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ABSTRACT: Localized surface plasmon resonances are central to many sensing and
signal transmission applications. Tuning of the plasmon energy and line width through
particle size and shape is critical to the design of such devices. To gain quantitative
information on the size dependence of plasmonic properties, mainly due to retardation
effects, we correlated optical spectra and structures for 500 individual gold particles of
five different shapes. We show that the effects of size on the dipolar plasmon frequency
and line width are shape-independent when size is described by the plasmon length, the
length over which the oscillations take place. This result suggests that edge effects are
rather unimportant for dipolar modes in a large size range between 50 and 350 nm.
Therefore, in describing the size-dependent plasmonic properties of nanoparticles, one
should focus on the distance along which the oscillation occurs rather than its intrinsic
shape.

SECTION: Plasmonics, Optical Materials, and Hard Matter

Noble metal nanoparticles are attracting much attention in
the scientific community because, unlike bulk metals,

their properties can be tuned based upon their shape and
size.1−7 Because such particles can sustain localized surface
plasmon resonances (LSPRs), they have been utilized in a
variety of promising sensing3,8,9 and information10,11 applica-
tions. For example, LSPRs enhance the electromagnetic fields
around the particle, giving rise to techniques such as surface-
enhanced Raman spectroscopy (SERS).12,13 LSPRs also
produce strong, environment-dependent light scattering and
absorption, leading to their use as nanoscale refractive index
sensors.3,8,9 The dependence of the plasmon frequency on
structural factors is qualitatively known; however, a quantitative
understanding of the plasmonic properties of individual
particles is limited to a few specific particle shapes and
compositions.5,6,14−17 Here, we show, from an examination of
the correlated optical spectra and structures of over 500
individual gold nanoparticles, that the effects of size (mainly
due to retardation effects) on the plasmon frequency and line
width are shape-independent when the size is described by the
plasmon length, the length over which the oscillations take
place. The work reported herein suggests that edge effects are
rather unimportant for dipolar plasmon modes in a large size
range between 50 and 350 nm. Therefore, in describing the
size-dependent plasmonic properties of nanoparticles, one
should focus on the distance along which the oscillation occurs
rather than its intrinsic shape.
Even with the recent advances in the development of shape-

controlled syntheses of noble metal nanostructures,2,18−23

correlated single-particle spectroscopy and electron microscopy

has shown to be an invaluable technique that can overcome the
difficulties of obtaining quantitative data from the inherently
inhomogeneous solution of particles generated from these
syntheses. Indeed, single-particle analysis can yield unique
information about line widths and precise effects of various
structural factors. Early studies on colloidal silver particles4

paved the road for more recent systematic, statistics-based
publications on decahedra,14 cubes,6 cages,15 spheroids,16 and
triangular nanoprisms.5 Such studies provided important new
findings on the effects of size, composition, corner rounding,
and surrounding environment on the plasmon energy and, less
commonly, on the plasmon lifetime (i.e., peak width). It has
been demonstrated that, for instance, the plasmon red shifts
and broadens with increasing size due primarily to retardation
effects. Simply put, the plasmon resonance frequency changes
with particle dimension because the electron oscillation has to
accommodate the difference in electromagnetic phase between
one end of the particle and the other (i.e., radiative
depolarization effects).24 Note that in the size regime of 50−
350 nm, electron surface scattering is not an important
contributor to line width.25 Composition was shown to dictate
plasmonic properties because it controls the electrons’
polarizability as well as describes losses that are critical for
plasmon width.26 Effects related to substrate composition were
also observed.6
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However, a systematic comparison of shapes has not been
carried out, despite its critical importance in guiding the choice
of particles to be used in a wide range of applications. Thus, to
compare the plasmon energy and line width for various Au
shapes, cubes, decahedra, icosahedra, octahedra, and truncated
bitetrahedra (herein referred to as triangles for simplicity) were
synthesized27−29 and analyzed using correlated single-particle
dark field optical microscopy and transmission electron
microscopy.6,30 Representative scattering spectra and electron
micrographs of single Au nanoparticles are presented in Figure
1. Each spectrum was fit to one or more Lorentzian line shape

functions (one per mode present). The resulting peak positions
and line widths of the dipolar resonances (lowest-energy peak)
were used for Figure 3; the analysis of covariance is presented
below and detailed in the Supporting Information.
Comparing dissimilar structures presents considerable

challenges. One difficulty is that the amount of correlated
structure−function data required seems prohibitive. The
present study overcomes this by using a previously developed
high-throughput technique6,30 to obtain hundreds of correlated
single-particle, subnanometer-resolution spectra and electron
micrographs. An even more considerable challenge is to
compare particles of different shapes but having the same
size; not only are such pairs hard to find, they are hard to
define. As can be seen in Figure 2a, the traditional way to
characterize size for various structures is mostly arbitrary, based
on the side length of the repeating triangular or square face.
Comparing particles of the same size using this arbitrary side
length parameter does not provide much information. As one

might expect, particles of different shapes have different spectra,
as illustrated for a truncated bitetrahedron (triangle),
decahedron, and icosahedron in Figure 2b. Extracting
quantitative values for the size dependence of the plasmon
energy and line width provides insight on the behavior of a
particular shape, as shown in Figure 3a and c and Supporting
Information Table S1. However, the disparity of values for the
various shapes seemingly makes this study a case-by-case
analysis, where predictive rules will be empirical.
Using arbitrary size parameters thus leads to arbitrary values

for the size dependence of plasmonic properties. Another way
to approach this issue is to use a size parameter that reflects the
plasmon resonance of the particle as the electron oscillation
frequency is expected to depend on the separation between
charges for a dipolar mode.

Figure 1. Representative TEM image and associated single-particle
LSPR spectrum for Au nanoparicles: (a) cube, (b) decahedron, (c)
icosahedron, (d) triangle (truncated bitetrahedron), and (e)
octahedron. Scale bars, 50 nm.

Figure 2. Comparison between the side length and plasmon length as
descriptors of nanoparticle size. (a) Definition of the side length for
the shapes analyzed. (c) Definition of plasmon length. (b,d)
Representative single-particle spectra for Au triangles (blue),
decahedra (green), and icosahedra (red) of similar side (b) or
plasmon length (d).
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This size parameter is defined for dipolar plasmons as the
distance between regions of opposite charge created by the
(plasmon) electron oscillation. We will call this physically
relevant parameter the “plasmon length”; it is illustrated in
Figure 2c. To determine this length for specific shapes, results
from numerical calculations and plasmon field mapping
experiments were used. The computed vector plots of the
induced polarization in octahedra presented by Li et al. clearly
show apex to apex oscillation for the dipolar mode.31 Results
from Kelly et al.1 and Brioude and Pileni32 supported the
plasmon length assignment for triangles, while the findings of
McMahon et al.,30 Sherry et al.,33 and Ringe et al.34 were used
to determine this parameter for cubes. The plasmon length of
decahedra was established based on the computational results
of Pastoriza-Santos et al.35 and Sańchez-Iglesias et al.36 No
information was found on the plasmonic properties of
icosahedra as this seems to be the first systematic structure−
function analysis for this shape. Its plasmon length was deduced
by analogy to octahedral and spherical particles.
Strikingly, particles with different shapes but comparable

plasmon lengths have similar LSPR spectra, as can be seen in
Figure 2d. Even more notable is the homogeneity in the size
dependence of the dipolar plasmon energy and line width for
the various shapes studied. As shown in Figure 3b and d and
Supporting Information Tables S2−S3, analysis of covariance
yields shape-independent values for the slope of the plasmon
energy as a function of size (−3.08(4) meV/nm) and for the

slope of the plasmon line width as a function of size (2.96(6)
meV/nm). This linearity and shape independence can be
intuitively understood if one considers that retardation effects
are mostly determined by the increase in distance between
regions of opposite oscillation-induced charge, with the
plasmon length being defined as the distance between such
regions. Linear trends for the dipolar plasmon energy variation
with size can indeed be extracted from previously published
spectra of fixed aspect ratio structures, obtained experimentally
for structures such as silver cubes6 and decahedra,37 and
calculated for silver truncated tetrahedra,32 for example.
However, despite the identical slopes, there exists a plasmon

energy offset between the various shapes studied here, as well as
differences between the spectra of particles with similar
plasmon lengths. This difference highlights the modest, yet
present, effect of shape on plasmonic properties for a particle of
a given size, as predicted by Mie−Gans theory38 (also see
Supporting Information) and as observed for cubes and
triangles with different corner rounding.30,39 The findings
presented here are indeed consistent with the blue shift
expected when moving toward isotropic shape; the plasmon
energy for a given size goes as triangles ≈ cubes < decahedra <
icosahedra < octahedra, that is, following the general trend
expected for highly anisotropic to sphere-like particles.
The concept of plasmon length, an intrinsic property of the

nanoparticle, offers the opportunity to predict the plasmon
energy and line width dependence on size without having to

Figure 3. Statistical analysis of size effects using the side and plasmon lengths for Au cubes (black squares), decahedra (green stars), icosahedra (red
circles), triangles (blue triangles), and octahedra (orange diamonds). (a) Dipolar plasmon energy dependence on the side length. (b) Dipolar
plasmon energy dependence on the plasmon length. (c) Full width at half-maximum (fwhm) dependence on the side length. (d) The fwhm
dependence on the plasmon length. Parallel slopes in panels (b) and (d) were obtained from analysis of covariance.
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rely on experiments or detailed calculations; it also provides a
powerful framework to compare various shapes, real or
hypothetical. This Letter demonstrates and explains how
plasmon length describes size effects in Au nanoparticles,
yielding shape-independent variations of the plasmon energy
and line width. However, this approach is only valid in the cases
of particles with fixed aspect ratio and well-formed vertices,
with homogeneous small corner rounding for all sizes. For large
corner rounding heterogeneities, it might be necessary to
include other parameters in order to fully describe simulta-
neously the size and rounding dependence of plasmon energy
and decay. Additionally, shape and size effects have not yet
been systematically studied for various Ag shapes. Because of
differences in dielectric constants,40 plasmon resonance
frequencies in Ag nanoparticles are expected to have a more
acute size dependence than their Au counterparts. Whether size
effects are shape-independent in Ag particles remains to be
determined.
The complex behavior of nanoparticles makes them valuable

for many applications ranging from biosensing8,9 to surface-
enhanced spectroscopies,12 given that we can understand and
predict their optical properties. Plasmon length, an intrinsic and
physical way to describe the size of a plasmonic particle,
provides a useful framework to explain resonance energy and
line width dependence on particle size. Given the extensive
recent advances in the ability to deliberately make one-
component and two-component structures for Au and
Ag,2,7,18−23,27−29 the plasmon length parameter will become
increasingly important in describing plasmonic properties of
noble metal nanostructures.

■ EXPERIMENTAL SECTION

Nanoparticle Synthesis. Poly(diallyldimethylammonium)
(PDDA)-capped Au octahedra were synthesized following a
previously reported procedure.29 Poly(vinylpyrrolidone)
(PVP)-capped Au decahedra were produced by reduction of
hydrogen tetrachloroaurate (HAuCl4) following a previously
reported method;27 icosahedra and triangles were obtained as a
reaction byproduct. Cetyltrimethylammoniumbromide
(CTAB)-capped Au cubes were synthesized in a seed-mediated
process by reducing HAuCl4 with ascorbic acid.28

Spectroscopy and Electron Microscopy. An aqueous suspension
of particles was deposited and dried on the Formvar (polyvinyl
formal, refractive index = 1.541) side of carbon-type B grids
(cubes) or ultrathin-type A grids (decahedra, icosahedra,
triangles, octahedra) obtained from Ted Pella, Inc. The grids
were rinsed with water to remove excess surfactant, yielding a
similar dielectric environment for all particles. Dark field
scattering, using unpolarized white light, was used to obtain
single-particle scattering spectra following a previously reported
procedure.6,30 Spectra of individual nanoparticles were fit to
Lorentzian line shape functions to obtain the dipolar peak
position and width. Transmission electron microscope (TEM)
images providing nanometer-resolution structural information
were obtained within 2 days of the optical characterization on a
JEOL JEM2100 FAST TEM operated at 200 kV.
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