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Abstract

The optical properties of gold rods electrochemically deposited in anodic aluminum oxide
templates have been investigated. Homogeneous suspensions of rods with average diameter of 85
nm and varying lengths of 96, 186, 321, 465, 495, 578, 641, 735, and 1175 nm were fabricated.
The purity and dimensions of these rod nanostructures allowed us to observe higher order
multipole resonances for the first time in a colloidal suspension. The experimental optical spectra
agree with discrete dipole approximation calculations that have been modeled from the dimensions
of the gold nanorods.
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1. Introduction

Metal nanostructures have been of significant interest as a result of their many uses in
photonics?, electronics?, biodetection3, and catalysis. These materials have unique optical
and chemical properties that are quite different from the bulk or atomic species. Gold and
silver nanoparticles are particularly interesting because their plasmon resonance excitation
gives rise to intense colors, Raman enhancing capabilities, and their utility as labels in
biodetection platforms. The wavelength of the plasmon resonance can be tuned by the size
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and shape of the nanoparticle, and by its surrounding dielectric medium.> For example,
when a spherical nanoparticle’s diameter is approximately 5-50 nm, the plasmon resonance
is dipolar in nature because the conduction electrons in the metal are excited in-phase with
the incident electromagnetic field. However, when the dimensions are larger, the excitation
of higher order harmonics or multipoles can be excited® as a result of phase retardation of
the applied field inside the material. Such multipole resonances are of fundamental interest,
and the near-field profiles and the far-field scattering patterns of multipolar harmonics can
be useful in applications pertaining to light signal routers, light manipulators, or multi-step
enhancers in processes like second harmonic generation.® In addition, higher order modes
provide a spectroscopic fingerprint of the material that can be used to characterize and
assess the quality of such structures.

In past work quadrupole and higher order multipoles have been detected in both isotropic
and anisotropic gold or silver materials including shells,® spheres,” and prisms.8 The
multipoles also have been observed in lithographically generated analogs of gold and silver
platelets,® but no one has generated free-standing rods in the form of a colloid with
spectroscopically observed higher order resonances. Herein we present the first experimental
observation of higher order surface plasmon modes for colloidal cylindrical gold rods. In
addition we use discrete dipole approximation (DDA) calculations to identify the number of
expected modes for the size rods studied.

Typically gold nanorods are synthesized via wet-chemical techniques? or hard template-
directed methods,1! and have received much attention for their potential use in
therapeutics,1213 chemical separations,1# sensing,1215 and optics.1210 In the wet-chemical
synthesis, metal ions are reduced onto the surface of gold seeds in the presence of various
surfactants.13 The resulting shape is dependent on the reaction conditions, seed, and
surfactant or capping agent used. Although this technique proved to be useful in terms of
controlling the length of nanorods, usually the rod diameter varied from ~5 to 55
nm.153.16.17 Therefore, only two surface plasmon resonance peaks have been observed. One
is parallel to the short axis of the rod (transverse mode) and is typically in the range of 500
to 550 nm, while the other is parallel to the long axis (longitudinal mode) and is
substantially more variable with the plasmon wavelength depending on the length of the
rods. In addition, this wet-chemical method also can produce spherical particles or other
shape materials as byproducts, which can greatly affect the optical response. Therefore, if
one is interested in mapping out the fundamental optical properties of high purity rod
structures, hard template-directed synthesis that utilize polycarbonate membranes and
anodic aluminum oxide (AAO) templates, 11 at present provide a more reliable means of
preparing such structures than the solution phase methods. Herein we show that these AAO
templates provide access to rod structures that exhibit higher order surface plasmon
resonances, which have never been observed in the context of a colloid.

2. Experimental Section
AAO Fabrication

Following a two-step anodization process similar to that established by Masuda and co-
workers,18 we synthesized an AAO template with 85 + 10 nm diameter pores (Supporting
Information Figure 1). During this experimental set-up, aluminum served as the anode while
graphite served as the cathode in the electrochemical cell. A high-purity (99.999%) thin
sheet of aluminum (PVD Materials) was first electropolished in a mixture of ethanol
(Aldrich) and perchloric acid (Aldrich) (8:1, v/v) at 15 V in order to reduce the surface
roughness of the aluminum. Then the smooth aluminum was anodized in 0.3 M oxalic acid
(Acros) at 40 V and 1° C for 20 h to initiate the growth of the porous alumina. The alumina
was next removed using an aqueous mixture of chromic acid (Aldrich) (1.8 wt%) and
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phosphoric acid (Aldrich) (6 wt%). A second anodization followed in 0.3 M oxalic acid at
40 V and 1° C for 24 h to insure highly ordered porous alumina. The remaining aluminum
was subsequently removed in a saturated HgCl, (Aldrich) solution resulting in porous AAO
templates. These templates were then subjected to a 6 wt% phosphoric acid etchant for pore
widening.

Gold Rod Synthesis

Gold nanorods were electrochemically deposited in the pores of the AAO template
following a similar protocol pioneered by Martin and Moskovits.11 A layer of silver
(200nm) was evaporated on one side of the AAO. After making a contact with aluminum
foil in a Teflon cell, this material served as a cathode in the electrochemical cell, in which
Ag/AgCl served as a reference electrode and platinum wire acted as a counter electrode. The
nanopores were filled with Ag plating solution (Technic Inc.) at a constant potential, —0.9 V
vs Ag/AgCl followed by Au plating solution (Technic Inc.) also at —0.9 V vs Ag/AgCI.

The lengths of the rods were controlled by monitoring the number of coulombs passed
during the deposition process. The rods were then released from the template in a 3M NaOH
solution, rinsed four times with water, two times with ethanol, and then resuspended in D,O
so that the near infrared (NIR) optical properties of the rods could be observed. The rods
were suspended via sonication and no surfactant or stabililizer was used.

Materials Characterization

3. Results

Scanning electron microscopy (SEM) images were taken on a Leo 1525 courtesy of
Northwestern University Nuance Facility. Experimental extinction spectra did not use
polarized light and were collected on a Cary 5000 UV-vis-NIR spectrophotometer.

We were able to synthesize rods with an average diameter of 85 nm and average lengths of
96 (Figure 1A), 186, 321, 465, 495, 578, 641 (Figure 1B), 735 (Figure 1C), and 1175 nm
(Figure 1D). Scanning electron microscopy (SEM) images and histograms reveal that only
rod shaped materials with a narrow size distribution are present in the solution, Figure 1.

The optical properties of these rods were investigated using UV-vis-NIR spectroscopy.
When the length is 96 nm, one prominent broad peak around 600 nm is observed, which is
indicative of both the transverse and longitudinal dipole modes, Figure 2A. The longitudinal
plasmon, labeled I, overlaps the transverse dipole mode because the aspect ratio (length over
diameter) is close to 1, and the rod spectrum resembles that of a near isotropic sphere or
disc. However, Gans theory predicts that when the aspect ratio increases, the longitudinal
mode will red-shift to longer wavelengths and the transverse mode will blue-shift to slightly
shorter wavelengths.1® This trend was observed in gold nanorods made via solution phase
synthesis.1>17 The gold nanorods synthesized via the hard template-directed method exhibit
a similar trend, Figure 2 and (Supporting Information Figure 2). One particularly interesting
feature is the appearance of both even (labeled I, IV, VI) and odd (labeled I, 111, V, VII)
higher order multipole resonances when the aspect ratio is greater than 4, Figure 2B-D.
These multipole resonances have not been observed previously in a colloidal suspension of
gold nanorods and are assigned based on theoretical calculations which are discussed in
further detail below.

When increasing the rod aspect ratio, both the even and odd higher order longitudinal modes
(I1-V11) red-shift to longer wavelengths, Figure 2B-D. Another noticeable feature is the

increase in the number of multipole resonances. When the length of the rod reaches 641 nm,
the transverse dipole mode, labeled * in Figure 2B appears at 530 nm while two other higher
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order modes, Il and 111, are observed at 846 nm and 1197 nm respectively. In this size
regime the longitudinal dipole mode, I, is red-shifted to longer wavelengths and not
detectable in the spectral range studied. Also a small shoulder is visible around 660 nm,
which corresponds to the onset of multipole V. Again, as the aspect ratio increases, the
transverse mode remains around 530 nm, while the higher order modes red-shift and
increase in intensity and number, Figure 2C. When the length is 735 nm, the II, I1l, and IV
multipoles are at 1397 nm, 966 nm, 775 nm, respectively, and multipole V appears at around
660 nm. This same trend is followed in the spectrum for the rods that are 1175 nm long and
up to seven multipoles are detected, Figure 2D. In the spectra each higher order mode is
resolved from the transverse mode at around 650 to 700 nm. The minimum at around 800
nm is due to detector and lamp changeover in the instrument. The assignments in Figure 2
are based upon the characterization of these rods by SEM and electrodynamics results which
we discuss below.

4. Electrodynamics Calculations

We have studied the optical properties of the gold rods using the discrete dipole
approximation (DDA) method. In this method,20 the particle is represented as a cubic array
of point dipoles. The polarization of each dipole arises in response to the total
electromagnetic field at that site in the array as described by

plnc
ZAJL PL

k#j

PJ—(’/

]

(1)

where a. is the polarizability, gmc is the incident field, and A is an interaction matrix. The
polarizability is determined by the dielectric constant of gold (here we have used values
from Johnston and Christy?1) using a lattice dispersion relation.22 The total field is the
superposition of an incident plane wave, and the fields radiating from all of the other dipoles
in the array given by
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Assigning the diagonal elements of matrix A to be cr_,T' permits rearrangement of Eq. (1) to

inc
p J
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(3)

where P and Ej,; are 3N-dimensional vectors and A is a 3Nx3N matrix. For the number of
dipoles necessary to represent large nanoparticles, direct matrix inversion to obtain P is not
feasible, so an iterative solution is utilized to find the polarization of each dipole. Once the
dipole polarizations are known, the extinction cross section can be computed using
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An important consideration in making comparison of theory and experiment concerns the
effect of averaging over orientation of the rod relative to the polarization vector. Figure 3
shows DDA results for a rod that is 1175 nm in length and 85 nm in diameter as a function
of the angle 6 between the rod axis and the polarization vector. 6 = 90 refers to transverse
excitation (Figure 3A) and we see the expected resonance at 580 nm. 6 = 0 is for
longitudinal excitation (Figure 3E) and this shows that only odd order modes (labeled 111, V,
VIl as mode | is at longer than 2 um) are excited in this case. The suppression of the even
modes results from symmetry of the induced polarization when the wavevector is
perpendicular to and the polarization is parallel to the rod axis. This leads to an induced
polarization that is antisymmetric with respect to reflection through a plane that bisects the
rod, and only odd-order modes are excited. The intermediate angles (Figure 3B-D) show
that a mixture of transverse and longitudinal excitations is required to see all the multipolar
resonances. In particular the resonances are at 1400, 1090, 900, 780 and 690 nm for modes
I, 1V, V, VI and VII, respectively. Note that in past work with lithographically fabricated
rectangular rods on surfaces, the polarization was only chosen to be in the longitudinal
direction so only the odd-order modes were observed.%

In addition, the plot of A max vs. aspect ratio in Figure 4 further supports the multipole
assignments in Figure 2. The graph illustrates where multipoles I, II, 111, IV (Figure 4A-D)
are expected for varying lengths of gold rods with 85 nm diameters. The All theoretical plots
show a good linear fit with R2 values of 0.99 and provide linear equations for determining
where the multipoles appear in the infrared for 85 nm diameter gold rods in solution. In
addition the experimental plots (filled shapes) agree well with the calculated plots.
Therefore, the multipole assignments in the experimental spectra are correctly labeled.

5. Comparison of Theory and Experiment

Figure 5 presents a comparison of experimentally measured spectra and DDA results. The
extinction spectra are in generally good agreement. For example, the theoretical and
experimental extinction spectra for 96 nm long gold rods have one broad peak at ~ 600 nm,
Figure 5A. The spectra for the 641 nm long rods, Figure 5B, both exhibit three higher order
plasmon resonances at approximately 685 nm, 895 nm, and 1200 nm and a transverse mode
at ~530 nm. Comparing the spectra for the 735 nm long rods, Figure 5C, a transverse mode
is observed at 530 nm and 571 nm for the experimental and theoretical spectra, respectively.
Four more multipole resonances are also evident in both spectra at 650, 760, 960, and 1400
nm wavelengths. In addition both the theoretical and experimental spectra for the 1175 nm
long rods, Figure 5D, show a transverse band around 550 nm and higher order plasmon
resonances VII, VI, V, 1V, and 111 at 680, 760, 875, 1060, and 1410 nm, respectively. The
differences between the transverse and longer wavelength multipoles are due to the size
distribution in both the length and diameter of the nanorods in the experimental samples,
Figure 1. However, the theoretical spectra for all the different aspect ratio rods agree well
with the experimental data both quantitatively and qualitatively in that both the theoretical
and experimental spectra for all aspect ratios have the same number of multipoles at similar
wavelengths.
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5. Conclusion

In conclusion we have observed multiple higher order plasmon resonances in colloidal
cylindrical gold nanorods for the first time. The AAO template provided a synthetic route
that resulted in a homogeneous suspension of rods with the proper dimensions to observe
these modes. As in the lithographically generated patterns, 10 both the even and odd modes
were detected up to the 71" order and were in good agreement with DDA calculations.
Unlike the lithographically generated patterns,10 these rods are not dependent on surface
selection rules, and both even and odd multipoles can be observed. These results are of
significant fundamental importance and could potentially impact the aforementioned
applications. Perhaps the most important contribution is a set of benchmark spectra for
evaluating the quality of a colloid of gold rods prepared in any manner. Solution spectra can
be quite informative, and the presence of the multipole resonances is a signature of a high
quality preparatory procedure that will guide other researchers in determining the
homogeneity of their anisotropic structures. In addition, this synthetic technique enables the
fabrication of multi-component nanorods that can provide multiple surface plasmon
resonances for applications in which solution phase methods and lithographically generated
patterns are limited.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

SEM images of rods A) 96 £ 18 nm, B) 641 + 47 nm, C) 735 + 48 nm, and D) 1175 + 49 nm
long with 85 £ 10 nm diameters. All of these images and the corresponding histograms

found in the insets illustrate the homogeneous nature of the gold rods in solution.
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Figure 2.
UV-vis-NIR spectra of the A) 96, B) 641, C) 735, and D) 1175 nm long gold rods in D,0.

The Roman numeral labels the multipole order associated with each plasmon resonance.
Orders were assigned based on theoretical calculations.
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Extinction spectra (from DDA calculations) for 1175 nm rods, showing the effect of varying
the orientation of the rod relative the polarization direction. A) 6 =90, B) 6 =67.5,C) 0 =
45, D) 6 = 22.5, E) 6 = 0 where 0 is the angle between the rod and polarization direction.
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Figure 4.

Plot of Amax vs. aspect ratio for 85 nm diameter gold rods in solution. Theoretical points are
represented by hollow shapes while experimental are represented by filled shapes for
multipole A) I, B) II, C) I1l, and D) IV.
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Theoretical (DDA) extinction spectra (dashed line) compared to experimental extinction
spectra (solid line) for gold rods with a fixed 85 nm diameter and A) 96, B) 641, C) 735, and

D) 1175 nm lengths.
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