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The shape anisotropy of nanorods gives rise to two distinct orientational modes by which nanorods can be
assembled, i.e., end-to-end and side-by-side, analogous to the well-kih@md J aggregation in organic
chromophores. Optical absorption spectra of gold hanorods have earlier been observed to show a red-shift of
the longitudinal plasmon band for the end-to-end linkage of nanorods, resulting from the plasmon coupling
between neighboring nanoparticles, similar to the assembly of gold nanospheres. We observe, however, that
side-by-side linkage of nanorods in solution shows a blue-shift of the longitudinal plasmon band and a red-
shift of the transverse plasmon band. Optical spectra calculated using the discrete dipole approximation method
were used to simulate plasmon coupling in assembled nanorod dimers. The longitudinal plasmon band is
found to shift to lower energies for end-to-end assembly, but a shift to higher energies is found for the side-
by-side orientation, in agreement with the optical absorption experiments. The strength of plasmon coupling
was seen to increase with decreasing internanorod distance and an increase in the number of interacting
nanorods. For both side-by-side and end-to-end assemblies, the strength of the longitudinal plasmon coupling
increases with increasing nanorod aspect ratio as a result of the increasing dipole moment of the longitudinal
plasmon. For both the side-by-side and end-to-end orientation, the simulation of a dimer of nanorods having
dissimilar aspect ratios showed a longitudinal plasmon resonance with both a blue-shifted and a red-shifted
component, as a result of symmetry breaking. A similar result is observed for a pair of similar aspect ratio
nanorods assembled in a nonparallel orientation. The internanorod plasmon coupling scheme concluded from
the experimental results and simulations is found to be qualitatively consistent with the molecular exciton
coupling theory, which has been used to describe the optical speétraraf] aggregates of organic molecules.

The coupled nanorod plasmons are also suggested to be electromagnetic analogues of molecular orbitals.
Investigation of the plasmon coupling in assembled nanorods is important for the characterization of optical
excitations and plasmon propagation in these nanostructures. The surface plasmon resonance shift resulting
from nanorod assembly also offers a promising alternative for analyte-sensing assays.

. Introduction 2D* and 3D assemblies/aggregated® Besides applications
) ) ) i in surface plasmon resonance-based biosensing, interparticle
Recently, increasing amount of attention has been directed gjgctromagnetic coupling has been proposed to result in a strong
toward the assembB/ of metal nanopgrztlsclle}?éuldlng blocks into |5c41ized enhancement of the electric field in the gap between
ordered structurds’* for bloldlagnosglsé’ 2 and potential e particledt46 allowing enhanced Raman scatterifige
op_to_elecironlc devu_:e appl_|cat_|oﬁs like photonic wave- photoluminescenc® multiphoton excitatior¥? and other linear
guiding?*3% and optical switching*32 The process of metal nd nonlinear spectroscopié8? of adsorbed molecules. The
nanosphere assembly or aggregation is known to alter the opticaIthatelg&zg and Krenn groupé2®have also demonstratéd the

i 3-38 i _
properties of the nanostructuf®: Forllnstance, the nhano- - utility of the near-field plasmon coupling between assembled
sphere surface plasmon resonance shifts to lower energies in

assembled structures, which is attributed to the electromagneticmetal nanospheres for photonic waveguiding below the diffrac-

. Lo . .~ “tion limit.
coupling of plasmons of the individual nanospheres interacting ) ] )
in the assembly23339The Mirkin'6 and Alivisatos! groups have On account of their anisotropic structure, gold nanorods

already demonstrated biosensing schemes based on the prg?0Ssess much more interesting optical properties as compared
grammed assembly of gold and silver nanospheres using proteind© Nanosphere;*>4including stronger and tunable absorption
and nucleic acids, a more recent example being the “molecular(corresponding to the longitudinal plasmon oscillatigny?
plasmon ruler” described by Sonnichsen efalhere has been  enhanced photoluminescerf®é} higher surface-enhanced Ra-
a strong interest in understanding plasmon coupling in assemblegman cross-sectior’$;%* and the possibility of unidirectional
metal nanostructures; detailed investigations have been carriegplasmon propagatioft,thus motivating interest in the controlled
out by past experiments and computational electromagneticassembly of nanorods into functional architectures as well as
simulations of metal nanosphere dimét4:43 chains?°3¢and for analyte-sensing applicatioi§> The Murphy grouf®”and
Nikoobakht et aP® have already demonstrated self-assembly

* To whom correspondence should be addressed. E-mail: mostafa.el-Of gold nanorods. On account of their shape anisotropy,
sayed@chemistry.gatech.edu; Tel: 404-894-0292; Fax: 404-894-0294. nanorods can be assembled via two orientational modes.
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Selective end-to-end functionalization and 1D assembly of gold

nanorods has been achieved by the use of the streptavidin
biotin linkage%%7%thiolated-DNA hybridization schemésand

Jain et al.

B. Calculation Methods. To model the plasmon coupling
in the assembled nanorod structures, optical spectra of isolated
nanorods, nanorod dimers, and nanorod trimers were calculated

co-operative hydrogen-bonding schemes based on thiolatedby the discrete dipole approximation (DDA) methea dis-

molecules’? Recently, Kamat and co-workéfsas well as
Joseph et a® used thioalkyl carboxylic acid-based bifunctional
molecules for end-to-end alignment of nanorods in solution.

cretization procedure for solving the Maxwell’s equations where
the target particle is geometrically reproduced by a cubic array
of virtual point dipoles. DDA has been demonstrated to be one

They also demonstrated by optical spectroscopy that the end-of the most powerful and flexible electrodynamic methods for
to-end assembly process leads to a red-shift in the longitudinal computing the optical spectra of particles with an arbitrary
plasmon resonance of the nanorod spectrum, similar to the casgyeometry. Details of the DDA method have been described

of nanosphere assembly.

elsewheré? The Schatz grouf§’® has already carried out

In the present work, we explore the orientational dependenceextensive studies showing that DDA is suited for optical

of plasmon coupling in assemblies of anisotropic plasmonic

calculations of the extinction spectrum and the local electric

nanoparticles. We observed that the aggregation of gold field distribution in metal particles with different geometries

nanorods in a side-by-side orientation in solution shows a blue-

shift of the longitudinal nanorod plasmon band and a red-shift

and environments. Recently, Pileni and co-workers have estab-
lished the applicability of using DDA simulations to model

of the transverse band. The plasmon coupling in side-by-side experimental optical spectra of gold nanor8¥elsing the DDA
vs end-to-end dimers of nanorods is systematically modeled by method, Lee and El-Sayed have investigated the systematic

the discrete dipole approximation method, showing qualitative

dependence of nanorod absorption and scattering on their aspect

agreement with the experimental shifts in the optical resonanceratio, size, and medium refractive ind&x.

bands i.e., red-shift of the longitudinal plasmon band for end-

to-end assembly in contrast to the blue-shift for the case of side-

The spectra of the extinction efficiency of nanorods and
assembled nanorod structures were calculated by employing the

by-side assembly. For both end-to-end and side-by-side assemppgcAT code developed by Draine and Flafaihe nanorod

bly, the strength of plasmon coupling is found to increase with

shape was approximated by a cubic array ¢4@0 x 10) of

decreasing internanorod distance and an increase in the numbeﬁoim dipoles representing a prolate spheroid. In DDSCAT, the

of rods in the assembly. Nanorods with increasing aspect ratio

show increasing strength of longitudinal plasmon coupling for

both assembly orientations. Dimers of nanorods of dissimilar
aspect ratio, rod-sphere pairs, as well as nanorods assemble
in a nonparallel orientation are also investigated. The general
scheme of plasmon coupling in assembled nanostructures a

inferred from the experimental and simulation results is found
to be qualitatively consistent with the exciton coupling mddé?.

The situation of side-by-side vs end-to-end assembly of nanorods

is thus found analogous to ti¢ andJ aggregation of organic
molecules’s

Il. Experimental Section

A. Experimental Methods. Gold nanorods were prepared
by the chemical seeding technique described previdisly.
Briefly, a seed solution was generated by adding ice cold NaBH
to a solution of HAuCJ] and cetyltrimethylammonium bromide
(CTAB). The solution was kept at 25C for a few minutes
before use. A brownish-yellow color was observed in all seed
solutions used. The growth solution contained 5 mL of a solution
of 0.20 mM CTAB and 0.25 mM benzyldimethylammonioum
chloride hydrate (BDAC), which was added to 0.20 mL of 4.0
mM AgNOs. Then 5.0 mL of 0.90 mM HAuGland 54ulL of
0.10 M ascorbic acid were added. Twelve milliliters of seed
solution was then added to the solution, which was left
undisturbed fo 4 h for the nanorods to grow. Kinetic growth

size of the nonspherical target of voluiviés expressed in terms

of an effective radiustes = (3V/47)Y3, which is the radius of
sphere having a volume equal to that of the particle. The
anorod target used for most of the calculations had= 16

nm and aspect ratidR (i.e., the ratio of the long axia to the

Short axisb of the particle) of 4.0, which is also equivalent to

a ~ 80 nm andb ~ 20 nm. Calculations were carried also
carried out for two other values of the nanorod aspect rafd,

= 2.8 and 3.5 while the effective radius was kept constant.
Dipole representations of assembled nanorod dimers (corre-
spondingres = 20 nm) and trimers (correspondimgy = 23

nm) in different orientations i.e., assembled side-by-side, end-
to-end, or with their axes mutually perpendicular were generated.
The center-to-center distanBdetween the interacting nanorods
was also varied. Although a quasi-static treatment of the
interaction between cylindrical particles (each represented by a
single point dipole) has been undertaken eafighe DDA
method does not place any dipolar limit on the center-to-center
distance between the particles because each particle is modeled
by a few thousand point-dipoles. The chief requirement for the
applicability of DDA is that the interdipole separatidie small
compared to any structural dimensions of the target and the
wavelength of lightl, or, in other words, that a sufficient number
of dipoles be employed to represent the target. This criterion is
guantitatively expressed ds|kd < 1, wheren is the complex
refractive index of the target material. Validity of this criterion

conditions determine the aspect ratio of the nanorods generatedwas verified by the DDSCAT program. Note that the accuracy
with narrower widths in the higher aspect ratio samples. Optical of the DDSCAT calculations can be increased by increasing
extinction spectra of the synthesized nanorods were recordedthe number of dipoles used to simulate the target, however with
on a UV-Vis—NIR scanning spectrometer. The nanorod a significant increase in the computational cost especially for
samples were imaged on a JEOL100 transmission electronassembled nanostructures. The target particle in the surrounding
microscope (TEM). The gold nanorods have a positively charged dielectric medium is considered by using a dielectric function
surface due to the presence of adsorbed €Tans and the  of the targete relative to that of the mediunam, which is
aggregation of nanorods in solution was induced by the addition reflected in the DDA calculation in the form of a dipole
of 0.07 M sodium citrate solution to 1 mL of the nanorod polarizability. The dielectric function of gold was generated from
solution and monitored by U¥Vis optical extinction. Resulting ~ the bulk experimental data of Johnson and Ch¥fsand the
nanorod aggregates were imaged by TEM by drop casting themedium was assumed to have a refractive indgxof 1.33
aggregated nanorod solution onto a copper grid placed on a filtercorresponding to that of liquid water. Dipole polarizabilities
paper and allowed to dry. were assigned by the lattice dispersion relation (LDR) developed
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Figure 1. UV —visible extinction spectra of a 1-mL gold nanorod solution (shown in black) (a) on addition of increasing aliquots (100, 200, 300,
400, and 50Q:L) of 0.07 M sodium citrate solution, and (b) on addition of 3d0of 0.07 M sodium citrate solution at different time intervals (0O,

3, 5, 10, and 25 min). (c) TEM images of a solution of gold nanorods aggregated by the addition of sodium citrate showing aggregation of nanorods
in a side-by-side arrangement.

by Draine and Goodmatf,which includes a radiative reaction  attributable to aggregation/assembly of the nanorods in solution
correction term and is suited for finite dipole arrays. The light induced by addition of sodium citrate, as also evidenced by the
polarization directiorE with respect to the nanorod assembly physical precipitation of metallic gold on further standing of
was selected so as to model the longitudinal plasmon excitationthe solution. It has been observed by Kamat and co-wofkers

mode and the transverse mode separately. and Joseph et &.that the aggregation of gold nanorods induced
) ) by thiol carboxylic acid-based bifunctional linkers results in a
1. Results and Discussion red-shift of the longitudinal plasmon band without significant

Optical Absorption Changes. The visible extinction spec-  Shift in the transverse plasmon band. These studies also
trum of the gold nanorod solution shows a wavelength maximum established that thiol-based linker molecules selectlvgly adsorb
around 520 nm corresponding to the transverse plasmont© thg ends of thg nangrods; further hydrogen bonding of the
oscillation band and a higher intensity maximum around 805 términal carboxylic acid groups results in the end-to-end
nm corresponding to the longitudinal plasmon oscillafidAn assembly of the nanorods. The optical band shifts in our nanorod
average aspect ratio of 3.2 was obtained for the nanorod Sammeaggregaﬂon .expenments resulting _from sodium citrate addition
by fitting the experimental extinction spectrum to Gans’ theory are clearly in contrast to those induced by the end-to-end
as described elsewhe#es5 Figure 1a shows the evolution of ~a@ssembly method. This contrast results possibly from the
the optical spectrum of the gold nanorod solution upon the mechanism of nanorod assembly in our experiments, which we
addition of increasing aliquots of 0.07 M sodium citrate solution €xplore further.
to 1 mL of the nanorod solution. Figure 1b shows the optical ~ Mechanism of Nanorod AssemblyA detailed study of the
spectrum at different time intervals following addition of 300 self-assembly of gold nanorods in the presence of carboxylate
uL of 0.07 M sodium citrate solution to the nanorod colloid. It molecules has been carried out by the Murphy gfum
is clearly seen that the addition of the sodium citrate induces accordance with their proposed assembly mechanism, the gold
the blue-shift of the longitudinal plasmon band along with a nanorods in our experiments have a positively charged surface
smaller red-shift of the transverse band. Visible color change due to strongly adsorbed CTAons along the side surface. The
of the solution from red to purple (with diminished color resulting electrostatic repulsion between nanorods is responsible
intensity) was also observed. These absorption changes ardor the stability of the nanorods in solution. The colloidal
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Figure 2. DDA-simulated extinction efficiency spectra of gold nanorods<{ 80 nm,b ~ 20 nm) assembled in a side-by-side orientation: (a)
Longitudinal plasmon excitation and (b) transverse plasmon excitation of a pair of nanorods as a function of the internanorod center-to-center
distance R = 120, 60, 30, 22 nm and finally 20 nm where nanorods touch each other). The isolated nanorod spectrum is also shown as a black
curve for comparison. (c) Longitudinal plasmon excitation and (d) transverse plasmon excitation of a nanorod assembly as a function of the number
of nanorods (isolated nanorod, dimer and trimer) with the internanorod distance fixed at 22 nm.

assembly of nanorods most likely results from the electrostatic of gold nanorods, as they approach each other in a side-by-side
attraction between the positively charged nanorod surface andorientation. The calculated longitudinal band of an isolated
the negatively charged carboxylate ends of the citrate ions. Thesingle nanorodAR = 4.0) is shown for comparison as a black
adsorbed citrate ions may either bridge between nanorods, orcurve. When the nanorods are far apR(120 nm), the optical
lead to the formation of local negatively charged regions on resonance maximum does not seem to be shifted in position
the nanorod that are electrostatically attracted to cationic regionsfrom that of the isolated nanorod case. As the nanorods approach
on adjacent nanorods, or simply neutralize the electrostatic each other, there is a clear blue-shift of the longitudinal plasmon
repulsion between the nanorods. Such a mechanism is expectetiand, as attributable to the coupling of the plasmons of the two
to result predominantly in the side-by-side assembly of the gold interacting nanorods; the strength of this coupling increases with
nanorods. decreasing internanorod distance. The strength of coupling also
Figure 1c shows examples of nanorods assembled side-by-increases with the number of nanorods interacting in an
side imaged by TEM. However, the TEM images are not entirely assembly. This is seen in Figure 2c from the larger blue-shift
representative of the solution phase, due to the transfer of theof the longitudinal plasmon band as we go from a nanorod dimer
sample to a planar solid support followed by evaporation of to a nanorod trimer. The effect of the side-by-side assembly on
the solvent. The process of drying of a colloidal nanorod solution the transverse plasmon excitation (polarization direction along
on the TEM grid itself has been studied by Nikoobakht é€al. interparticle axis) has been similarly depicted in Figure 2b,d.
and was found to result in the formation of side-by-side nanorod In contrast to the longitudinal plasmon oscillation, the coupling
assemblies by the action of capillary forces. Such drying- of the transverse plasmon oscillations in side-by-side assembled
mediated assemblies formed on the dgitdécannot be distin- nanorods leads to a red-shifted resonance. Thus the DDA
guished from the assemblies formed in solution by the addition simulation of the side-by-side nanorod assembly process agrees
of the sodium citrate. Thus TEM, although a vital nanopatrticle well with the experimental optical absorption band shifts induced
characterization tool, may not provide an accurate picture of by solution assembly/aggregation of nanorods in our experiments
solution phase behavior. Optical absorption measurements of(Figure 1), confirming the side-by-side mechanism of nanorod
the solution phase provide more definite characterization of the assembly. Although 100% of the nanorods in our experimental
colloidal assembly process, especially when the interpretation sample may not be assembled in a perfect side-by-side orienta-
of the experimental absorption results is aided by electrodynamiction, the experimental optical spectra reflect the average
simulations of the optical spectra of model nanoparticle systems.characteristics of the colloidal assembly process in solution.
We thus present electrodynamic simulations of the plasmon shift End-to-End AssemhlyThe calculated optical absorption
resulting from the assembly of nanorods for both side-by-side spectra corresponding to the longitudinal plasmon excitation of
as well as end-to-end type assembly. a pair of gold nanorods, approaching each other along their long
DDA Simulation of Nanorod Assembly. Side-by-Side As-  axis (i.e., end-to-end assembly) is shown in Figure 3a. The
sembly Figure 2a shows the DDA simulated optical spectra calculated longitudinal band of the isolated single nanoAf (
corresponding to the longitudinal plasmon excitation of a pair = 4.0) is shown for comparison as a black curve. The optical
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Figure 3. DDA-simulated extinction efficiency spectra of gold nanorods< 80 nm,b ~ 20 nm) assembled in an end-to-end orientation: (a)
Longitudinal plasmon excitation and (b) transverse plasmon excitation of a pair of nanorods as a function of the internanorod center-to-center
distance R = 282, 121, 91, 83 nm and finally 81 nm where nanorods touch each other). The isolated nanorod spectrum is also shown as a black
curve for comparison. (c) Longitudinal plasmon excitation and (d) transverse plasmon excitation of a nanorod assembly as a function of the number
of nanorods (isolated nanorod, dimer, and trimer) with the internanorod distance fixed at 83 nm.

resonance maximum does not seem to shift its position from dimerization, a lower energy level and a higher energy level
that of the isolated nanorod case for a large internanorod distanceelative to the monomer excited state corresponding respectively
(R = 282 nm). As the distance decreases, the longitudinal to two possible arrangements of the transition dipoles of the
plasmon band progressively red-shifts due to the coupling of chromophores in the dimer, i.e., in-phase or symmetric and out-
the longitudinal plasmons. Figure 3c shows that as we go from of-phase or antisymmetric (see Figure 4). The energy splitting
a nanorod dimer to a nanorod trimer, there is a larger red-shift 2U is given by the interaction energy between the chromophores
of the longitudinal plasmon band. Whereas the longitudinal which is approximated by the Coulombic interaction between
plasmon band red-shifts, the transverse plasmon resonance doease transition dipole moments of the monomers, the angle and
not show any appreciable shift for the end-to-end alignment the distance between the transition dipoles, 1 af¥l 2:
(Figure 3b,d). These simulation results are in agreement with
the eéperimental results of Kamat and co-workeasid Joseph 1 |uf? O
et al’ ==

The anisotropic shape of nanorods thus allows two orienta- 4meo nsz‘>3
tional modes of nanorod plasmon coupling, i.e., end-to-end and
side-by-side. The DDA simulation results confirm the experi- wherex = cosf1, — 3 cosfir c0SOzr is the orientation factor,
mental suggestion that these two modes of coupling result in nm is the refractive index of the mediuny|? is the squared
plasmon shifts in opposite directions. These results are alsomodulus of the transition dipole moment, aRdks the distance
consistent with earlier theoretical predictions by Gluodenis et between the dipole centers. Although transitions from the ground
al 8 of the spectral shifts resulting from the dipolar interaction state to either excited state are possible, the number of spectral
of a pair of cylindrical gold nanoparticles as well as a recent bands observed depends on the geometry of the dini&r?
investigation of the optical extinction characteristics of metal For parallel oH-type dimers (Figure 4a), transition to the lower
nanorod arrays by Cortie et @. energy excited state is forbidden due to the cancellation of the

Origin of Assembly Induced Plasmon Shift: Dipolar two dipole moments in this configuration and the spectrum
Exciton Coupling Model. Dimerization and aggregation in  consists of a single band at higher energy with respect to the
organic molecules and its effect on their optical absorption and monomer (becausg, = 0°, O1r = 01r = 90°, and soy = 1)
fluorescence is very well studiéfThe dipole-dipole interac- for which the interaction between the two transition dipoles of
tions between individual chromophores/fluorophores in the the dimer is repulsive. For head-to-tail btype dimers (Figure
aggregate are generally described in the framework of the 4b), transition to the higher energy state is forbidden due to the
exciton coupling theory*7> Exciton theory predicts that the cancellation of the two dipole moments in this configuration
excited-state levels of the monomer split in two levels upon and the spectrum shows a single band at lower energy with
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Figure 4. Schematic of the energy level splitting resulting from the -Squorted on the OUter- surfacg of a gold Sphere and that .on the
dipolar interaction of chromophores in a dimer, showing symmetric Inner surface_ of a ca_v|t§/1. In this case, the line along which
(1) and antisymmetric coupling/() of excitons for (aH aggregate  the charges interact is parallel to the dipole moment vectors,
geometry and (bJ aggregate geometry. (c) Exciton theory picture of ~corresponding to d-type symmetry resulting in a bonding or
the nature of the coupled longitudinal plasmon excitation in nanorod symmetric resonance red-shifted with respect to the visible
dimers: electromagnetic analogy to molecular orbital theory. resonance of the solid gold nanosphere (around 520 nm). The
antisymmetric coupling or antibonding resonance is also an
respect to the monomer (because = 61r = 61r = 0° and so allowed mode since the sphere and cavity plasmon dipole
k3= —2) for which the interaction between dipoles is attractive. moments do not cancel out but is expected to be on the UV
By considering the nanorod plasmons to be effectively end of the spectrum.
excitons, the exciton coupling theory can used to explain the Trends in Assembly Induced Plasmon ShiftThe assembly
optical spectra of the nanorod dimers. The side-by-side nanorodinduced plasmon shift, in energy units, gives a measure of the
dimer, for the case of longitudinal polarization, represents an strength of interparticle plasmon coupling. Figure 5 shows the
H aggregate and hence we observe a blue-shifted spectrumincreasing trend of the plasmon energy shift with decreasing
Conversely, the end-to-end assembly Faggregate, resulting  internanorod distande for end-to-end and side-by-side nanorod
in a red-shifted spectrum. For the transverse polarization, thedimers. There is qualitative agreement between the simulation
side-by-side nanorod arrangement id aggregate (provided results and exciton theory. As seen from Figure 5a, the
the polarization direction is along the interparticle axis) leading magnitude of longitudinal plasmon shift for a given internanorod
to the red-shift and the end-to-end configuration is tdn distance is larger for the case of end-to-end dimerization, which
aggregate (however, the expected blue-shift of the transversecan possibly be reconciled with the greater strength oftype
band may be too small to be observable because the transversmteraction (ij| > |«n|). Similarly, the magnitude of transverse
plasmon dipoles are far apart even when the rods touch eachplasmon shift (Figure 5b) is larger for the side-by-side dimer-
other). Thus, the optical properties of the gold nanorod ization case. For the same symmetky ¢r J), shifts of the
assemblies and their dependence on the assembly orientatiofongitudinal plasmon band can be seen to be more prominent
seem to be qualitatively consistent with the exciton-coupling than those of the transverse plasmon band, which may be
model. explained in the context of the exciton model as being due to
Similar reasoning also applies to the polarization dependencethe greater oscillator strength of the longitudinal plasmon
of the optical resonance shift in nanosphere diMerghere a excitation (as also seen from the higher spectral intensity of
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Figure 6. (a) Plot of the assembly induced plasmon energy shift (in eV) versus the nanorod aspe&Rriticside-by-side (blue squares) and
end-to-end dimerization (red dots). Values of the (b) nanorod depolarization fagtreal part, and (d) imaginary part of the dipole polarizability,
calculated for different aspect ratio valuAR = 1.0 (sphere), 2.8, 3.5, and 4.0 on the basis of the ClasMissotti equation. The medium
refractive indexn, was set equal to 1.33.

the longitudinal plasmon band as compared to transverseThis contrast between the two modes of assembly is reinforced
plasmon band). This makes nanorods much more attractive asy the following observation. In the case of the end-to-end
compared to nanospheres for analyte-sensing assays based assembly simulation, a new band emerges at higher energies
nanoparticle aggregatidf.Note that the dependence of the (attributable to higher-order interactions or image interact®ns
plasmon energy shift with internanorod distance does not as the internanorod distance becomes very Se@igure 3a)
however correlate with the B? dependence predicted by the or the number of nanorods interacting in an assembly increases
exciton model (Equation 1). This may be because the exciton- (Figure 3c). The side-by-side assembly simulation does not show
coupling model only considers interactions between point such an effect. The plasmons of closely spaced rods aligned
dipoles at relatively large inter-dipole distances; higher order end-to-end interact very strongly supporting an intense electric
multipole-multipole interactions are neglected in the weak field at the interparticle junction, consistent with an earlier
interaction limit. On the other hand, each nanorod target in our theoretical study on electromagnetic coupling in large gold
electrodynamic simulation is represented by a few thousand nanorods by Aizpurua et &.
dipoles while accounting for the finite particle size effects (e.g., Dependence of Plasmon Coupling Strength on Nanorod
electromagnetic retardati6t?? and the higher order interparticle  Aspect Ratio. The longitudinal plasmon spectra of the side-
interaction4® (which become important in the strong coupling by-side and end-to-end dimers were calculated for three different
limit and/or very small interparticle distances). Besides, due to aspect ratio valuesAR = 2.8, 3.5, and 4.0 (Supporting
the finite size of the particles, the center-to-center distddce Information Figure S2). Note that the internanorod distaRce
does not represent the distance at which the charges inducedvas kept at a constant value for the three cases i.e., about 25
on neighboring particles interact. nm for side-by-side assembly and about 91 nm for end-to-end
Nature of the Coupled Plasmon Excitation Electromag- assembly. The nanorod effective radius (and hence the total
netic Analogy to Molecular Orbitals. The effect of interparticle number of gold atoms) was kept constantgt= 16 nm. The
coupling on the nature of plasmon excitation and electric-field plasmon energy shift is plotted against the nanorod aspect ratio
enhancement is expected to have important consequences foin Figure 6a. For both side-by-side as well as end-to-end
the use of nanorod assemblies in near-field-coupling basedassembly, the strength of plasmon coupling as evidenced by
applications i.e., plasmon propagafitr?® and field-enhanced  the magnitude of the plasmon energy shift (in eV) is seen to
spectroscop$? The exciton model, in addition to the explanation increase with increasing nanorod aspect ratio in the selected
of optical band shifts, also predicts the nature of the plasmon range of investigation. In the context of exciton theory, this can
excitation in the coupled system (see Figure 4c). As suggestedbe explained on the basis of an increase in the nanorod dipole
by the exciton model, the coupled longitudinal plasmon for the polarizabilityo and hence the dipole momentvith increasing
end-to-end dimer is bonding in nature analogous to the formation nanorod aspect ratio. Elucidating further, the dipole moment
of a o bond from twop, orbitals. The resulting electric field  of the nanorod plasmon in the quasi-static limit is giver¥Zas:
intensity is maximum in the junction between the interacting .
nanorods. On the other hand, the coupled longitudinal plasmon u=e0E (2)
for the side-by-side dimer has an antibonding nature analogous .
to the formation of ar* bond fromp,y, orbitals, with the electric wherekE is the electric field experienced by the nanorod and
field concentrated on either side of the interparticle junction. = n? is the medium dielectric constant. As per the Classius
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Mossoti relatiof* for the polarizability corresponding to the a) —=— Isolated NR of AR - 2.8
longitudinal excitation: : —— Isolated NR of AR = 4.0
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whereV is the nanorod volume is the vacuum permittivity g 0
ande = €1 + iez is the complex dielectric function of gold. 2 5 -
is the depolarization factor corresponding to the long-axis and 5 o
can be expressed as a function of the nanorod aspectARtio ; . . . .
as56.82 200 400 600 800 1000 1200
Wavelength (nm)
_1-¢é(1, 1+e —=— Isolated NR of AR = 2.8
L=""2 \2e N e~ l) (4) b)  —+ Isolated NR of 4R - 4.0
€ End ' - -
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. 5
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The value ol is 1/3 for a sphere and decreases with increasing % o .]E
nanorod aspect ratio (Figure 6b). The resonance condition from P —k
eq 2 is given by: £ 1
85
1—-L =
N ®) 2
200 400 600 800 1000 1200
This is providedk; is small or weakly dependent on frequerity, Wavelength (nm)

which is valid in the 606-850 nm region for gold Equation Figure 7. DDA-simulated extinction efficiency spectrum (correspond-

6 explains the red-shift of the longitudinal plasmon resonance ing to the longitudinal plasmon excitation) of a dimer of nanorods of

with increasing aspect ratio since the negative real part of the dissimilar aspect ratioAR = 2.8 and 4.0, respectively) but the same

dielectric functione; for gold increases with increasing wave- Wwidth (b ~ 21 nm), (a) interacting side-by-side with internanorod

length8 At resonancegq is given as: distanceR = 21 nm where nanorods touch each other and (b) interacting
end-to-end with internanorod distariRe= 70 nm where nanorods touch

each other. Calculated spectra of the isolated nanorods are also shown

€V ¢ i
Re@) = - (7) or comparison.
Im(o) = @/ €m ©) absorption to this red-shifted level becomes observed, although
L2\e it possesses a lower spectral intensity due to the lower net dipole

moment. The transverse band on assembly shows a single blue-
The rapid decrease in with increasing aspect ratio against a shifted band around 505 nm (data not shown), which is expected
slight increase in the imaginary part of the dielectric constant since the two nanorods irrespective of their aspect ratios have
with wavelength (in the region of investigation) predicts a larger the same transverse plasmon oscillation energy. Similarly as
polarizability for higher aspect ratios. This is depicted in the shown in Figure 7b, when rods of dissimilar aspect ratio are
calculated plots of the real and imaginary parts of the nanorod assembled end-to-end, the higher energy component corre-
dipole polarizability for the different aspect ratio values (Figure sponding to the antisymmetric coupling becomes allowed due
6c¢,d). The explanation of increasing plasmon coupling strength to symmetry breaking, although it possesses a relatively lower
with increasing nanorod aspect ratio on the basis of the spectral intensity. Experimental realization of this symmetry
quasistatic and dipole approximations serves only as a qualitativebreaking is rendered difficult due to the heterogeneous nature
one since finite particle size (as compared to the wavelength of of the colloidal assembly process and the broad spectral
light) effectg®92and higher order interactioffsare notincluded.  bandwidths of the nanorod solutions.

Symmetry-Breaking in Heterodimers. The calculated lon- The calculated spectra of rod-sphere dimers interacting side-
gitudinal plasmon spectrum for a dimer with two nanorods by-side as well as end-to-end (with the light polarization along
having dissimilar aspect ratioAR= 2.8 and 4.0, respectively)  the nanorod long-axis) are seen to be red-shifted with respect
but the same widthb(~ 21 nm) is shown for the side-by-side to the isolated nanorod resonance (Supporting Information
case in Figure 7a. As seen from Figure 7a, the longitudinal Figure S3). This can be explained on similar grounds as being
plasmon maximum is around 695 nm for an isolated nanorod due to the coupling of the nanorod longitudinal plasmon
of aspect ratio 2.8 and around 835 nm for an isolated nanorodoscillation and the nanosphere oscillation. The magnitude of
of aspect ratio 4.0. However, plasmon coupling in the assembledthe shift for rod-sphere pairs is relatively smaller than in the
dimer results in a spectrum with a blue-shifted component case of nanorod pairs due to the energy mismatch between the
around 680 nm (corresponding to the symmetric plasmon longitudinal plasmon and the transverse plasmon modes and
coupling mode) and a red-shifted component around 930 nm the weaker oscillator strength of the transverse plasmon mode.
(corresponding to the antisymmetric coupling mode). For a side- The blue-shifted component corresponding to the nanosphere
by-side dimer with rods of the same length, the antisymmetric resonance is too weak in intensity to be identified.
coupling mode with lower energy would have a zero dipole = Dependence of Plasmon Coupling on the Angle between
moment and absorption to that level will not be observed the Nanorod Axes.The angle between the long axes of two
optically. However, when the rod lengths are dissimilar, nanorods assembled side-by-side was varigti &s 0, 45, and
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Figure 8. DDA-simulated extinction efficiency spectra of a dimer of
gold nanorods assembled side-by-side (internanorod disRre®0

nm, i.e., nanorods touching each other) as a function of the angle

between the long-axes of the nanorod. The light polarization direction
was maintained along one of the nanorods. The spectrum of the isolate
nanorod is shown as a black curve for comparison.
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Figure 9. DDA-simulated extinction efficiency spectra (corresponding
to the longitudinal plasmon excitation) of a dimer of gold nanorods
interacting side-by-side (shown in blue) with internanorod distdtice
= 22 nm and end-to-end (shown in red) with internanorod distéhce
= 83 nm for medium refractive indem, = 1.7. The spectrum of the
isolated nanorod (black curve) is shown for comparison.

90° with the light polarization along the long-axis of one of the

J. Phys. Chem. B, Vol. 110, No. 37, 20083251

refractive index,. By comparison with the case of, = 1.33

for a similar internanorod distance, it can be seen that the
increase in the medium refractive indexrtg = 1.7 results in

a small decrease in the magnitude of the plasmon shift (0.03
eV for side-by-side dimerization and 0.01 eV for end-to-end
dimerization). However, any dependence of the interparticle
plasmon coupling on the medium refractive index is however
complicated by the fact that increaserip results in the red-
shift of A, increase in the nanorod polarizability (eq 8) and
dipole moment (eq 2) and the variation in finite-particle size
effects and multipolar contributions.

IV. Conclusions

Electrodynamic simulations of nanopatrticle systems based on
the DDA method provide a solid basis for the interpretation of

Jexperimental optical spectra as well as apriori prediction of the

trends in optical properties. In our experiments, we observed
that the solution assembly of nanorods induced by the addition
of sodium citrate resulted in the blue-shift of the longitudinal
nanorod plasmon barthn observation in contrast to the red-
shift observed in earlier studi€s® involving the end-to-end
assembly of nanorods. The analysis of the assembly mechanism
in our experiments pointed toward a side-by-side assembly of
nanorods in solution; confirmation was obtained from the
agreement of DDA simulations of dimers of nanorods with the
observed plasmon shifts. Assembly induced plasmon shift results
from internanorod plasmon coupling, the strength of which was
seen from the simulation results to increase with a decrease in
the internanorod distance, an increase in the number of
interacting nanorods and an increase in the nanorod aspect ratio
for both side-by-side as well as end-to-end assembly. Most
qualitative features of the simulated trends in interparticle
plasmon coupling could be explained by treating the plasmon
oscillation as an exciton. On the basis of the exciton theory, an
analogy could be drawn between the orientational modes of
nanorod assembly and the well-knownandJ aggregation of
organic chromophores. However, quantitative deviations from
the exciton theory arise as a result of the multidipolar nature of
the plasmonic interaction and the effect of finite particle size.
An additional interesting theoretical observation was the sym-

nanorods. The simulated spectra have been shown for the threg, e hreaking in dimers of nanorods either having dissimilar

cases in Figure 8. For the case 6fiCe., with the dipoles aligned

parallel to each other, the maximum blue-shift can be seen

(corresponding ta = 1). On the other hand, at an angle of90
between the plasmons (correspondingc<te= 0), no spectral

blue-shift is seen, i.e., the longitudinal plasmons do not couple.

A slight red-shift is observed due to the coupling of the
longitudinal plasmon of one nanorod with the transverse
plasmon of the other nanorod. At an angle of &orresponding
tox = 1/\/2), a plasmon blue-shift is seen, the extent of shift
slightly smaller compared to the case &f = 0° or parallel

aspect ratios or oriented nonparallel to each other, which resulted
in longitudinal plasmon resonance with both a blue-shifted and

a red-shifted band. The coupled nanorod plasmons can also
thought of as electromagnetic analogues of molecular orbitals.
The strong contrast between the bonding nature of the end-to-
end nanorod plasmon coupling and the antibonding nature of
the side-by-side coupling is manifested in optical spectra of the

assemblies; the effect of this contrast on field enhancement-
based properties needs to be exploited further.
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