lines) and water (red lines) for 20nm length (dotted lines)and 30nm length (dashed lines).

Figure 60 illustrates the anticipated trend, the nanoparticle of aspect ratio 3 and
with a redder plasmon band resonance in air exhibits a larger shift due to the ~0.33
change in the refractive index of the surrounding medium. These simulated particle
spectra, along with others generated from accurate calculations of optical spectra
modeling nanorectangles in the presence of a substrate, are used to calculate the
refractive index sensitivity of these modeled systems. From the optical spectra we are
able to determine the sensitivity of the peak location to a change in refractive index of
the medium, as was done for the family of synthesized nanorods in Figure 56. Given the
trend displayed by the experimentally measured results as well as the results from
simulation of nanorectangles on substrates in Figure 61 we rewrite Equation 42 in order
to evaluate the efficacy of the homogeneous plasmon theory for particles in the presence
of a substrate. Equation 45 utilizes a parameter βn, to account for the influence of the
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substrate in terms of the change in the effective refractive index as well as the change in
accessibility of the particle.

dλ *
=
dn

2ε '*(λ *)
⎛ dε ' (λ ) ⎞
βn⎜
⎟
⎝ dλ ⎠ λ *

Equation 45
Since our motivation for expressing an analytically determined sensitivity into
the IR is to compare with experiment, we take advantage of the βn term in Equation 45
and scale the analytic sensitivity by this factor to evaluate if the trend seen in Figure 56 is
approximated by this version of our homogeneous plasmon theory. Figure 61 combines
the experimentally measured sensitivities together with the homogeneous plasmon
band theory and simulations of nanorectangles in the presence of a substrate.
Remarkably, the experimental sensitivities as well as those determined from simulated
optical spectra of nanorectangles are well matched by the analytically determined
sensitivity scaled by a βn = 1.75.
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Figure 61: Experimentally observed RI sensitivities for gold nanorods on glass (gold diamonds) as well as
RI sensitivity results for simulated gold nanorectangles on n=1.5 substrates (black diamonds). Also shown
is the analytically determined sensitivity line for n =1.0 (black) and βn =1.75 (grey).

This is a remarkable result, we do not expect the homogeneous plasmon theory
to fit the experimental results of particles on a substrate, but when scaled by βn the trend
exhibited by the experimental system is well captured by the analytic model. Therefore,
we call βn a shape‐dependent factor, and βn =1.75 the value appropriate for these high
aspect ratio particles. We expect that the presence of the substrate will cause a change in
the sensitivity which is not the same for particles of different shape and therefore the
scaling factor which is appropriate for the synthesized nanorods and the simulated
nanorectangles is not applicable to other shapes. Therefore this shape dependent scaling
factor accounts for the inaccessibility of the particle due to the substrate for these types
of high aspect ratio particles and allows for our analytic model accurate only for
particles in a homogeneous medium, to be applied to the case of particles on a substrate.
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We also point out that this work can extend to particles which have a reference medium
other than air. If the starting n value is 1.33 in Equation 42, the βn term for these particles
would be 0.33 larger (the increase in n of the reference medium).
This work can be extended to silver because, although we presume that particles
with different shapes or significantly different contact areas with the substrate will
necessitate different βn factors, such factors should extend to other materials with
dielectric functions described well by an equation or equations. In Equation 44, we
present an accurate model for the real part of the dielectric function for silver. As with
gold, the bulk refractive index sensitivity can be determined analytically (solid line,
Figure 62) as well as through simulated extinction spectra for nanodisks (squares).
Again there is good agreement between simulation and theory for the homogeneous
medium case. We also show the expected result for high aspect ratio silver particles on a
substrate, necessarily scaled by βn = 1.75 as was the case for gold nanorods on glass.
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Figure 62: Homogeneous plasmon band theory for silver particles as in Equation 42 where n =1.33(thick
line), sensitivity results from simulated nanodisks (squares). Also shown is the expected result for high
aspect ratio silver particles on glass as determined from Equation 45 where βn = 1.75

6.3 Conclusions
Gold nanorods are synthesized using standard electrochemical methods and
deposited on glass substrates for the purpose of determining the refractive index
sensitivity. Those results, together with the simulations of particles on a substrate were
shown to follow a trend which can be approximated with our bulk phase analytic theory
with the addition of a scaling parameter, βn, accounting for the effect of the substrate. It
is well known that nanoparticles on a substrate will have refractive index sensitivities
that are decreased from those of particles freely floating in solution. Surprisingly by
introducing a shape dependent parameter, βn, into Equation 42 in place of the simple n
appropriate for a homogeneous medium, our analytic theory, dependent on equations

153

describing the metal dielectric function, accurately described the refractive index
sensitivity of particles in the presence of a substrate.
The work presented here adds to the existing knowledge relating theory and
simulation with experiment. We have shown through analytic theory and simulation the
sensitivity of the plasmon band location of noble metal nanoparticles to a change in the
refractive index of the homogeneous medium can be predicted through the optical and
near‐IR wavelength regions. The analytic sensitivity, which is supported by accurate
numerical calculations of nanoparticle spectra, increases with wavelength linearly to
~750nm at which point the slope decreases and is not a simple linear relation to
wavelength, as is obvious from Equation 44 and Equation 41. We also show that the bulk
refractive index sensitivity at low wavelength is greater for silver than for gold, but due
to the properties of the metal dielectric functions, the sensitivity appears to converge to
that of gold in the near‐IR wavelength range. Optical properties are simulated for a set
of gold nanorectangles of various lengths, L, and cross section, w, on a substrate
extending L in depth along the direction of the propagation of light and 1.5L in extent
along both the transverse and longitudinal polarization directions and the refractive
index sensitivities calculated from these simulations are similar to those observed
through experiment.
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7. Mode Identification in Gold Nanorod Spectra
7.1 Introduction
Bulk phase syntheses of plasmonic gold nanorods have been reported by many
groups[23, 43, 46, 94, 95] and the products characterized by electron microscopy, optical
spectroscopy, and, in some instances, high resolution electron microscopy[52, 53, 96] and
select area electron diffraction.[52] While a defining feature of nanorods is their aspect
ratio, various preparative methods have yielded rods that differ not only in aspect ratio,
but also in subtleties of shape. In some cases, detailed structural studies[52, 53, 96] have
uncovered the nanostructural basis for nanorod shape.
Important developments in nanorod synthesis include the use of surfactants for
stabilization of select crystal facets[23, 53] and control of nucleation through the use of
seed particles[42, 43, 52]. Wang et al used mixtures of hydrophilic and hydrophobic
surfactants to control growth of gold nanorods through an electrochemical method[53].
Particles synthesized by this method were found to be composed of a single crystal with
a long axis in the [001] crystallographic direction, {100} and {110}‐type facets bounding
the sides and {001}, {110} and {111}‐type facets at the ends.[53] Cross sections of the
[001]‐axis rods are octahedral unless one of the sets of longitudinal facets is destabilized,
in which case the cross section is square or rectangular. Murphy pioneered the use of
seed‐mediated chemical reduction as a method for controlled synthesis of nanorods[42,
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43, 45, 46, 52] and, in collaboration with Mann, characterized the nanorods as five‐fold
twins. The twinned rods were found to have {111} faces arrayed in five twin boundaries
oriented radially to the longitudinal direction and five {100} faces along the length of the
nanorod, resulting in a pentagonal cross section.[52] Further investigation into the role
of the seed particle and the surfactant in the growth of nanorods was performed by
Mulvaney et al[43], and modifications that enhanced purity were introduced by
Nikoobahkt[42]. Variations on the seed mediated method have produced variations on
nanorod shape, such as when growth occurs from oblique end facets and dog‐bone
shaped particles are produced.[94, 97, 98]
In general, the visible or vis‐near IR spectra of nanorods display two plasmon
bands, a low wavelength band identified as transverse and a long wavelength
longitudinal band.[23, 42, 43, 45] Recently, there have been several reports of syntheses
that yield nanorods that appear to support a third plasmon mode.[94, 95] While the
presence of additional peaks could be the signature of multiple products, simulations of
spectra of nanorods of various cross section indicate that rods with triangular or square
cross sections support more than one transverse plasmon mode.[99] Spectra simulated
for rods with circular cross section, in contrast, supported a single transverse resonance,
while the new transverse resonances captured in simulations of rods with sharply
angled cross sections were found to be associated with accumulation of polarization
charge at sharp corners.[99, 100]
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Here we report the syntheses and optical properties of a family of nanorods
produced from identical growth solutions using a three order of magnitude range of
seed particle concentrations, at and below that widely used to form high aspect ratio
rods. At the higher seed concentrations, the particles are pill‐shaped, as has been seen by
others using similar preparative methods.[42, 43, 52] Lower concentrations of seed
particles are found to yield flat ended rods of uniform cross section (i.e. mid‐section
equal to end‐section) that support three plasmon bands in the visible. Spectral
simulations of rods of various geometries are used to investigate the structural basis for
this novel spectral feature. Specifically, simulations are used to evaluate three‐
dimensional structural models of the synthesized particles, where the three‐dimensional
models have shapes consistent with particle profiles observed in electron microscopy
and are inspired by the aforementioned computational studies of the role of cross
sectional shape. Subsequently, near fields of particles at resonance are simulated and the
structure of the field enhancement examined for the purpose of identifying the nature of
the novel mode. Prior to simulating gold nanorod spectra, a series of simulations of
silver nanorods are performed so that the structural basis for the spectral features could
be identified in a model system of comparable bulk plasmon frequency but lower loss,
and, therefore, less spectral overlap.
Extinction spectra of rods of various cross section were simulated using the
discrete dipole approximation (DDA) method[35] and metal dielectric functions fit to
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gold[27, 28] and silver[27] dielectric data. Initial studies of the dependence of plasmon
resonance location on nanorod shape and of the nature of the plasmon modes were
performed using silver as an underdamped model for gold. In the interest of
computational efficiency, the shape dependence of the spectra was studied using
particle models at the smaller end of the range of sizes observed. For sub‐70 nm rods, in
which the influence of retardation is small, correlations between shape and spectral
features can be expected to be independent of particle size. Size corrections to the
dielectric functions were neglected because the primary goal of the simulations was to
illuminate properties of the individual resonances most easily observed when damping
is held low. Spectra of randomly oriented particles were calculated by averaging spectra
of particles oriented in various directions relative to the electric field of the incident
light. Initially, the ensemble spectra were calculated by integrating spectra of rods with
orientations distributed over one octant of all possible 4π steradians. These accurate
results were compared with spectra calculated by averaging spectra of rods aligned in
two or three orthogonal directions parallel or perpendicular to the electric field of the
incident light. For all but the largest particles simulated, the faster method of averaging
pure transverse and pure longitudinal spectra was found to yield ensemble spectra
indistinguishable from the results of lengthy integrations. For the largest, longest
particles considered, small differences in intensities between polarization averaging and
integration followed from slight differences in the spectra associated with transverse
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modes, when rods are illuminated from the end or from the side. These small differences
were neglected, and averages of polarized response were used routinely to simulate
bulk phase spectra, For particles with rectangular cross sections, responses at three
orthogonal orientations were summed, whereas for particles with square cross sections,
averages were formed from only two polarizations. All simulations were performed
assuming particles were embedded in a homogeneous medium of refractive index 1.33.
For the purpose of characterizing the structure of the modes, scattered field intensities
were used to construct maps of field enhancement under illumination conditions that
lead to excitation of the resonance.

7.2 Results
7.2.1 Characterization of gold nanorods
The eleven gold particle preparations yielded particles that spanned a range of
geometries, Figure 63. With the exception of the largest particles, nanoparticle
populations were monodisperse. All preparations yielded rods with lengths less than 70
nanometers. As expected, particles formed at low seed concentration, e.g. (A), 5.2x10‐8
M, were larger than particles formed at high seed concentration, e.g. (F), 5.2x10‐5 M.
While both thickness and length contributed to the increased size of the larger particles,
thickening dominated lengthening such that aspect ratio of the largest particles was very
low. As seen previously by others[42], rods formed at lower seed concentrations, (A)‐
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(C), have flat ends, while rods formed at the higher seed concentrations, (D)‐(F), are pill‐
shaped. Under the full range of preparative conditions considered here, particles had
straight sides.

Figure 63: TEM images of gold nanorods prepared with different concentrations of seeds. (A) 5.2x10-8 M,
(B) 2.6x10-7 M, (C) 1.3x10-6 M, (D) 5.2x10-6 M, (E) 1.6x10-5 M, (F) 5.2x10-5 M.

Optical spectra, Figure 64, of the eleven nanoparticle solutions display plasmon
bands in the visible, as expected for low aspect ratio rods. In all cases, the long
wavelength, longitudinal, band was found to be the most intense plasmon band. Also as
expected, the longitudinal bands of low aspect ratio particles prepared at low seed
concentration, (A) and (B), are centered at shorter wavelengths than the longitudinal
bands of higher aspect ratio particles formed when seeds are more abundant, (C) and
(D). The lowest wavelength (transverse) band appears to be positioned at approximately
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the same wavelength (520+/‐10nm) in all samples. Rods with flat ends, formed in the
presence of intermediate concentrations of seed, e.g. (B) and (C), have spectra that
display a third peak, intermediate in wavelength between the longitudinal and
transverse peaks. The third band appears to be positioned at shorter wavelengths for
rods with higher aspect ratios than for thicker rods of lower aspect ratio.

Figure 64: Optical absorbance spectra of gold nanorods synthesized at a range of seed particle
concentration. Spectra are normalized by maximum intensity, i.e. peak intensity of the longitudinal band.
Spectra with longitudinal peaks at low wavelength are of large, low aspect ratio particles formed at low
seed concentration, while spectra with redder longitudinal plasmons correspond to smaller, higher aspect
ratio particles. The labeled spectra correspond to TEM images in Figure 63 with the same letter label.

7.2.2 Structural Hypotheses and Simulation
While the structural information provided by two‐dimensional images of three‐
dimensional structures is necessarily incomplete, the images, both alone and in concert
with the optical data, motivate a number of hypotheses about the structure of the
nanoparticles. In general, alignment of rods parallel to the surface of the TEM grids
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precludes visualization of rod cross sections. However, the straightness of the sides
uniformly displayed by all particles suggests that the rods have, not only widths, but
also cross sections, that are constant along their lengths. Similarly, lack of variation in
displayed width among rods from a given preparation suggests that the rods have cross
sections with aspect ratios close to one. The two dimensional TEM images yield
information about the length and width of particles but, for compact particles, can give
insight into the in‐plane geometry. This is due to the fact that nanoparticles will
preferentially deposit along their longest dimension and therefore the particles can be
assumed to have a depth resulting in a cross‐sectional aspect ratio of approximately one.
Our largest, lowest aspect ratio particles, imaged in Figure 63A, therefore, can be
presumed to have square or rectangular cross sections. Simulations of silver cubes in
water, Figure 65, indicate that cubes in aqueous media should support two plasmon
bands, a conclusion alluded to by others[81]. Thus cubes, as well as low aspect ratio rods
with square cross section, may contribute to both peaks displayed by preparation ‘A’.
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Figure 65: Simulated optical spectra of silver nanocubes, 15nm (black) and 30nm (red) in size.

The presence of a middle peak is observed in the spectra labeled ‘B’ and ‘C’
(Figure 64) and can be correlated with the elongated cube‐like particles observed in
Figure 63 with the same labels. Work by others studying the stable faces of nanorods[53]
suggest that these low aspect ratio particles could be a result of the expression of the
stable {100} and {111} faces.
It is well known that nanorods with a cylindrical cross section support two
surface plasmon modes, a transverse mode and, a lower energy, longitudinal mode.[23,
24, 42, 43, 45, 94] Additionally, high quality simulations of infinite cylinders have shown
that a circular cross section supports a single transverse mode while a square cross
section supports multiple modes.[99] Therefore, spectral simulations were performed for
a series of flat ended rods with square or rectangular cross section for the purpose of
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clarifying the structural basis for the observed optical properties, and, in particular, the
structural basis for the existence of an intermediate peak.
Anticipating that the investigation would be hampered by peak overlap, we
initially investigated the correlation between structure and plasmon bands in model
nanoparticles, composed of silver, a noble metal of comparable free electron and bulk
plasmon frequency, but lower loss. Optical spectra were calculated for a set of
rectangular silver nanoprisms illuminated with polarized light aligned along each of the
distinct nanoparticle axes. The ensemble response of a bulk phase sample illuminated by
unpolarized light was simulated by averaging the responses of particles aligned in two
or three orthogonal directions relative to the incident field as explained in the Methods.
A silver nanorectangle with square cross section and an aspect ratio of 1.33 is simulated
in Figure 66. The individual contributions from the transverse and longitudinal
polarization directions are shown as well as the orientationally averaged extinction
efficiency. It is clear that a nanorectangle supports a multi‐modal structure, specifically a
middle mode that is classified as a transverse‐type mode based on Figure 66.
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Figure 66: Simulated extinction spectra (black line) along with the contribution from the transverse and
longitudinal polarizations for a 20 nm long silver nanorectangle with a 15 nm square cross section.

Initially, the plasmonic properties of rectangular nanoprisms with square cross
sections of constant size, 15nm, but varying length and therefore aspect ratio, from 1.5 to
3. In Figure 67, the orientationally averaged extinction spectra of these three
nanorectangles are shown. The hypotheses regarding particle structure necessary to
support a multiple‐modes, specifically a middle mode are supported by the
nanorectangle structure. As with other simulations of high aspect ratio particles[24, 94]
the longitudinal band undergoes a red shift with an increase in aspect ratio is clearly
illustrated. By using Lorentzian fits to fit the orientationally averaged spectra, the
simulated nanorectangles are found to support four peaks with a stable middle peak.
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Figure 67: Simulated optical spectra of silver nanorods with square cross sections. Upper panel: Rods of
identical (15nmx15nm) cross section and variable length (aspect ratios of 1.33 (orange), 2 (green) and 3
(red)) Lower panel: rods of identical length (20 nm) and various cross section (aspect ratios of 1.33
(orange), 1.67 (purple) and 2 (blue)).

Motivated by the geometric trends observed through the TEM images in Figure
63, specifically the thinning of particle correlated with an increase in seed concentration,
simulations are performed for a set of nanorectangles in which the size and shape of the
cross section is modified. In Figure 67, optical spectra are simulated of a set of silver
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nanorectangles of length 20nm and decreaseing, square cross sections of 15, 12 and
10nm. The middle peak is found to depend weakly on the changing cross section size.
Our hypotheses regarding three‐dimensional particle structure are inspired by
two‐dimensional images and optical spectra and we are unable to discern the third
dimension precisely. Therefore it is unknown if the particles become symmetrically
thinner with an increase in seed concentration. To explore this possibility, optical spectra
are calculated for nanorectangles of the same 20nm length but with a cross section of
changing aspect ratio. In Figure 68 these simulated optical spectra show, again, a weak
dependence of the location of the middle resonance on size or shape of the cross section.

Figure 68: Simulated optical spectra of silver nanorods with various rectangular cross section. All rods are
20nm in length. Rod cross sections are10x12nm (light blue), 10x10nm (dark blue) and 10x8nm (magenta).

This dependence is summarized in Figure 69. Note that the mode resonance is
determined by accurately fitting the peaks with a Lorentzian curve model. Two trends
are observed, first that for a constant aspect ratio of the cross section, the middle mode
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blue shifts with a decrease in area and second, that the shape of the cross section also
plays a role. For cross‐sections with an aspect ratio other than 1, the resonance of the
middle peak is redder than what is expected for a square cross section of the same area.
It is important to note that this dependence is weak, that is, for a change in area of over
125 nm2 induces a shift in the middle mode of less than 10 nm.

Figure 69: Band location of the middle peak for silver nanorods of various square or rectangular cross
section. Resonant wavelength for each geometry is that found by fitting a sum of Lorentzians to the
extinction spectrum.

So that the comparison of silver nanoparticles, the underdamped model for gold, and
gold nanoparticles can be made, optical spectra of several gold nanorectangles are
simulated. A series of gold nanorectangles of square cross section 15nm in width and
with aspect ratios of 1.33, 1.67 and 2 are simulated. The trends observed for silver
particles in the above figures are illustrated for similarly shaped gold nanorectangles in
Figure 70.
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Figure 70: Simulated optical extinction spectra for three gold nanorods with square (15nm) cross sections
and aspect ratios of 1.33 (black), 1.67 (magenta) and 3 (red).

As further proof that the middle peak found in gold and silver simulated
nanorectangles is a stable mode, only weakly correlated to changes in the cross sectional
area, the optical spectrum of a 30 nm long 15 nm square cross section nanorectangle of
each metal is fit with a set of four peaks. The less damped metal silver is fit with four
modes, a longitudinal mode at 575.8 nm, a middle mode at 489 nm and two lower
wavelength modes at 439 and 409 nm (Figure 71). From quasi‐electrostatic theory, the
resonance condition of the real part of the metal dielectric function, ε '* = −2 χn 2 , is
preserved across materials. Using the values of the resonance condition and our
knowledge of the metal dielectric functions of gold and silver[101] the simulated
spectrum of a matched size gold nanorectangle is fit using the same ε '* n 2 values as
were identified in the silver spectrum. In both cases the simulated spectra are fit well
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with four modes. Evaluating ε '* n 2 at each of the mode locations identified the middle
peak as having a ε '* n 2 value of ~‐4.

Figure 71: Simulated optical extinction spectra of a silver (upper panel) and gold (lower panel) nanorods
with square cross section and aspect ratio, 2. Both spectra are fit with a sum of four Lorentzian peaks each
of which satisfies the same resonance condition, Re{εAu/Ag(λ)}/n2 = xi at different wavelengths in the two
materials. Particles are 30 nm long and 15 nm in width.

Although simulations such as those performed here do not take into account
broadening of the plasmon band due to heterogeneity of the sample and therefore these
simulated spectra display very narrow bands when compared to those seen from
experiment in Figure 64, it is possible to correlate the results from simulation with the
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nanorod spectral data in a meaningful way through peak fitting and mode
identification. The gold nanorod spectra labeled ‘C’ in Figure 64 is shown again in
Figure 72 together with the three Lorentzian peaks used to fit the data, a transverse peak
at 519nm, a longitudinal peak at 644nm and a middle peak at 570.5nm. Although the
simulated optical spectra in Figure 71 necessitate four modes to generate a good
approximation to the calculated spectra, the gold nanorod data here require only three.
It would be possible to fit the lowest wavelength peak with two broad peaks with
similar frequencies as in the gold nanorectangle of Figure 71, but that is not necessary
here to prove correlation between simulation and experiment. The middle peak fit in
Figure 72 generates a calculated value of ε '* n 2 that is ~‐4, comparable to the simulated
results and therefore hypotheses regarding three dimensional structure that led to the
structural models used to simulate optical spectra in both gold and silver are supported
through an examination of the modes present in silver simulation, gold simulation and
experimentally observed gold nanorod spectra.
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Figure 72: Absorbance spectra for gold nanorods (purple, originally presented as ‘D’ in Figure 64) together
with the fit (pink) to a sum of Lorentzian peaks. Three distinct peaks and a background (orange dotted
line).

While gold nanorods with resonances in the optical wavelength range have been
synthesized by several groups,[23, 43, 46, 94, 95] silver nanorods with resonances in a
similar range prepared by a seed mediated method have been reported only by Murphy
et al.[47] Using this seed mediated method, silver nanorods are synthesized with a broad
longitudinal band, identified through peak fitting, around 550 nm. Refinement of the
synthesis, using 0.5 mL of silver seed particles, produced repeatable optical spectra with
very few seed particles present in the product. Figure 73 shows three examples of such
spectra and a TEM image of a representative batch of particles, the approximate size of
the rod is 50 x 20 nm. Note that the yield of rods on the TEM grid is low, this is a result
of the large amounts of CTAB remaining on the surface of the particles that prevents the
particles from depositing on the TEM grid. Further centrifugation, the common method
by which particles are washed and the excess surfactant removed, was not successful.
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Figure 73: Experimentally observed optical spectra of silver nanorods in solution (using 0.5 mL of seed
particles) and a TEM image of a single particle, Scale bar is 100 nm.

Given the success of fitting the modes for both silver and gold simulation and
gold experiment, a representative optical spectrum of silver nanorods is fit (Figure 74).
The spectrum is fit well by four peaks, the two highest energy peaks at 407 and 465 nm,
the broad longitudinal peak at 561 nm and the middle peak at 493 nm. The longitudinal
peak is broad due to polydispersity in the length of the rods. The claim of the
identification of the middle peak is supported by an analysis of the resonance condition,

ε '* n 2 , at the middle peak, the results of which can be seen in Table 2. The values are all
~‐4 and support the hypotheses regarding geometry of the particles as well as the
identification of the middle peak across particle composition.

173

Figure 74: Lorentzian peak fits to experimentally observed silver nanorod spectra. Data (Black + marks) is
fit with a sum (solid magenta line) of four peaks with band locations at 417.5, 462, 489.5 and 552 nm. .
Table 2. Results of evaluation of the resonance condition, ε '* n , at the middle mode location for
simulated 30 nm long, 15nm square cross section nanorectangles and experimentally observed gold and
silver nanorods.
2

Having established the presence of a middle peak in simulation and experiment
and that the identification of the mode is stable across metals, the next step is to identify
the modes present in these particles and the effect of the change in aspect ratio or cross
section on these modes. Work has been done in identifying the modes associated with
certain particle types as well as with certain polarizations.[40, 81] Field enhancement
diagrams for silver nanorectangles are calculated from the simulated optical spectra. For
all of the silver nanorectangles modeled in this work, the modes at each of the band
locations is stable, even as the band location is changing. As an example we present the
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silver nanorectangle 30nm in length with a square cross section of 15nm per side, first
the optical spectra (Figure 75a) and then the field enhancement diagrams (Figure 75b).
Note spectra for the case of a particles tumbling in solution (green line in Figure 75) and
for individual transverse and longitudinal polarizations (dashed lines in Figure 75) are
shown, modal analysis necessitates calculations be done for a single polarization and not
for an orientationally averaged simulated spectra. The field enhancement is evaluated
5nm to the red of each of the four peaks. Peaks resulting from a transverse polarization
(416, 441 and 493 nm), the intensity ranges from 1‐50 while the peak resulting from a
longitudinal polarization (581nm) has an intensity range of 1‐300. Two fixed planes are
examined, both perpendicular to the incident field, one at the face of the particle and one
directly through the center. A systematic evaluation of the modes enables a modal
analysis. The field enhancement at 416nm is dipolar in nature with enhancement only at
the vertices once away from the face of the particle. At 441nm the field appears to form a
sheath around the face of the particle but again this field is diminished towards the
center of the particle with only the vertices exhibiting a large enhancement. The
enhancements at 493nm and 581nm are nearly identical in form, although the 581nm
enhancement is more than a factor of 6 more intense. These two modes have high fields
at the tops and corners of the particle. This is supported by examining the plane fixed in
the center of the particle which has high fields at the corners. This corresponds to field
high at the overall top and bottom of the particle. Similar field enhancement pictures for
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the transverse polarization (493nm) and the longitudinal polarization (581nm) were not
expected and we hypothesize that the longitudinal mode is partially excited by the
transverse polarization, resulting in the similar illustrations.
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Figure 75: (a)Orientationally averaged simulated optical spectra for a gold nanorectangle in n=1.33
homogeneous medium of length 30nm and symmetric cross section 15nm in width. (b) Field enhancement
illustrations for transverse polarization evaluated at 416nm, 441nm and 493nm as well as longitudinal
polarization evaluated at 581nm. The plane is fixed at the particle surface (upper row) and at a plane halfway through the rectangle (lower row).
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7.3 Conclusions
Gold nanorods synthesized using a range of seed concentrations and
consequently supporting a series of complex optical spectra are investigated. Nanorods
synthesized with low seed concentrations have lower aspect ratios along with a straight
sided, flat end structure as determined from TEM. In the cases for which a middle mode
is observed, the mode can be identified by the stable ε '* n 2 value of ~‐4. Simulations of
nanorectangles, the hypothesized structure based on TEM and optical spectra, support
the multiple modes observed in gold and silver nanorods, specifically the middle mode
that exhibits a stable resonance condition in simulation and experiment. The middle
mode is consistent with a square particle of a similar crystal structure observed by
others.[53] This mode is found to be weakly correlated with cross sectional area but we
are not able to draw conclusions regarding the exact shape of the cross section based on
the two‐dimensional TEM images and optical spectra. Our hypothesis that the particle is
rectangular in shape is supported by others who find that multiple resonances are
supported by cross sections that are noncircular, i.e. square or triangular, due to the
polarization charge distribution.[99] In summary, the hypotheses generated from an
analysis of experimentally observed nanorods are supported by the modal analysis, that
the modes present can be identified, using field enhancement diagrams, as a sheath
mode and two corner/top modes. In a less damped metal, silver, it is possible to identify
a fourth, high energy mode as a complex dipolar mode. The identification of the middle
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peak mode as a corner/top mode is supported through the evaluation of the resonance
condition at that mode.
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8. Implications and Future Work
The research and results presented provide a framework for characterization of
metal nanoparticle based refractive index sensing. In Chapter 2, the sensitivity of
plasmon band location to refractive index of the medium was systematically explored
for particles of sizes representative of those most widely used in biosensing when fully
embedded in the media. Fully electrodynamic calculations showed that the bulk
refractive index sensitivity of plasmonic nanoparticles varies monotonically with
plasmon band location, increasing when band location is defined in terms of wavelength
and decreasing when band location is defined in terms of energy. Simulations for gold
and silver particles in the representative size range showed that, for resonances in the
optical wavelength range, the dependence of sensitivity on band location is linear. The
functional dependence of sensitivity on band location was found to be accurately
captured by the quasi‐static term in an analytic expression for the sensitivity. For
particles in this size range, nanoparticle geometry was found to control the sensitivity
only insofar as it determined the plasmon band location. The analytic sensitivity
expression (originally presented in Equation 11)

dε '*
dλ *
dn
=
dn
⎛ dε ' (λ ) ⎞
⎜
⎟
⎝ dλ ⎠ λ *
Equation 46
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incorporates both the dependence of the resonance condition on refractive index and the
dielectric function on wavelength (or energy). Interpretation of the sensitivity is
facilitated by use of a generalized resonance form, ε '* = −2 χn 2 , where χ is a shape and,
in some cases, n dependent parameter. For the cases in which χ is weakly dependent on
n, true for single component nanoparticles small with respect to the wavelength of light,
the derivative of ε’* with respect to n is accurately approximated by a single quasi‐static
term and the analytic expression for the sensitivity is surprisingly simple. The
parametrization of the dielectric function determines the relationship between
sensitivity and plasmon band location, easily allowing simple extensions to other
materials as illustrated for gold, silver and copper in Figure 28. When the refractive
index dependence of the χ parameter is intrinsic to the geometry, such as for nanoshells
with solid dielectric cores, the relationship is more complex (Equation 30). As particles
become large and electrodynamic effects significant in determining their resonances, the

χ parameter is again refractive index dependent. However, comparison of theory with
simulation indicates that electrodynamic effects on the refractive index sensitivities of
the representatively sized particles considered here are remarkably small. Thus while
calculations of properties such as the plasmon band location and band width require
electrodynamics for accuracy, the quasi‐electrostatic analytic sensitivity expression
continues to predict the bulk refractive index sensitivity for a surprisingly large range of
particles. Estimates of the sensitivities of particles of other compositions can be
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performed easily following parametrization of the dielectric function accurate for
sufficiently large range of wavelengths, as in Chapter 6. Others have investigated the
limits of electrostatic theory in determining optical properties such as band position[2,
23‐26] and have found that, spheroids with largest dimensions less than 0.02λ, nanorods
of aspect ratios less than 5, and, in general, particles with size parameters much less than
1, the particles are electrostatic. The limit at which the quasi‐static analysis fails to
predict the refractive index sensitivities of particles requiring electrodynamic
calculations has not been conclusively determined.
When particles are in intimate contact with a fixed dielectric substrate, such as
the gold nanorods in Chapter 6, χ, once again, has a more complex n dependence.
Experimentally observed sensitivities of gold nanorods immobilized on glass substrates
appeared to follow a trend similar to that of simulated particles in a solution. This trend
was found to be well matched by a scaled version of the homogeneous plasmon band
theory. Simulations of particles in the presence of a substrate support this systematic
prediction of the substrate modulated refractive index sensitivity. In additional
exploration of more complex systems, including those involving complex, multi‐mode
spectra, a series of nanorods exhibiting multi‐peak spectra and various geometries are
analyzed and explained in Chapter 7. The complex spectra are found to contain not only
standard transverse and longitudinal peaks generally associated with higher aspect ratio
particles but also a mode of frequency intermediate between the two. Through
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simulation this mode is identified as a stable, transverse mode with intense fields at the
corners of the particle.
In the biosensing field, the local sensitivity of a nanoparticle to material located
closest to the particle is important. In Chapter 3, the sensing volume of spherical
particles is explored and it is found that the sensing volume increases with particle size
up to a particle size of approximately 60 nm at which point it ceases to increase with an
increase in particle size. To further explore the sensitivity of particles to layers of
dielectric material, Chapter 4 explores incomplete layers on spherical and non‐spherical
particles. Simulations of partial layers of dielectric material located in the regions of
highest field enhancement show that the fractional wavelength shift or intensity increase
of nanoparticles due to the presence of the material is larger than the fraction of surface
area covered by said material.
For well behaved particles, such as those presented in Chapter 6, the question of
the effect of the adhesion layer necessary to immobilize the particles has not been
answered. The literature provides several examples of other substrate immobilized
particles with plasmon resonances in the optical and near‐IR wavelength range which
necessarily have a range of refractive index sensitivities.[4, 5, 90, 102, 103] There are two
main fields of synthesis, solution based preparations and lithographic methods. Particles
synthesized in the first method can be immobilized onto a substrate using an adhesion
layer, generally only a nanometer or two thick. These ensembles are random and do not
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show any plasmonic coupling responses generally associated with ordered arrays. The
nanorod example discussed in this work is of this type of synthesis and surface
immobilization. These experimental parameters result in sensitivities closely matched by
a modification of the homogeneous plasmon band theory, and we expect that similarly
shaped, high‐aspect ratio particles would behave like those investigated here, although a
study of different immobilization layers would be necessary. What remains unclear, is
the effect of lithographically generated particles on the refractive index sensitivity.
Lithographically generated particles, while generally involving a thin metal adhesion
layer, do not require a soft layer of material to adhere the particles and therefore the
substrate may have a different effect on the resulting refractive index sensitivity. It is of
interest to investigate, experimentally, the effect of the adhesion layer and if it can be
captured with the quasi‐electrostatic theory used here.
Less well behaved particles, particles in homogeneous media that are larger than
those investigated here and particles of different shapes immobilized on substrates,
demand more discussion and investigation. The size limit at which the refractive index
sensitivity of the electrodynamic particles fails to be predicted by quasi‐electrostatic
theory is not yet known. Additionally, while the experimental synthesis and
immobilization techniques in Chapter 6 exhibit a trend similar to the homogeneous
plasmon theory in Chapter 2, a conclusive statement cannot be made about the
applicability of the modified homogeneous plasmon theory in Equation 45 to other
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classes of particles. The literature provides refractive index sensitivity results for
nanodisks and nanoholes[5, 102], triangles [4, 90], and crescents[103] but a more
comprehensive study of families of nanoparticles is necessary to illustrate the
applicability of the modified homogeneous plasmon band theory to other classes of
particles on substrates.
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