
Optical Properties of Rodlike Metallic Nanostructures: Insight from Theory and
Experiment

Jinsong Duan,†,‡ Kyoungweon Park,†,§ Robert I. MacCuspie,†,| Richard A. Vaia,† and
Ruth Pachter*,†

Air Force Research Laboratory, Wright-Patterson Air Force Base, Ohio 45433, General Dynamics Information
Technology, Dayton, Ohio 45431, National Research Council, Washington, DC 20001, and National Institute of
Standards and Technology, Gaithersburg, Maryland 20899-8520

ReceiVed: March 18, 2009; ReVised Manuscript ReceiVed: July 13, 2009

In this work, we combined synthesis of Au nanorods (AuNRs) and Au-Ag core-shell nanorod-like structures,
of narrow size distribution in all dimensions and for a broad range of aspect ratios, with computational prediction
of the localized surface plasmon resonance (LSPRs), in order to gain a better understanding of the optical
response. Self-assembled AuNRs were also synthesized and characterized experimentally and theoretically.
In addition, an understanding of the growth of Au-Ag core-shell nanorod-like structures for varying
geometries, dielectric environments, and compositions was obtained. Controlled and precise synthesis, even
for AuNRs with large aspect ratios, for Au-Ag core-shell nanostructures and AuNR pairs, enabled validation
of the computational results, and development of structure-property relationships. These will, in turn, assist
in the experimental characterization of AuNRs and related core-shell nanostructures.

Introduction

Noble metal nanoparticles, specifically gold nanorods (AuN-
Rs), are useful for a broad range of applications, for example,
as potential cancer diagnostic markers,1 as based on the localized
surface plasmon resonance (LSPR).2,3 Notably, AuNRs were
shown to demonstrate stronger molecular adsorption as com-
pared to spherical nanoparticles, a large surface electromagnetic
field, and of course the ability to form field aggregates. Recently,
Murphy et al.4 reviewed the utility of metal NRs, for example,
showing improved sensitivity of the longitudinal LSPRs of
AuNRs to changes in the refractive index of the dielectric
environment, which can be exploited as a tool to confirm surface
modification by polymers and biomolecules, increased surface-
enhanced Raman scattering (SERS), as compared to spheres,
and in self-assembled monolayer sandwich geometries. Interest-
ingly, AuNRs also show significant reduction in the plasmon
dephasing as compared to spheres.5 Furthermore, metallic NRs
were conceived as building blocks in antennas,6,7 while a metal
nanowire composite, constructed from parallel pairs of silver
nanowires, was suggested to exhibit negative magnetic perme-
ability and dielectric permittivity in the visible and near-infrared
spectral ranges.8 Coupling between molecular and plasmonic
resonances in freestanding dye-gold NR hybrid structures was
recently observed.9 In addition, multifunctional or core-shell
NRs, which vary not only in geometry but also in composition,
demonstrated possible utility for a wide range of biomedical
applications.10 Au-Ag core-shell NRs were used as a platform
for multiple aptamer immobilizations, shown to be highly
promising for cancer cell targeting,11 while selective detection
of iron ions was demonstrated with core-shell nanostructures.12

The promise of AuNR applications led to a surge of synthetic
work, in examining self-assembly,13,14 the role of the surfactant
in seed-mediated synthesis,15 effects of various parameters on
structural evolution,16 and in tuning the SERS response.17

Synthesis of core-shell18 and spherical19 nanostructures was
thoroughly reviewed,20 including controlled growth,21 and the
optimization of parameters that affect growth.22,23 Recently, a
critical survey of various methods for the shape- and size-
selective synthesis of anisotropic metallic nanostructures was
summarized.24

At the same time, numerical methods for solving Maxwell’s
equations for particles of arbitrary shape and composition,
beyond Mie’s analytical theory, have been applied. Methods
include, among others, the finite difference time domain
(FDTD),25 the boundary element method (BEM),26 and the
discrete dipole approximation (DDA), where an array of
polarizable dipolar elements that comprise the shape of the metal
nanoparticle is used, providing the response to an incident
electric field. Application of DDA to this problem was
introduced by Schatz and co-workers27 and proven to be
particularly successful because of its ability to predict the optical
extinction of particles of varying shape and composition.28–34

However, although synthetic and computational studies are
abundant, a careful and systematic comparison of experimentally
characterized nanoparticles with computational prediction,
particularly for more complex nanostructures, is still lacking.

In this work, we combined synthesis of AuNRs and Au-Ag
core-shell NRs of narrow size distribution in all dimensions
and for a broad range of NR aspect ratios, with theoretical
prediction, in order to gain an understanding of the optical
response to the material’s structure and properties. Self-
assembled NRs were also synthesized and characterized ex-
perimentally and computationally to expand the range of
materials studied. Further, an understanding of the growth of
Au-Ag core-shell NR-like structures for varying dielectric
environments and compositions was obtained, as a result of
pairing computational prediction with experimental data. This
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is the first stage in our effort to engineer plasmonic nanostruc-
tures, e.g., for enhancement of molecular fluorescence, where
the LSPR has to be tuned.35

Methods

Computational. All calculations were carried out applying
the DDA, coded in freely available DDSCAT.36 The theory of
the DDA for an array of dipoles, introduced by Purcell and
Pennypacker,37 further developed by Draine et al.,38 is discussed
elsewhere.39 A comparison between DDA implementations40 and
an extension of the approach to larger systems, in the order of
10-20 λ, such as for biological systems, was also reported.41

Previously, DDA calculations were compared to FDTD,42

showing good agreement, and the performance of FDTD, BEM,
and DDA was recently assessed.43

Note that within FDTD, the propagation of the electromag-
netic field is defined on a spatial grid through consecutive time
steps, so that the whole spectrum can be obtained from a single
computational run. However, appropriate treatment of boundary
conditions has to be applied, and description of complex
geometries and dispersive materials has to be specifically taken

into account. On the other hand, DDA, in which the response
to the electric field is calculated in the frequency domain, is
advantageous because it can readily be applied to the calculation
of scattering and absorption for inhomogeneous and anisotropic
nanoparticles. Specifically, the parameters of the scattering
problem, namely shape, size, and orientation relative to the
applied field in the laboratory frame, are provided as input for
the calculation within the DDA method. This is especially
important for modeling core-shell structures because of the
complex geometries. In addition, the tabulated dielectric function
of the nanoparticle, dependent on its composition, as a function
of wavelength, for each metal, was provided. The electric field
was assumed to be either parallel (exciting the longitudinal
LSPR), or perpendicular to the major axis of the NR (exciting
the transverse LSPR). Bulk and thin film dielectric functions
were used. Calculations were performed for cylinders of length
L and diameter D (aspect ratio R ) L/D), capped by hemi-
spheres, and an aqueous medium assumed (n ) 1.33).

Experimental.44 Synthesis of AuNRs. Commercial cetyltri-
methylammonium bromide (CTAB) and benzyldimethylhexa-
decylammonium chloride (BDAC) were purchased from TCI

Figure 1. (a) TEM image of AuNRs used in the size measurement. This specific sample of AuNRs has the following dimensions: L ) 68.8 ( 11.7
nm and D ) 13.6 ( 1.5 nm. Experimental spectra of (b) longitudinal and (c) transverse LSPRs for AuNRs with various aspect ratios (dimensions
summarized in Table 1S, Supporting Information); (d) comparison of experimentally measured longitudinal LSPRs by various groups.
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America (Portland, OR). HAuCl4, AgNO3, sodium borohydride
and L-ascorbic acid were purchased from Aldrich (St. Louis,
MO). All chemicals were used as received without further
purification. The synthesis followed the seed-mediated growth
method previously outlined by Nikoobakht et al.45 Briefly, the
seed solution was freshly prepared by adding ice-cold NaBH4

solution (0.6 mL, 0.01 mol ·L-1) into a solution composed of a
mixture of HAuCl4 (0.025 mL, 0.1 mol ·L-1) and CTAB (10
mL, 0.1 mol ·L-1). The growth solution was prepared separately
by mixing the aqueous solution of HAuCl4 (0.5 mL, 0.1
mol ·L-1), AgNO3 (0.08 mL, 0.1 mol ·L-1), CTAB (50 mL, 0.2
mol ·L-1), and BDAC (50 mL, various concentrations range
from 0.02 to 0.25 mol ·L-1) at room temperature. Next, ascorbic
acid (0.55 mL, 0.1 mol ·L-1) was added to the growth solution
as a mild reducing agent; then, the seed solution (0.1 mL) was
added to the growth solution, where the color of the growth
solution was observed to be slowly changing from clear to violet,
indicating growth of AuNRs.

The as-made solution contains AuNRs with less than 20%
of spherical particles. The spherical particles were removed by

carefully controlled centrifugation.46 The as-made AuNR solu-
tion was centrifuged at 5600g for 40 min by using Allegra X-22
centrifuge (Beckman Coulter, Fullerton, CA). After the cen-
trifugation, the tube was visibly inspected. The concentrated
dark solution at the bottom of the tube which contains most of
spherical particles was removed by using a syringe. The
supernatant was carefully removed. The solidlike deposit on
the side wall which contains AuNRs was dissolved in distilled
water. The typical dimensions of the AuNRs, expressed in terms
of the aspect ratio R, ranged from 3 to 10, with L from 30 to
150 nm, and D from 8 to 20 nm. The size and R of the AuNRs
were controlled by changing the concentration and mixing ratio
of surfactants. AuNRs with R > 13 were obtained when AgNO3

was not added in the growth solution. The as-made solution
contains less than 20% of AuNRs. AuNRs were purified by
controlled centrifugation. The resulting AuNRs usually have
more size polydispersity than those obtained by adding AgNO3.

Secondary Growth of AuNRs. Additional HAuCl4 (0.01 mL,
0.1 mol ·L-1) and ascorbic acid (0.1 mol ·L-1) at a specific molar
ratio were added to 5 mL of purified AuNR template solution.

Figure 2. (a) TEM images of AuNRs of different aspect ratios; (b) experimental longitudinal LSPRs for AuNRs shown in (a) with the geometrical
parameters L, D: 54.8 ( 7.1 nm, 20.1 ( 5.1 nm; 65.7 ( 8.0 nm, 10.6 ( 1.7 nm; 78.8 ( 15.2 nm, 12.5 ( 4.3 nm, respectively; (c) calculated
longitudinal LSPR results.
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Deposition of SilWer on Gold Core NRs. Additional HAuCl4

(0.01 mL, 0.1 mol ·L-1), AgNO3 (0.03 mL, 0.1 mol ·L-1), and
ascorbic acid (0.02 mL, 0.1 mol ·L-1) were added to 5 mL of
a purified AuNR template solution. The location of Ag deposi-
tion (as a tip or as a shell) was controlled by adjusting the pH,
ranging from 3 to 11, by adding NaOH.

Synthesis of AuNR Pairs by Ion-Exchange Resin Surface
Masking and Layer-by-Layer Buildup. AuNRs were allowed
to incubate on a DOWEX 50W-X8 strong cation-exchange resin
(Aldrich, St. Louis, MO) for 24 h. The resulting supernatant
was removed, and the resin was washed three times with distilled
water. Next, a thiol-linker molecule, such as 1,6-hexanedithiol
or 3-mercaptopropionic acid, was allowed to react onto the
exposed Au surface for 1 h. A stochiometry of 10:1 for thiol
molecules to available Au binding sites was evaluated, which
was based on the exposed surface area of Au on the AuNRs,
the number of Au atoms per unit surface area based on the van
der Waals diameter, and the binding ratio of 1.8 Au per thiol
molecule, as observed for thiol-Au self-assembled monolay-
ers.47 The resin was then washed with distilled water once. The
second layer of AuNRs was then deposited. For dithiol linkers,
neat AuNRs were deposited directly. For linkers with ω-car-
boxyl groups, 300 mL of 2.5 nmol ·L-1 AuNRs functionalized
with cystamine were added to the resin with a fresh solution of
0.100 mL of 10 mmol ·L-1 N-hydroxysuccinimide (NHS), 0.100
mL of 75 mmol ·L-1 N-(3-dimethylaminopropyl)-N′-ethylcar-

bodiimide hydrochloride (EDC), and 1.500 mL of distilled
water. The solutions were allowed to react for 1 h at room
temperature before the reaction supernatant was removed, and
the resin then washed three times with distilled water. Subse-
quently, 2.0 mL of a 0.1 mol ·L-1 CTAB surfactant solution
was added to the resin and the resulting suspension sonicated
for 10 min in a bath sonicator to release AuNRs from the resin.
The resulting AuNR solution was then collected.

Characterization. UV-Vis-NIR spectra were acquired with
a Cary 5000 UV-vis-NIR spectrophotometer. Morphology and
the mean size of AuNRs were examined by TEM (Philips
CM200 LaB6 at 200 kV). For each sample, the size of more
than 300 particles was measured to obtain the average size and
size distribution, reported as plus or minus one standard
deviation. Note that detailed characterization of Ag tipped
AuNRs and Au-Ag core-shell NRs, including HRTEM and
SAED, was previously reported.23

Results and Discussion

AuNRs. Figure 1a shows a TEM of synthesized AuNRs,
demonstrating that the solutions obtained contained very few
spherical particles, thereby enabling better comparison with
computational results. Experimental spectra are summarized in
Figure 1b-c, and corresponding calculated λmax for the series
of AuNRs with varying R are reported in Table 1S (Supporting
Information). A linear relationship between the longitudinal

Figure 3. TEM images of (a) unreacted AuNRs mixed with AuNR pairs, as compared to a solution of (b) single NRs (NIPAM,
N-isopropylacrylamide); (c) corresponding longitudinal and transverse experimental spectra; (d) calculated shifts of side-by-side AuNRs as a function
of inter-rod distance: red, longitudinal; blue, transverse LSPRs.
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LSPR and R was obtained, λmax(exp) ) 464.0((22.2) +
88.6((6.3)R, based on experimentally characterized values, for
which five different series of AuNR with varying Rs, were
included. Note that when the imaginary part of the dielectric
function is relatively small, the monotonically decreasing real
part of the dielectric function determines the resonance wave-
length, hence a linear relationship with R.6,48–50

The values of previously reported λmax for AuNRs50-54 are
plotted in Figure 1d along with this work’s experimental data
and empirical equation. Compared to previously reported results,
our data confirms the linear relationship between λmax and R,
not only in the visible wavelengths, but also in the near-infrared
region. In general though, experimental λmax exhibit varying
degrees of variation from the linear relation. For example, Liu
et al.53 reported λmax of about 821 and 704 nm for synthesized
AuNRs having Rs of 4.4 and 3.3, respectively, in aqueous
solution. The linear regression resulted in red-shifted values for
R ) 4.4, 3.3, of 854 nm, 756 nm, respectively, which could be
attributed to a mixture of AuNR geometries in the work of Liu
et al. (Figure 2d in ref 53). An even larger variation was
observed in comparison with the value of 814 nm reported by
Ah et al.,54 where we predicted a value of 858 nm for R )
4.45. A measured value of 702 nm was previously reported13

for R ) 3.9, while we predicted λmax of 809 nm, based on our
experimental relationship. On the other hand, a better agreement
was obtained for AuNRs with R of 4.5,55 where λmax of about
870 nm was reported, as compared to the experimentally derived
relationship value of 862 nm reported in this work.

The differences observed in reported values for various
experimental studies motivated the use of numerical predictions.

Calculated λmax (Table 1S, Supporting Information) reproduced
the measured transverse LSPRs, showing a small blue-shift as
is expected. Somewhat larger errors were observed for the
longitudinal LSPRs, which could be due to a percentage in the
mixture of AuNRs with a different geometry than a cylinder
capped by hemispheres. Consequently, an overall inaccurate
estimation of the input geometry could result, in addition to
the uncertainty in characterizing experimentally the AuNR
dimensions. Interestingly, the longitudinal LSPR for an AuNR
(dimensions of L ) 61.2 ( 6.7 nm; D ) 14.3 ( 1.7 nm) of
about 850 nm, as reported by Xiang et al.,22 agrees well with a
value of 859 nm predicted by the linear relationship based on
our DDA calculations. Previous calculations using the FDTD
method for a similar geometry resulted in λmax of 742, 810, and
879 nm, for R ) 3.4, 4.1, and 4.8, respectively, consistent with
our DDA results, where we predicted, for example, λmax of 826
nm for an aspect ratio of 4.1.

The results are explained by depolarization factors, which
can be derived, for example, from the analytical expression of
the dipolar polarizability for a small ellipsoid, as recently
reviewed.32 As the nanoparticle becomes more elongated along
the principal long axis, the depolarization factor decreases and
the longitudinal resonance requires larger values of -Re{ε},
which occurs at longer wavelengths. Note that in the case of
ellipsoids of revolution, the depolarization is dependent on the
aspect ratio R3/R1 (where R1 ) R2; Rj are the half axes for an
ellipsoid, and j ) 1, 2, 3 denote the principal axes of the
ellipsoid). Depolarization factors for ellipsoidal nanoparticles,
in different media, including prolate spheroids, were reported.31

The experimental results demonstrated the importance of
physical characterization of AuNR size and size distribution by
standard or consensus methods56 to achieve accurate computa-
tional prediction. To probe these relationships more closely,
experimental samples of AuNRs with R ) 2.9, 6.2, and 6.5
were carefully characterized (samples 1-3 in Figure 2).

Figure 4. (a) (a,a) Au spheroid, (a,b) Au-Ag core-shell structure
that consists of an Au spheroid with the coating built up at the ends,
(a,c) thicker full coverage; (b) longitudinal λmax vs aspect ratio for
nanostructures (a,b) and (a,c). Dimensions are discussed in the text.

Figure 5. (a) Spectra of Au-Ag core-shell structures, with the
dimensions summarized in Table 1; (b) TEM images of Au-Ag
core-shell structures corresponding to samples 3 and 6. Inset of sample
6 shows the model geometry based on experimental characterization.
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Computationally, we examined the effect of the number of
dipoles used, where for sample 1, using a large number of
dipoles (412 120), a good agreement with experiment was
obtained, predicting a value of λmax of 690 nm, as compared to
the experimental value of 680 nm. This result was improved
upon by applying the dielectric function of Johnson and Christy
(JC),57 characterized for thin films. Using a larger number of
dipoles in the calculation improves the accuracy by a few
nanometers when comparing results for samples 2 and 3. For
example, for R ) 6.5 the calculated value (using the bulk
dielectric function, Palick58) is changed from 1128 to 1033 nm
by increasing the number of dipoles from 74 085 to 394 848 as
compared to the experimental λmax of 1060 nm. An improvement
in agreement with experiment is further demonstrated using
the JC dielectric function,57 resulting in a value of 1079 nm,
however red-shifted, as expected, due to an increased corre-
sponding difference between the dielectric functions at longer
wavelengths. It was shown that roughness and major modifica-
tions of the end-cap geometry59 could cause significant red-
shifts. This is not observed in the experimental data we report.
The AuNRs we synthesized have the single crystalline structure
regardless of R except for the longest AuNR (R ) 14.5). The
facets enclosing the side of Au NRs are {110} and {100} and
the growth direction is [001], consistent with previous work.60

However, the experimentally determined standard deviations
of the characterized geometries can still influence computational
results. As further refinements of experimental AuNR synthesis
will be carried out, with experimental shape control protocols21

important for such advances, more precise geometries could be
considered computationally, in comparison to predicted struc-
tures.61 This will enable development of computationally derived
predictive structure-property relationships that will, in turn,
assist in the routine experimental characterization of AuNRs,
recently pointed out by Odom et al.62 It was emphasized that
one of the next anticipated advances in tailoring LSPRs is to
model structures with desirable optical properties first, followed
by synthesis.

Broadening of the LSPR is noted experimentally, which could
be due, in part, to a distribution of Rs in the sample.63 A number
of parameters affect the line-width of the AuNR LSPR. If the
particle size is comparable to the mean free path of the co-
nduction electrons in the bulk, the intrinsic width of the dipole
plasmon polarization is increased due to scattering from the
particle surface,64 written as γ(Leff) ) γ0 + AVF/Leff, where the
dephasing γ0 is due to radiative and nonradiative decay, A is a
surface scattering parameter, and VF the Fermi velocity of the
bulk metal. Interestingly, for AuNRs, an increase of R could
cause a decrease in the dephasing because of suppression of
interband damping.5 To understand some of these processes,
an expansion of the Drude model is often carried out,65,66 fitted
to the JC57 data. Note that an extension of this model to
core-shell structures, as recently carried out by Bruzzone,67

may not be justified, as in these systems the broadening for the
core and the shell may differ from what constitutes individual

particles. Indeed, a silver lining on AuNRs causes so-called a
“plasmonic focusing”, resulting in a narrowing of the ensemble
line-width.63

Next, we considered the characteristics of AuNR pairs. AuNR
(R ) 5.5) pairs were prepared by the procedure described in
the Experimental section. A mixture of unreacted single AuNRs
and AuNR pairs resulted, as compared to a solution of single
AuNRs only (TEM images in panels a and b of Figure 3,
respectively), clearly demonstrate the presence of AuNRs pairs.
A blue-shift of the longitudinal LSPR (from 975 to 775 nm for
rather broad spectra) and a red-shift of the transverse plasmon
(from 512 to 545 nm), were observed experimentally, as shown
in Figure 3c, as a function of the inter-rod distance, consistent
with previous evaluations.50,68 Notably, computational ∆λ LSPR
shifts for side-by-side AuNRs of corresponding dimensions, as
dependent on the inter-rod distance, reproduced the blue-shift
and red-shift, respectively, for the longitudinal and transverse
LSPRs, respectively (Figure 3d). Indeed, it has been demon-
strated69 that pairs of spherical gold nanoparticles can be used
to measure internanoparticle distances due to dependence on
the plasmon coupling. Note that possible change of the medium
in this case has to be taken into account because of the
functionalization, where a larger refractive index would cause
a red-shift,70 as is expanded upon in the next section.

Au-Ag Core-Shell Nanostructures. Growth mechanisms,
as demonstrated by the evolution of Au-Ag core-shell
structures, were previously investigated to possibly explain
experimental observations.16,22,23 To gain an initial understanding
of the changes in shape and structure during synthesis of Au-Ag
core-shell nanostructures, the optical properties for core-shell
spheroids were calculated, as shown in Figure 4a,a-c, based
on an Au prolate spheroid geometry with dimensions of (34 ×
34 × 82) nm along x, y, z. Thereafter, accretion was developed
at the two ends of the NR along z at an interval of 2 nm (Figure
4a,b), and finally developing an Au-Ag core-shell structure
with the Ag coating covering the whole Au interior, becoming
thicker at an interval of 1 nm. As the Ag coating grows along
the z axis of the Au spheroid (Figure 4a,b), the longitudinal
plasmon resonance shifts to longer wavelength, primarily due
to an increase in R, as expected and discussed above, while as
the Ag coating grows in all dimensions, as shown in Figure
4a,c, λmax exhibits a blue-shift, primarily because of an overall
decrease in R (summarized in Figure 4b). The results for the
core-shell structure in Figure 4b represent accretion of Ag all
around for the largest R in the Au-tipped structure. The results
are consistent with experimental observations that upon increase
of the overall amount of deposited Ag, the longitudinal LSPR
blue-shifts.71 Of course, the situation would be reversed if we
considered oblate spheroids. The influence of the different
composition of an Au-Ag core-shell structure as compared
to an Au spheroid will be small due to the similarity in the
dielectric functions for the spectral range of interest. A somewhat
steeper slope in the LSPR as a function of R for the Au-Ag

TABLE 1: Experimental λmax for Core-Shell Au-Ag NRs

concentration of
AgNO3(mol ·L-1) volume (mL)

measured thickness
of shell (nm) measured R measured L; D (nm) λmax (exptl) (nm)

AuNR 8.0 ( 2.7 88.1 ( 23.0; 11.2 ( 1.8 1130
sample 1 0.2 5 N/A N/A N/A 1040
sample 2 0.2 10 N/A N/A N/A 1007
sample 3 0.2 15 N/A N/A N/A 965
sample 4 0.2 20 2.1 ( 1.0 6.1 ( 1.6 88.1 ( 23.0; 15.4 ( 3.8 925
sample 5 0.2 40 3.8 ( 1.1 5.5 ( 1.8 88.1 ( 23.0; 18.8 ( 3.9 860
sample 6 0.2 90 4.8 ( 1.1 3.8 ( 0.7 88.1 ( 23.0; 20.8 ( 3.9 820
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core-shell structure as compared to Au (see Figure 4b) is due
to the difference.

Experimentally we demonstrated that for an AuNR of
dimension L ) 88.05 ( 23.00 nm, D ) 11.24 ( 1.80 nm, a
blue-shift is observed in the longitudinal LSPR upon increasing
the concentration of AgNO3 in synthesizing the Au-Ag core-
shell structures (see Figure 5a and Table 1, with the morphology
shown in Figure 5b). Specifically, as the thickness of the shell
increases from 2 nm for sample 4 to 4.8 nm in sample 6, with

a corresponding decrease in R, namely, from 6.0 to 3.8, a blue-
shift from 925 to 820 nm is observed experimentally (Figure
5a), consistent with the calculated results shown in Figure 4,
however, for smaller Rs and a different NR-like geometry. Once
again, the changes are primarily due to a change in geometry
for the spectral range examined. In addition, we carried out
calculations for AuNRs of L ) 88 nm, reproducing a blue-shift
for R ) 5.8 relative to R ) 4.2, from 1082 to 883 nm, attempting
to use a geometry consistent with the experimental supposition
(Figure 5b). In the core-shell structures, the uncertainty in the
overall NR geometry combined with the uncertainty in the
amount and heterogeneity of thickness of deposited silver could
explain, in part, calculated deviations from the experimental
values. The experimentally observed values could also be red-
shifted due a somewhat larger refractive index of the environ-
ment. To examine the effects of the medium and assess the

Figure 6. (a) Experimental spectra of Au and Au-Ag core-shell NRs
of dimensions L ) 50.9 ( 8.6 nm; D ) 9.1 ( 1.5 nm (blue) and L )
56.6 ( 7.1 nm; D ) 17.4 ( 3.7 nm (pink) with (b) corresponding
TEM image; (c) calculated spectrum for core-shell Au-Ag structure
of L ) 57 nm, D ) 17 nm, using a dimension of the inner core of L
) 51 nm, D ) 9 nm.

Figure 7. Experimental characterization of core-shell NR-like
structures (a), as compared to the so-called (b) dogbone1, (c) dogbone2,
(e) dumbbell, (e) core-shell structures.
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calculations for large NRs, of interest in future work, DDA
results for a model core-shell based on that shown in Table
2S (Supporting Information) were carried out, shown to be
consistent with previous results31 for varying Rs and media
refractive indices.

In probing more carefully core-shell Au-Ag NR-like
structures (Figure 6), we showed that a better agreement with
experiment is obtained (Figure 6c) in using the JC dielectric
function. The overall trend for core-shell NR-like structures
is consistent with the experimental results of Xiang et al.,22

where a blue-shift of about 217 nm was observed after 30 min
of the start of the reaction to synthesize Au-Ag core-shell
NRs, specifically for AuNRs of about L ) 61 nm, D ) 14 nm.
Interestingly, calculations for an Au-Ag NR core-shell
structure previously characterized (L ) 65 nm, D ) 22 nm with
a core of L ) 61 nm, D ) 14 nm),22 resulted in values of 700
and 710 nm using the Palik and JC dielectric functions,
respectively, in comparison with the measured value of 750
nm.22 The DDA result reported by Xiang et al.22 was 670 nm.

To further explore the range of engineered bimetallic nano-
particles, this technique could be applied to core-shell NR-
like structures, as shown by TEM images in Figure 7a. Figure
7b-e summarizes schematically possible structures, such as so-
called dogbone, dumbbell, and related NR geometries, and with
the corresponding geometry parameters and calculated λmax listed
in Table 2. The red-shift in the dogbone structure is consistent
with previous work,71 in which it has been pointed out that for
core-shell structures an interplay between a decrease in R
(which blue-shifts the peak, as discussed above), and the
development of dogbone or dumbbell-like lobes which red-shifts
the longitudinal peak due to increased R, has to be taken into
account. Indeed, the silver accretion that develops in the lobes
of the AuNR dogbone2 (Figure 7c) as compared to dogbone1
(Figure 7b), increases R, causing a red-shift of the LSPR from
700 to 1100 nm. Once again, note that the dominant contribution
results from changing R, as the materials’ dielectric responses
are similar in the spectral range of interest. Only a small
difference is observed between the dogbone1 and a dumbbell
corresponding geometry with a similar R. The Au-Ag core-shell
structure of Figure 7e resulted in a resonance maximum at 676
nm, in agreement with the experimentally reported values.53 Of
course, experimental conditions in synthesizing these complex
core-shell nanostructures can cause changes in the geometry.

Overall, the experimental control achieved in our work in
secondary growth, such as that shown in Figure 7a, could enable
future development of nano architectures for applications that
require plasmon response tunability. For example, recently,
bioconjugated AuNRs and silver nanoparticles were used in
TEM imaging of pancreatic cancer cells.72

Conclusion

In combining synthesis of Au and Au-Ag core-shell NR-
like structures of high purity and for a broad range of Rs with

theoretical prediction, experimentally observed trends of the
LSPRs could be explained, while at the same time calculated
structure-property relations emerged more clearly. Specifically,
the linear relationship between the longitudinal LSPR and the
AuNR aspect ratio was validated up to an aspect ratio of about
15, in good agreement with the experimentally measured values
for the high-purity solutions of AuNRs. Deviations could
be explained by inaccurate geometric characterization or possible
effects of the environment. Further investigation with more
accurate geometrical parameters will be carried out in future
work, because it is the approach of computation for well-
characterized nanostructures, as presented in this work, which
would enable derivation of structure-property relations for
routine use in experimental characterization. In addition, effects
of the AuNR morphology were studied for AuNR pairs,
emphasizing the importance of well-controlled synthesis and
characterization for development of prediction-based relation-
ships. Larger NR-like structure are also of interest, e.g., as
recently synthesized and characterized,73 requiring further
theoretical analysis for higher-order LSPRs.74

In aiming to engineer complex core-shell nanostructures, we
investigated changes in the LSPR upon growth of the NR-like
materials, showing qualitative agreement with experiment. In
future work, LSPRs of nanostructures of increased complexity
and composition by shape-controlled synthesis,75 systematically
and under the same experimental conditions, will be further
analyzed in comparison to computational results based on
hypothesized geometries. For example, most recently, NR-
shaped gold nanorattles were synthesized, showing improved
sensitivity of the plasmon resonance to changes in the dielectric
environment,76 while complex nanostructures, for example, Ni-
coated Pt tip-coated AuNRs, leading to nanoparticles that can
be aligned under an external magnetic field,77 and Pt-Ag alloy
nanoislands on AuNRs were fabricated for improved catalytic
activity.78
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