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ABSTRACT

Silver nanobars with rectangular side facets and an average aspect ratio of 2.7 have been synthesized by modifying the concentration of
bromide added to a polyol synthesis. Subsequent rounding of nanobars transformed them into nanorice. Due to their anisotropy, nanobars
and nanorice exhibit two plasmon resonance peaks, scattering light both in the visible and in the near-infrared regions. With a combination
of discrete-dipole approximation calculations and single-nanoparticle spectroscopy, we explored the effect of nanostructure aspect ratio and
corner sharpness on the frequency of plasmon resonance. Near-field calculations and surface-enhanced Raman scattering measurements on
single particles were performed to show how local field enhancement changes with both the wavelength and polarization of incident light.

Particles of silver and gold an order of magnitude smaller fact that nanoparticles of silver less than 60 nm in diameter
than the wavelengths of visible light strongly scatter and scatter light with twice the efficiency of gold and are 2 orders
absorb light due to surface plasmon resonance, the collectiveof magnitude better at enhancing the Raman signals of
oscillation of conduction electrons induced by incident light. adsorbed moleculé&!“To date, only one synthesis was able
The frequency and intensity of plasmon resonance areto generate significant quantities of silver nanorods with
dependent on the distribution of polarization charge acrosstransverse and longitudinal plasmon peaks. This synthesis
the nanostructure, which is in turn determined by its sHape. involved production of silver seeds by reducing AgN@th
Thus, to control the shape of a metal nanostructure is to NaBH, in the presence of citrate, followed by growth of the
control the wavelengths of light it scatters and absorbs, asseeds into nanorods in the presence of ascorbic acid and
well as the degree to which it enhances local electric figfds.  cetyltrimethylammonium bromide (CTABY.A mixture of

Solution-phase synthesis has proven effective at producingspheres and rods was produced, and the rods had to be
large quantities of nanostructures with controlled shapes andpurified by centrifugation. The longitudinal resonance of
properties:® Silver and gold have a highly symmetric, face- nanorods produced by this method has not been tuned past
centered cubic crystal structure, but many anisotropic shapes~700 nm.

can be grown by controlling the assembly of metal atoms in  Here we report the synthesis of silver nanobars that scatter
solution. The synthesis and properties of gold nanorods haveand absorb light in both the visible and NIR regions. Like
garnered particular attention primarily because the color of nanorods’ nanobars grow anisotropica”y, with an average
light they scatter can be tuned from the visible to the near- aspect ratio of 2.7 (146 nm long, 56 nm wide). Unlike
infrared (NIR) regions simply by controlling their aspect nanorods, nanobars are single crystals bounded by (100)
ratio.”1% Because gold nanorods absorb and scatter light in f5cets and thus have the sharp corners and edges of a
the NIR region, where absorbance of light by biological nanocube. In a postsynthesis step, the corners and edges of
tissue is at a minimum, they can potentially be used for the nanobars can be rounded to transform them into single-
optical imaging and photothermal therapy of caricé?. crystal nanorice. Thus we can study not only the relationship
In contrast to gold, study of the synthesis and optical between aspect ratio and the frequency of plasmon resonance
properties of silver nanorods is limited. This is despite the but Concurrenﬂy the influence of corner Sharpness_ In
addition, we have studied the effect of polarization on local
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Figure 1. (A) SEM image of silver nanobars. (B) SEM image of the same sample tilted hy(@5 TEM image of the silver nanobars.

The inset is a convergent beam electron diffraction pattern, indicating the nanobars are single crystals bounded by (100) facets. (D) The
vis—NIR extinction spectrum of nanobars is characterized by a transverse plasmon resonance in the visible and a longitudinal resonance
in the near-infrared region.

As with silver nanocubes, bipyramids, pentagonal nano-  Given that every side of the nanobar has the same surface
wires, and nanobeams, synthesis of nanobars relies on thenergy, the question arises as to how and why the nanobars
polyol synthesis in which ethylene glycol (EG) serves as both grew anisotropically. The most important ingredient for
solvent and reducing agett2° To start the synthesis, two  promoting the growth of nanobars relative to other shapes
solutions, one containing 48 mg of AgN@ 3 mL of EG, is bromide. We previously employed bromide at low
the other containing 48 mg of poly(vinyl pyrrolidone) (PVP) concentrations (Ag:Br= 850) to selectively etch away
and 0.068 mg of NaBr in 3 mL of EG, were added dropwise multiply twinned seeds, leaving seeds with a single twin
via a two-channel syringe pump into 5 mL of EG heated in intact to grow and form right bipyramid8 For the synthesis
an oil bath at 158C. The reaction was stopped after 1 h, at of nanobars, the concentration of bromide was doubled
which time the solution contained a mixture of nanocubes relative to the synthesis of right bipyramids. The higher
and nanobars with a range of aspect ratios. concentration of bromide could enhance etching, leading to

The scanning electron microscopy (SEM) image in Figure the production of single crystals. In support of this hypoth-
1A shows an area covered with silver nanobars of varying esis, we found the extinction peak of silver nanoparticles
proportions. By tilting the sample 45as has been done in  decreased when the concentration of bromide was doubled
Figure 1B, one can better observe the shape of the nanobar(Figure S1), presumably due to increased etching by bromide.
In this image it appears nanobars are both narrower andln addition to promoting production of single-crystal seeds,
thinner than nanocubes in the same sample. Figure 1C is eoxidative etching could cause anisotropic growth if it
TEM image of the silver nanobars. To determine their side removed material from one side of the seed more than others.
facets and crystallinity, we performed convergent beam We have previously observed that corrosion of silver
electron diffraction on several of the nanobars. All patterns nanocubes in the presence of HAwGtcurs from only one
were essentially the same as the one included as an insetside by a pitting process, even though all sides have the same
which shows diffraction from the (100) planes. As all sides (100) atomic packing* More recent results show etching
of the nanobars meet at right angles, these patterns provewith high concentrations of bromide (Br:Rel30) promotes
nanobars, like nanocubes, are single crystals bounded on alformation of palladium nanorods in the presence of P¥P.
sides by (100) facets. However, as numerous studies on the growth mechanism of
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Figure 2. (A) SEM images of individual nanobars with their corresponding normalized scattering spectra. The longitudinal plasmon peak
of nanobars red shifts with increasing aspect ratio. (B) DDA calculated scattering spectra of nanobars 100, 150, and 200 nm in length,
keeping width= 55 nm and height= 50 nm. (C) SEM images of individual nanorice with their corresponding normalized scattering
spectra. (D) Plot of longitudinal plasmon peak location versus aspect ratio. The peaks of both nanobars and nanorice red shift with increasing
length, but on average the peaks of nanobars are 80 nm red-shifted from nanorice.

gold nanorods have demonstrated, translating experimentadoubles in intensity as the aspect ratio of the nanobars
results into a clear and definitive mechanism is no easyftask. increases from 2 to 4.

Thus, etching may play a role in the growth of nanobars,  The dependence of the optical properties on shape was
but it is not clear exactly how this occurs, or whether other explored experimentally by performing single nanoparticle
factors are inducing anisotropic growth. ~ spectroscopy on nanobars with different aspect ratios. In this
A fgsplnatlng featqre qf nanobars is their optical properties. experiment, nanobars were sparsely dispersed on glass slides
T'he visible-NIR ext|'nct|on spectrum taken from.a SUSPeN-  coated with indium tin oxide, and SEM images were taken
sion of the as-obtained 'nanobars IS chgracterlzed bY ,tWOto record the sizes, shapes, and locations of nanobars on the
resonance peaks, one in the blue_ region of the visible g hoyrate Individual nanobars imaged with SEM were then
spectrum Z.it 460 nm and the other in the NIR. center_e(_JI al|ocated under an optical microscope. A standard tungsten
900 nm (Figure 1D). The plasmon resonance in the V'S'bl_e halogen lamp coupled to a dark field condenser was used
comes from nanobars polarized glong their §r_10rt XIS g1 transmitted dark field illumination, and the light scattered
(transverse plasmon resonance), with some additional con-, . . ) .
tribution from nanocubes in the product. The resonance in from each nanostructure was directed via a fiber optic cable
the NIR comes from nanobars polarized along their long axis o a charge c_oupled devpe spectrometgr. o
(longitudinal plasmon resonance). Both resonance features 1he normalized scattering spectra of individual nanobars
are quite broad due to the diversity of nanobar lengths and@re plotted in Figure 2A, with insets giving SEM images of
widths. the nanobars from which the scattered light was collected.
The extinction peaks were assigned to particular reso- As predicted by the DDA calculations, the position of the
nances based on the discrete dipole approximation (DDA) transverse resonance peak stays relatively constant, while
calculations shown in Figure $224For nanobars with aspect the longitudinal resonance peak red shifts with increasing
ratios of 2, 3, or 4, transversely polarized light is scattered aspect ratio. The transverse peak of the shortest nanobar
and absorbed in the visible region, with a slight increase in appears to be split, with an additional sharp peak just below
intensity for nanobars with greater aspect ratios. In contrast,400 nm. This resonance splitting was previously observed
the scattering and absorption of longitudinally polarized light for nanocubes supported on a glass substrate, with the blue-
are highly dependent on nanobar aspect ratio. The resonancshifted peak associated with strong fields away from the
peak position shifts from 700 to 1100 nm, and light scattering substrate and the red-shifted peak associated with strong

1034 Nano Lett, Vol. 7, No. 4, 2007



A =510 nm A =890 nm

Figure 3. Plots of the relative field amplitude around (A, B) the front and (C, D) the center of a nanobar 150 nm in length, 55 nm in width,
and 50 nm in thickness at its two resonance frequencies. Although the top corners exhibit the maximum field enhancement for transversely
polarized light ati = 510 nm, the nanobar gives a higher average enhancement for longitudinally polarized light 800 nm. The

average enhancement |& 1 nm from the nanobar surface is 9.7 at 890 nm and 4.8 at 510 nm.

A B

3 3

800 1000 1200 1400 1600 1800 800 1000 1200 1400 1600 1800
Raman Shift (cm™) Raman Shift (cm')

Figure 4. Surface-enhanced Raman spectra from a single (A) nanobar and (B) nanorice covered by a 1,4-benzenedithiol monolayer.
Spectra with a transverse 514 nm laser polarization are shown in red and the longitudinal polarization in black. The spectra were normalized
to the silicon band between 900 and 1000 nm. For both the nanobar and nanorice, the intensity of SERS enhancement depended on the
polarization of incident light.

fields impinging on the glas®.This splitting disappears for  blue-shifted relative to those of nanobars. The observed red
nanobars with aspect ratios of 2 or more. shifting of plasmon resonance with increasing corner sharp-
The resonance peaks of synthesized nanobars are blueness of nanobars is consistent with previous comparisons of
shifted relative to the calculated scattering spectra of nanobarssharp and rounded nanocubes and nanopté&fés.
in Figure 2B. We suspected this shift was caused by the DDA To compare the scattering spectra of individual nanobars
calculations using nanobars with sharper corners and edgesnd nanorice with the DDA-predicted spectra from ideal
than synthesized ones. To further explore the effect of nanobars, we plotted the longitudinal resonance peak position
sharpness on resonance peak position, we converted theersus aspect ratio in Figure 2D. For each case, the
nanobars into nanorice, a nanostructure with a roundedlongitudinal resonance red shifts linearly with aspect ratio.
profile. This conversion was performed by storing the The DDA calculations on nanobars with ideal corner and
nanobarsn a 5 wt %solution of PVP in water at room  edge sharpness exhibit the most red-shifted resonance at a
temperature for 1 week. SEM images of nanorice are given given aspect ratio, followed by the nanobars and then
in Figure S3. The normalized scattering spectra of nanorice nanorice. The peaks of nanobars are on average red-shifted
with different aspect ratios are plotted in Figure 2B, with by 80 nm from those of nanorice.
insets showing SEM images of the nanorice from which the  We have shown that the transverse mode scatters light in
scattered light was recorded. Similar to nanobars, the positionthe visible and the longitudinal mode scatters light in the
of the transverse resonance peak did not change significantihyNIR, but not where electrons are oscillating within the
for nanorice with different aspect ratios, and the longitudinal nanobar at these resonance frequencies. Figure 3 plots the
resonance peak red shifted with increasing aspect ratio.calculated relative field amplitudgE|}/{ |Eol}, where|E|
However, the rounded corners and edges of nanorice causeds the local amplitude an¢Ey| is the incident amplitude,
both the transverse and longitudinal resonance peaks to bearound a nanobar 150 nm in length, 55 nm in width, and 50
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broadly distributed throughout the nanobar in a way that
clearly depends on its length. Although the maximum relative
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