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Silver nanostructures are containers for surface plasmons- the collective oscillation of conduction electrons
in phase with incident light. By controlling the shape of the container, one can control the ways in which
electrons oscillate, and in turn how the nanostructure scatters light, absorbs light, and enhances local electric
fields. With a series of discrete dipole approximation (DDA) calculations, each of a distinctive morphology,
we illustrate how shape control can tune the optical properties of silver nanostructures. Calculated predictions
are validated by experimental measurements performed on nanocubes with controllable corner truncation,
right bipyramids, and pentagonal nanowires. Control of nanostructure shape allows optimization of plasmon
resonance for molecular detection and spectroscopy.

Introduction

How does light interact with matter? This was the question
Michael Faraday tried to answer through his examination of
metal colloids. He was the first to show that metal particles
many times smaller than the wavelength of light nonetheless
scatter and absorb light strongly, such that even dilute solutions
exhibit bright colors.1 As an inventor of the dynamo, Faraday
would have been intrigued to know that the collective oscillation
of conduction electrons within metal particles enables scattering
and absorption of light at a particular frequency, giving them
color in the case of silver and gold. This collective oscillation
of conduction electrons is now known as surface plasmon
resonance (SPR). Surface denotes the polarization of surface
charges resulting from collective electron oscillations, and
plasmonis in analogy to the collective electron oscillations
within gaseous plasma.2 When excited by light, the induced
charges characteristic to surface plasmons can propagate as an
electromagnetic wave along the surface of bulk gold or silver.
The oscillating charges can also be confined and enhanced on
the surface of a nanoparticle, in which case it is called localized
surface plasmon resonance (LSPR).

The fundamental relationship between surface plasmons and
light continues to be explored, but the applications of SPR, both
those already developed and those on the horizon, drive the
great interest in this field. SPR biosensing, for which commercial
products are sold, relies on the principle that the angle at which
light reflects from a gold film responds to the polarizability of
the surrounding medium, and thus to the presence of biomol-
ecules on the gold surface.3 This technique allows not only label-

free detection of biomolecules, but also quantification of their
interaction kinetics, and thus is widely used in both clinical and
research settings. In an effort to reduce the detection limit of
SPR biosensing to zeptomoles (10-21 moles per liter), Van
Duyne and co-workers have focused on detecting adsorbate-
induced changes in the light scattered from a single silver
nanoparticle.4 LSPR also creates intense electric fields within
a few nanometers of a nanoparticle surface. This near-field
enhances the Raman scattering of adsorbed molecules, providing
a “fingerprint” spectrum containing rich chemical information.5,6

Furthermore, localized surface plasmons can be guided and
focused below the diffraction limit of light with arrays of silver
nanoparticles or nanoscale holes in silver films.7-9 Silver
nanostructures can also be combined with photosensitive
polymers to image the near fields surrounding a silver nano-
structure and perform nanoscale lithography.10,11

In this feature article we focus on the most powerful way to
tune the LSPR characteristics of a metal nanostructure- control
of shape. We will specifically address only nanostructures of
silver as they scatter light and enhance near-fields an order of
magnitude more strongly than do those of gold.12,13It has been
known for nearly 100 years that the shape of a nanoparticle
will affect its interaction with light, but only within the past
decade has it become possible to control the shape of silver
nanoparticles synthesized in solution. To demonstrate the
specific ways in which shape affects the absorption and
scattering of light, we have performed discrete dipole ap-
proximation calculations for ten different shapes, most of which
have not been reproduced elsewhere. We then discuss how we
have synthesized silver nanostructures in solution, including
examples of nanocubes with controllable corner truncation, right
bipyramids, and pentagonal nanowires. The UV-vis spectra
taken from synthesized nanostructures confirm several trends
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predicted by the calculations and should give the reader an
intuitive understanding of the interaction between shape, plas-
mon resonance, and light. We end this article with preliminary
applications of these nanostructures that illustrate how they could
be utilized in molecular sensing.

Theory and Calculation

Gustav Mie was the first to rigorously explain the colors
exhibited by metal colloids with Maxwell’s equations.14 How-
ever, because exact solutions to Maxwell’s equations are known
only for spheres, shells, spheroids, and infinite cylinders, an
approximation is required to solve the equations for other
geometries. The approximation of choice is called the discrete
dipole approximation (DDA).15 In a DDA calculation, the
nanoparticle is discretized into a cubic array ofN polarizable
points, with each point representing the polarizability of a
discrete volume of material. The presence of an electromagnetic
field (light) gives these points a dipole moment. In the steady-
state limit, each dipole is polarized by an electric field that
includes contributions from the incident light and every other
dipole in the array. The polarization at each point (Pj) must
thus be calculated through an iterative procedure, which can
be accelerated with FFT methods (thus the periodicity of the
array).Pj can then be plugged into an equation to determine
the scattering and absorption cross-sections of the particle, which
in turn are divided by the cross-sectional area to give the
dimensionless optical coefficients. As the coefficients can be
solved exactly for thisN-point array, the only approximation is
in the number of points. A greaterN increases the accuracy of
the calculation at the expense of computation time. To ensure
accuracy, the simulations presented here use dipoles no more
than 2 nm in length and separation.

Figure 1A shows the UV-vis extinction, absorption, and
scattering spectra (note: extinction) absorption+ scattering)
for a 40-nm silver sphere in water calculated via Mie theory.
This calculation shows that silver nanospheres of this size
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primarily absorb blue light, letting the red and green wavelengths
combine to give silver sols their characteristic yellow color. The
spectrum shows the presence of two resonance peaks: the main
dipole resonance peak at 410 nm, and a smaller quadrupole
resonance at 370 nm present as a shoulder. The dipole resonance
arises from one side of the sphere surface being positively
charged while the opposite side is negatively charged, giving
the particle itself a dipole moment that reverses sign at the same
frequency as the incident light.2 Energy losses make the incident
light nonuniform across the sphere and induce a weak quadru-
pole resonance, characterized by two parallel dipoles of opposite
sign. Surface polarization (i.e., charge separation) is the most
important factor in determining the frequency and intensity of
plasmon resonance for a given metal because it provides the
main restoring force for electron oscillation.2 Indeed, any

variation in particle size, shape, or dielectric environment will
change the surface polarization and thus the resonance peak.

The DDA calculated spectra of a 40-nm cube (Figure 1B)
exhibits more peaks than the sphere because the cube has several
distinct symmetries for dipole resonance compared with only
one for the sphere.16 The most intense peak is red-shifted
compared with that of the sphere, a phenomenon often observed
for nanostructures with sharp corners.17 Calculations of the near-
fields around nanostructures show that surface charges ac-
cumulate at sharp corners.18 This segregation of charges into
corners increases charge separation, and thereby reduces the
restoring force for electron oscillation.19 The weaker restoring
force in turn manifests itself in a red-shift of the resonance peak.
Similar trends are observed for the tetrahedron (Figure 1C) and
octahedron (Figure 1D), although they have reduced scattering

Figure 1. Calculated UV-vis extinction (black), absorption (red), and scattering (blue) spectra of silver nanostructures, illustrating the effect of
a nanostructure’s shape on its spectral characteristics. An isotropic sphere (A) exhibit spectra with a single resonance peak. Anisotropic cubes (B),
tetrahedra (C), and octahedra (D) exhibit spectra with multiple, red-shifted resonance peaks. The resonance frequency of a sphere red-shifts if it is
made hollow (E), with further red-shift for thinner shell walls (F).
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cross-sections because of their different symmetries and smaller
volumes. The tetrahedron has the most red-shifted resonance
peaks of these three platonic solids because it has the sharpest
corners. Although we do not display the origins of each peak
here, they can be determined by plotting the induced polarization
of dipoles at the resonance peak frequency via a DDA
calculation.20

The calculated resonance peak of hollow spheres, or shells,
is also red-shifted relative to that of a sphere (Figure 1E). In
this case the incident electric field induces surface charges both
inside and outside the shell.21 The particle must have a dipole
moment to compensate for the incident field, so charges on the
inner surface are of the same sign as those on the outer surface
for a given pole.22 The increased charge separation reduces the
frequency of oscillation. For thinner shells (Figure 1F), stronger
coupling between charges inside and outside of the shell causes
greater charge separation and further red-shift (Figure 1F).
Calculations have shown that greater charge separation within
shells gives them near-field enhancements four times those of
spheres.23

Figure 2 presents the DDA calculations of several nanostruc-
tures with 2D anisotropy. These 2D nanostructures allow
increased charge separation if polarized along their long axis,
and thus they display peaks that are red-shifted from more
isotropic nanostructures. Figure 2A shows the calculated spectra
for a triangular nanoplate. In previous publications, the main
dipole peak was shown to blue-shift if the corners of the
nanoplates were snipped, clearly demonstrating that sharp
corners result in a red-shifted resonance frequency.20 The dipole
resonance peak of the circular disc in Figure 2B is blue-shifted
compared with the triangular plate because it lacks sharp corners,
but the disc absorbs and scatters light more strongly because

its circular symmetry gives it a larger effective dipole moment.19

Thus, sharp corners always result in greater charge separation
and a red-shifted resonance peak, but the intensity of the dipole
resonance peak depends on the symmetry of the nanostructure.
The effect of symmetry on peak intensity can also be observed
by comparing the cube and tetrahedron. Charge separation into
the corners of a cube will create a dipole because the corners
are on opposite sides of a line of symmetry. The corners of a
tetrahedron lay opposite a face instead of another corner, so no
strong dipole is formed.

If the disc is transformed into a ring (Figure 2C), its resonance
peak red-shifts for the same reasons as for the spherical shell,
and the red shift increases with decreasing ring width (Figure
2D). The greater charge separation in the spherical shell relative
to the sphere gives it a more intense resonance peak, but the
resonance peak of rings is less intense than that of the disc,
suggesting a smaller dipole moment. This has been previously
observed in work that compared the spectra of gold discs and
rings and may be related to the fact that the ring presents a
smaller cross-sectional area to incident light.24

In summary, these DDA calculations clearly illustrate several
ways in which the shape of a nanostructure affects the frequency
and intensity with which the nanostructure scatters and absorbs
light. First, the number of resonance frequencies exhibited by
a nanostructure increases with the number of ways in which it
can be polarized (i.e., when the structure has a lower symmetry).
Second, resonance frequencies red-shift for nanostructures with
increased corner sharpness, increased anisotropy, and decreased
wall thickness (for hollow nanostructures). Third, the intensity
of the resonance peak increases with an increase in the effective
dipole moment of the particle, which is larger if charges separate
with mirror symmetry. These rules can serve as a general

Figure 2. UV-vis-NIR extinction (black), absorption (red), and scattering (blue) spectra of silver nanostructures obtained using the DDA calculation.
Spectra of a triangular plate (A) and circular disc (B) illustrate how resonance peaks red-shift for particles with 2D anisotropy. (C, D) Comparison
of silver nanorings of two different thicknesses show that resonance peaks red-shift for thinner rings. Note that absorption dominates the spectra
of these 2-D nanostructures.
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guideline for design of metal nanostructures with properties
specifically tuned for a desired application.

Synthesis and Characterization

Although lithographic methods have the ability to precisely
define where a nanostructure is on a substrate, they do not come
close to providing the same production capacity or level of
control over nanostructure shape, size, and crystallinity as
solution-phase synthesis. Triangular nanoplates, circular nano-
disks, and nanowires of silver have all been synthesized with a
combination of surfactants, reductants, and silver precursors in
water.25-27 Our own research has focused on the polyol
synthesis, in which ethylene glycol (EG) serves as both solvent
and reducing agent, as a general route to the production of silver
nanocubes with controllable corner truncation, right bipyramids,

and pentagonal nanowires.28-30 This method has the attractive
benefit that the reduction rate can be controlled by varying
temperature.

In a typical synthesis, we heat EG in an oil bath set to 160
°C for 1 h before simultaneously injecting separate EG solutions
of silver nitrate and poly (vinyl pyrrolidone) (PVP), with a molar
ratio of PVP:Ag) 1.5. Note that the molar ratio is calculated
in terms of the repeating unit of PVP. The PVP is added to the
reaction to serve primarily as a stabilizer against aggregation,
but it can also serve as a reductant and even plays a role in
controlling the shape. The reduction does not occur without
PVP, and well-defined silver nanostructures have not been
produced by this system with other polymers.31 Our experiments
suggest that PVP interacts more strongly with silver atoms on
{100} facets than with those on{111} facets, leading to
nanostructures primarily bounded by this facet.32 The final
critical ingredient is the addition of Cl-, Br-, or Fe3+ to the
PVP solution to produce nanocubes, right bipyramids, or
nanowires of silver, respectively.

Within a minute after injection, silver ions are reduced to
silver atoms, which in turn come together to form nuclei. At a
small size, there is enough thermal energy for the structure of
the nuclei to fluctuate, allowing defects to form or be removed
depending on their energetic favorability.33 Formation of twin
defects, where a single atomic layer forms a mirror plane, is
thermodynamically favored at small sizes because they enable
a greater surface coverage of the lowest energy,{111} facet.34

After nuclei grow past a certain size, changes in defect structure
become too costly, and such seeds are stuck in a single crystal,
single twin, or multiple twin morphology. These seeds can grow
to become a cube, bipyramid, and wire, respectively. Figure 3
provides an illustrative summary of this growth process. The

Figure 3. Illustration of the reaction paths leading to well-defined silver
nanostructures. Ethylene glycol reduces silver ions to atoms, which
form clusters of fluctuating structure. Fluctuation decreases as the cluster
grows, until it evolves into a single-crystal, single twinned, or multiple
twinned seed. Twins are delineated in the figure with red lines. Further
growth of seeds can selectively enlarge (100) facets (dark gray) at the
expense of (111) facets (light gray), resulting in formation of cubes,
bipyramids, or wires.

Figure 4. (A) TEM of single-crystal seeds that formed when NaCl was added to the synthesis. Chloride induced oxidative etching of twinned
seeds. (B) SEM image of truncated nanocubes produced after 46 h in a reaction to which NaCl was added. (C) SEM of sharp nanocubes produced
after 26 h in a reaction to which HCl was added. (D) The normalized UV-vis extinction spectrum of sharp cubes (C) is red-shifted and has several
peaks, while the spectrum of the truncated cubes (B) more closely resembles the spectrum of a sphere. These results are reported in refs 35 and 38.
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key to obtaining only one of these shapes to the exclusion of
others is to control the crystal structures of the seeds.

Figure 4A shows a TEM image of the∼20 nm single-crystal
nanoparticles produced after 24 h in a polyol synthesis to
which chloride was added at a molar ratio of Ag:Cl- ) 427.35

In the first few minutes of this reaction, the yellow color of the
solution indicated the presence of silver nanoparticles, and a
mixture of twinned and single-crystal nanoparticles could be
found in TEM images of reaction samples. However, after a
few hours the solution became clear and few such particles could
be found, demonstrating that the addition of Cl- had caused
these silver nanoparticles to be etched. When the yellow color
returned att ) 24 h, every nanoparticle was a single crystal.
Because studies of silver catalysts have shown that higher defect
density leads to greater activity for oxidation reactions, we
propose it is the higher density of defects on the surface of
twinned particles that led to their greater activity for oxidative
etching.36 If the reaction was performed under argon rather than
air, the twinned particles formed in the early stage of the reaction
grew quickly to form multiply twinned nanowires. If Cl- was
not added, micrometer-sized, multiply twinned spheroidal
particles formed within 1 h. Thus both Cl- and O2 are required
for formation of high yields of single-crystal seeds. Most
recently, this oxidative etching mechanism was also validated
for other noble metals including palladium, platinum, and
rhodium.37

The single-crystal seeds can be grown into truncated (Figure
4B) or sharp (Figure 4C) cubes depending on the kinetics of
the reduction. The truncated cubes took over 46 h to form,
enough time for surface reconstruction to reduce surface area
and increase the surface coverage of the lowest energy{111}
facets on the corners, resulting in a more thermodynamically

favored shape. If HCl rather that NaCl was added, sharp
nanocubes formed after 26 h.38 The faster growth that took place
in this reaction resulted in a kinetically favored product, the
sharp nanocube, bounded almost entirely by{100} facets.
Addition of H+ facilitated etching and made the reaction more
robust, allowing it to be performed in a disposable vial. The
vial was capped to reduce the level of oxygen in the later stages
of the reaction, which reduced etching and allowed single crystal
seeds to grow quickly into sharp nanocubes.

The normalized extinction spectra of truncated and sharp
nanocubes suspended in water are compared in Figure 4D. The
main dipole resonance peak for the 75 nm truncated nanocube
is located at 440 nm, approximately the same location as for
spheres of similar size.39 At least two small shoulders in the
spectra suggest the slight anisotropy of the truncated nanocube
enables several distinct dipole resonances. These dipole reso-
nances become more pronounced in the spectra for the 90-nm
cubes with sharp corners, and the most intense peaks are red-
shifted to as far as 600 nm. In comparison, the main peak
exhibited by∼90-nm spheres resides at 500 nm.39 This result
confirms the general trend predicted by our DDA calculations
that nanostructures with sharp corners display red-shifted
extinction peaks, and that the number of peaks exhibited by a
nanostructure increases with the number of ways it can be
polarized.

Br- is less corrosive than Cl-, so if NaBr is added in place
of NaCl there is still enough etching to eliminate the multiply
twinned particles, but particles with only a single twin survive
intact.40 Figure 5A is a high-resolution TEM image of a single
twinned seed, in which the{111} lattice fringes reflect across
the twin plane. A zoomed-out view of the same particle is given
in the inset to illustrate its spherical profile, with a twin plane

Figure 5. (A) HRTEM of a single twinned seed formed when NaBr was added in place of NaCl. Lattice fringes reflect across the (111) twin plane,
denoted by an arrow. Single twin seeds grow to form right bipyramids (B) 75 nm (C) and 150 nm in edge length. (D) The normalized UV-vis
spectrum of 75-nm bipyramids displays several distinct peaks, with the most intense peak being nearly 100 nm red-shifted from that of truncated
cubes. The resonance peak shifted into the near-infrared region as the bipyramids grew to 150 nm. This work is expanded upon in ref 40.
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in the middle. These single twinned seeds grew to form right
bipyramids 75 nm (Figure 5B) or 150 nm (Figure 5C) in edge
length in a reaction stopped at 3 or 5 h, respectively, with edge
length measured along one of the three edges that meet in a
90° angle. Figure 5D compares the normalized extinction spectra
of these two different bipyramid sizes. The most intense dipole
resonance peak of the 75-nm bipyramids is 100 nm red-shifted
from that of the truncated nanocubes, again vindicating DDA
calculations that predict corner sharpening causes resonance
peaks to red-shift. The most intense peak shifts from 530 to
742 nm as the bipyramid grows to 150 nm because of increased
charge separation and energy losses in the larger particle. These
bipyramids are unique because they have corners significantly
sharper than those of nanocubes where the two halves of the
bipyramid meet, and thus could improve localized field en-
hancement for Raman scattering.

Silver nanowires can be grown from multiply twinned seeds
in the presence of Cl- if etching is prevented.41 Etching can be
prevented either by running the reaction under argon, or by
simply adding Fe(II) or Fe(III) at a molar ratio of Ag:Fe)
11 000. Figure 6A shows a TEM image of the multiply twinned
particles produced at 10 min when both iron(II) acetylacetonate
(Fe(acac)2) and Cl- were added to the reaction. Multiply twinned
decahedrons will not appear under TEM as illustrated in Figure
3 unless viewed along the{110} axis, but they can nonetheless
be identified by the difference in contrast across the particle.42

By 30 min, TEM showed that many of the multiply twinned
decahedrons had grown into nanorods approximately 20 nm in
diameter and 150 nm in length (Figure 6B). These nanorods
rapidly grew longitudinally into micrometer-long nanowires by

60 min (Figure 6C). A TEM image of a microtomed cross-
section of a nanowire in the inset shows its 5-fold twinned
crystal structure and pentagonal profile.32

The transformation from twinned decahedrons into pentagonal
nanowires could also be followed by taking UV-vis extinction
spectra of reaction samples. Figure 6D shows that at 10 min
the multiply twinned particles had an extinction spectrum similar
to that of nanospheres, with a resonance peak at 400 nm. As
multiply twinned decahedrons grew to form nanorods, their
extinction peak shifted to 470 nm due to increased charge
separation along the long axis of the nanorod. The mixture of
nanostructures with different sizes and shapes contributes to the
broadness of the peak in this spectrum. As the nanorods grow
to become nanowires, the extinction band continues to broaden,
but the most intense resonance peak blue-shifts back to∼382
nm, similar to the spectra of silver films.43

It should now be clear that well-defined nanostructures of
silver are obtained by controlling the crystal structure of the
seeds from which they grow. Etching by oxygen and Cl- allows
only single-crystal seeds to form, which can be grown quickly
into sharp nanocubes, or slowly into truncated nanocubes.
Moderate etching in the presence of Br- produces seeds with a
single twin, which further grow to form right bipyramids. The
absence of etching enables formation of the thermodynamically
favored, multiply twinned, decahedron seeds, and their growth
into pentagonal nanowires. Each of these nanostructures results
from preferential formation of (100) facets on the seeds, which
can be selectively stabilized thanks to a stronger interaction with
PVP. Tetrahedra, octahedra, and large decahedra could also be
produced by introducing a capping agent capable of stabilizing

Figure 6. (A) TEM image of multiply twinned seeds present at 10 min in a nanowire reaction, to which Fe(acac)2 and NaCl were added. Twins
may not be clearly delineated depending on the particle orientation, but the shape and difference in contrast across the seeds indicates the presence
of twin planes. (B) By 30 min, TEM shows the presence of nanorods along with twinned particles. (C) SEM image of nanowires at 60 min. The
inset is a TEM image taken from a microtomed cross-section of a nanowire, displaying its internal 5-fold twinned crystal structure and pentagonal
profile. (D) UV-vis extinction spectra of the samples taken during the reaction, illustrating how the SPR features evolved as the twinned nanoparticles
grew into nanorods and nanowires. For additional results, see refs 32 and 41.
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the (111) facets. Already seeds with parallel stacking faults have
been grown into triangular and circular nanoplates through
enlargement of (111) facets.44 Exotic new shapes that are as
yet unpredicted may also result through careful regulation of
reduction kinetics and the controlled addition of atoms to
specific facets.

Sensing with Silver Nanostructures

New ways to detect and quantify biological molecules with
at least picomolar sensitivity are required for lab-on-a-chip
detection of biomarkers for diseases, monitoring of chemical
and biological agents, and for the construction of a complete
model of cell functions. This is where silver nanostructures will
likely play their most important role. In 2003, Van Duyne and
co-workers demonstrated that the detection limit of a LSPR
sensor based on a single nanoparticle was below 1000 small
molecules (<2 zeptomoles), and approached the single-molecule
limit for larger biomolecules.45 They then made a LSPR
biosensor that is the first sensitive enough to provide a clinical
diagnosis of Alzheimer’s disease through detection of amyloid-â
derived diffusible ligand (ADDL) biomarkers in cerebrospinal
fluid.46 An LSPR sensor is based on the principle that the
wavelength of light scattered by silver nanostructures depends
on their local dielectric environment.47 When an analyte adsorbs
onto a nanostructure, its resonance peaks shift to a degree that
correlates to the concentration of analyte.

Control of nanostructure shape allows the LSPR sensor to
be optimized for even greater sensitivity. In a recent study it
was found that 30-nm silver cubes have a single dipole
resonance in water, but the resonance splits into two peaks in
the spectrum of a single nanocube on a glass substrate.48 Figure
7A displays the results of a finite-difference time-domain
(FDTD) calculation that illustrates this phenomenon. As the
nanocube approaches the substrate, its dipole resonance broadens
and splits into a peak at 430 nm associated with large fields
away from the substrate, and a peak at 550 nm associated with
large fields toward the substrate. The calculation is performed
for a 90-nm cube because peak splitting for the 30 nm nanocube
is observed only when it is nearly touching the substrate. A
figure of merit (FOM) m [eV RIU-1]/ fwhm [ev]) was defined
to compare the nanocube with other LSPR sensing platforms,
where m is the measured shift of the resonance peak per
refractive index unit (RIU), and fwhm is the full width at half-
maximum of the resonance peak. The FOM is 5.4 for the sharp
nanocube peak at 430 nm, a significant improvement on the
FOM of ∼3 for triangular nanoprisms. Thus the nanocube could
lower the already incredible detection limit of LSPR sensors,
extending their utility in biomedical research.

A second molecular sensing method that is inextricably linked
to nanostructured silver is surface-enhanced Raman spectroscopy
(SERS).5 Every molecule has a distinct Raman spectrum that
results from its characteristic vibrational energies, but this
spectrum is usually too weak to detect. Fortunately, the intense
local electric fields exhibited by silver nanostructures can
enhance the Raman spectrum of adsorbed molecules by several
thousand times. The degree of Raman enhancement is strongly
dependent on the shape of the nanostructure substrate. To study
this relationship, we heated 60-nm silver cubes (Figure 8A) in
a 1 mM HCl in EG solution at 145°C for 5 min to round their
corners and edges (Figure 8B).49 Corner and edge truncation
caused the resonance peak of the nanocubes to blue-shift (Figure
8C), as is predicted by our calculations. The effect of truncation
on Raman enhancement was observed by performing SERS on
separate solutions of sharp and rounded nanocubes, each of

which contained 0.929 m2/L Ag and 2.86µM 1,4-benzenedithiol
(just enough for a complete monolayer), with laser excitation
at 785 nm. The sharp cubes enhanced the intensity of the Raman
spectrum of 1,4-benzenedithiol by 49 000 times, but this
decreased by nearly half, to 27 000 times, after rounding.50 One
reason for this decrease in enhancement can be found in the
UV-vis extinction spectra of these nanostructures, as the sharp
cubes scatter and absorb light due to plasmon resonance at 785
nm, the wavelength of the laser, but the rounded cubes do not.
In addition, sharp corners should provide greater localized
electric field enhancement than rounded ones.51 Thus it is critical
to control the morphology of silver nanostructures if the Raman
enhancement is to be optimized for sensing applications. Genetic
diagnostics, immunoassay labeling, and detection of trace
amounts of anthrax, glucose, and pesticides are just a few of
the applications that have benefited from SERS.6 Future SERS
sensing platforms may include well-defined assemblies of sharp
nanostructures to further improve the sensitivity and reliability
of this exciting analytic tool.51

Summary

Surface plasmon resonance is tedious to describe mathemati-
cally, Gustav Mie’s paper on particle scattering contains no less
than 102 sets of equations, but it can be understood conceptually
as the oscillation of free electrons in phase with incident light,
with induced surface charges providing the main restoring force

Figure 7. (A) The results of a finite-difference time-domain (FDTD)
simulation illustrating how the extinction peak of a 90-nm cube splits
as the nanocube approaches a glass substrate. (B) The peak at 430 nm
is associated with near-fields away from the substrate. (C) The peak at
550 nm is associated with near-fields impinging on the substrate. A
white line represents the substrate in (B) and (C). See ref 48 for detailed
discussion.
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for oscillation. In a series of DDA calculations, we have
explored how changes in the morphology of a silver nanostruc-
ture modify the wavelengths and intensity of light scattered or
absorbed. All morphologically induced spectral shifts were
explained in terms of the effect of shape on surface polarization
because, much like a weight on a spring determines its period
and amplitude of oscillation, polarization determines the fre-
quency and dipole moment of electron oscillations, and thus
the frequency and intensity of light scattered or absorbed. The
goal of this approach was to build on readers’ knowledge of
Coulombic forces to facilitate an intuitive understanding of the
relationship between the shape of a nanostructure and its optical
properties.

Production of well-defined silver nanostructures is no trivial
matter, but it can be achieved by controlling the seeds from
which nanostructures grow. Here we have showed how three
types of seeds with distinct crystal structures can be selected
through etching, and then grown to produce the morphology of
choice. The effect of anisotropy and corner sharpness on
plasmon resonance was clearly apparent after examination of
the UV-vis extinction spectra of synthesized nanostructures,
validating the calculated predictions. It was further demonstrated
how controlling the shape of a nanostructure can improve the
sensitivity of both LSPR and SERS sensing platforms through
finer control of the frequency of the light scattered by a
nanostructure and greater enhancement of local electric fields.

This is an exciting time to be working with plasmonic
nanostructures, because the field is truly in its infancy. The
majority of well-defined silver nanostructures have been pro-
duced in the past five years, and the work of characterizing

their optical properties has only just begun. Indeed, it remains
a challenge to correlate the precise shape and size of a
synthesized nanostructure with its optical properties, as shape
is accurately characterized by electron microscopy, while optical
characterization requires finding the same nanostructure in the
optical microscope. In-depth characterization would be easier
to perform if nanostructures assembled onto a substrate in a
predictable manner. Achieving this will likely require function-
alization of nanostructures with molecules that attract them to
specific locations on a patterned surface. Finding ways to
predictably assemble plasmonic nanostructures onto a surface
will not only facilitate their characterization but also enable high-
throughput, solution-phase production of nanostructure arrays
for sensing, spectroscopy, and the guiding of light at the
nanoscale.
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Figure 8. SEM of (A) sharp and (B) rounded nanocubes. (C) UV-vis extinction spectra of sharp and rounded nanocubes, illustrating how the
resonance blue-shifts after corner truncation. (D) SERS spectra obtained from solutions of sharp and rounded nanocubes, each of which contained
0.929 m2/L Ag and 2.86µM 1,4-benzenedithiol (just enough for a complete monolayer), with laser excitation at 785 nm. The sharp cubes enhanced
the intensity of the Raman spectrum of 1,4-benzenedithiol by 49 000 times, but this decreased by nearly half, to 27 000 times, after rounding.
Additional work is reported in ref 49.
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