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Integration of nanoscale building blocks into higher-order
assemblies and tuning their optoelectronic properties are of
significant importance in the design of nanoscale devices.1-6

Dimensionality of nanomaterials plays a crucial role in their
assembly; for example, anisotropic one-dimensional (1D) nano-
materials can be more easily organized compared to isotropic
spherical nanoparticles.2-6 Among various ID nanomaterials, Au
nanorods have gained much attention in recent years due to their
wide range of applications as “interconnectors” in nanoscale
devices,3a catalytic motors,7 and photothermal therapy of tumor
cells.8 Several approaches have been reported for assembling Au
nanorods which include (i) the design of bimetallic rods through
electrochemical3 and chemical methods,5c (ii) utilization of strept-
avidin-biotin interactions for end-to-end organization4a-c and
decorating with nanoparticles,4d (iii) organization through electro-
static interactions,5a,b and (iv) longitudinal assembly through
H-bonding/covalent methods.6 Even though significant progress has
been made in the organization of nanomaterials, site-specific
functionalization still remains a major challenge. Herein we report
a new methodology for the preferential end functionalization of
Au nanorods with Au nanoparticles by exploiting the electrostatic
attractive interactions (Scheme 1).

Ethylene glycol-protected Au nanoparticles having varying
diameters (1.8-5.7 nm) were synthesized9a (Supporting Informa-
tion), and their zeta potentials (ú) were investigated. Interestingly,
the ú values varied linearly with particle size (+10 to +36 mV)
due to the increase in their surface charge density (Figure 1A);
however, the solvent polarity (CH3CN/H2O) has only little effect.
In contrast, theú of Au nanorods varied from high positive values
(Figure 1A;+39.8( 2 mV in deionized H2O) to a high negative
value (-39.6( 1 mV in 99% CH3CN/H2O) by varying the solvent
polarity. The decrease in theú of Au nanorods to negative values
with an increase in the composition of aprotic solvent may be due
to the reorganization of the CTAB bilayer and their loss from the
surface.9b,c The rationale behind the Au rod-particle electrostatic
interaction is based on the fact that the nanorods possess high
negativeú values (-28.5 ( 1 mV) and Au nanoparticles have
positiveú values (e.g., 10( 0.5 mV for a 1.8-nm size particle) in
a mixture (4:1) of CH3CN and H2O. In the present case, we have
conveniently used this electrostatic attraction for the hierarchical
integration of nanomaterials, and these aspects were investigated
by UV-visible spectroscopic studies and HRTEM analysis.

Gold nanorods possess two plasmon bands (e.g. trace a, Figure
1B); a shorter wavelength band at 520 nm originating from the
transverse plasmon oscillation and a longer wavelength band at 760
nm originating from the longitudinal plasmon oscillation. Microliter
quantities of 1.8-nm Au nanoparticles (plasmon band peaks at 520
nm) were added to Au nanorods in a mixture (4:1) of CH3CN/
H2O, and spectral changes were monitored. Interestingly, a
spontaneous bathochromic shift in the longitudinal plasmon band
of Au nanorods was observed on addition of nanoparticles; however,

the position of the transverse plasmon band remained unaffected
(Figure 1B). The enhanced intensity of the transverse band around
520 nm is due to the presence of excess nanoparticles in the
solution. To better understand the interaction, absorption spectral
changes were monitored by varying the nanoparticle diameter (1.8,
2.7, 4.5, and 5.7 nm) and the Au nanorod aspect ratio (2.2, 3.0,
and 3.7). It is clear from the 3D plot presented in Figure 1C that
the bathochromic shift in the longitudinal plasmon band (∆λ) is
more pronounced for nanoparticles having smaller diameters,
irrespective of the aspect ratio of Au nanorods. For example, a
bathochromic shift of∼60 nm was observed on addition of 1.8-
nm nanoparticles to Au nanorods (aspect ratio 3.7), whereas the
shift is less pronounced for nanoparticles having diameters of 2.7
and 4.5 nm (∆λ of 45 and 15 nm, respectively). Surprisingly no
spectral shifts were observed on addition of 5.7-nm nanoparticles
to Au nanorods (Figure 1D, vide infra).

The shift in the longitudinal plasmon absorption band can result
either through an interplasmon coupling or a preferential binding

Scheme 1. Schematic Representation for the Site-Specific
Functionalization of Au Nanorods

Figure 1. (A) Variation of ú of (a) Au nanorods (aspect ratio of 3.7) at
different compositions of CH3CN/H2O and (b) Au nanoparticles in a mixture
(4:1) of CH3CN/H2O as a function of diameter. (B) Absorption spectra of
Au nanorods (aspect ratio of 3.7) on addition of Au nanoparticles (diameter
1.8 nm) in a mixture (4:1) of CH3CN/H2O (a) 0 nM and (b) 10 nM. (C)
Three-dimensional plot showing longitudinal plasmon shift of Au nanorods
of different aspect ratios on addition of Au nanoparticles of varying
diameters. (D) Absorption spectra of Au nanorods (aspect ratio of 3.0) on
addition of 5.7-nm Au nanoparticles (a) 0 nM to (f) 30 nM.
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of Au nanoparticles at the edges of Au nanorods. We have recently
reported interplasmon coupling in Au nanorods which results in a
gradual decrease in the longitudinal plasmon absorption along with
concomitant formation of a new red-shifted band through a clear
isosbestic point.6 In the present case, a spontaneous red-shift in
the longitudinal plasmon band was observed, and the mechanism
involving the interplasmon coupling was ruled out. In an earlier
report, Gluodenis and Foss have theoretically proposed a red-shift
in the longitudinal plasmon band of Au nanorods when nanopar-
ticles approach them in an end-to-end fashion.10 In the present case,
the bathochromic shift in the longitudinal plasmon band may be
thus attributed to the selective binding of nanoparticles onto the
edges of Au nanorods, leading to their preferential longitudinal
growth. This was further confirmed using high-resolution transmis-
sion electron microscope (HRTEM) studies (Figure 2, A-D).
HRTEM images clearly indicate the preferential close packing of
Au nanoparticles on the edges of Au nanorods. This causes a change
in the frequency of longitudinal plasmon oscillation, resulting in a
bathochromic shift.

The obvious question is why do the nanoparticles preferentially
bind onto the edges of Au nanorods? In a recent report, Pe´rez-
Juste et al. have found that the electrical double-layer gradient is
maximum at the edges of Au nanorods which accounts for their
1D growth.5c,11 Also, the edges may be less protected with the
surfactant compared to the lateral face. In the present case nanorods
have negativeú values (4:1 CH3CN/H2O), and the enhanced
potential at their edges preferentially attracts the positively charged
nanoparticles, leading to the selective growth of Au nanorods in
the longitudinal direction. Further experiments were carried out in
water wherein both nanorods and nanoparticles possess positiveú
values, and no spectral changes were observed, confirming the role
of electrostatic attraction.

One of the interesting observations in the present case is the
size dependency of nanoparticles on the relative shift in the
longitudinal plasmon absorption band (Figure 1C, vide supra). In
order to obtain quantitative information on the spectral shift, we
have estimated the maximum number of nanoparticles that can be
accommodated at the edge of nanorods as a function of their size
(based on a close-packing model, the approximate numbers for 1.8-,
2.7-, 4.5-, and 5.7-nm nanoparticles are 350, 145, 75, and 30
respectively). The interparticle repulsion between the nanoparticles
is much lower in the case of 1.8-nm nanoparticles (+10( 0.5 mV),
and nanorods can accommodate relatively more nanoparticles at

the edges due to their smaller size, resulting in a larger plasmon
shift. In contrast, the enhanced interparticle repulsion experienced
by 5.7-nm nanoparticles (ú of +36 ( 0.5 mV) prevents them from
binding onto the edges (HRTEM images in Supporting Information).

Similar spectral changes were observed with octylmercaptan-
protected Au nanoparticles; however, the stability of the hybrid
system was much lower compared to that of the ethylene glycol-
protected Au nanoparticles.12 The polar ethylene glycol moieties
present on the surface of Au nanoparticles stabilize these hybrid
nanostructures in polar solvent compared to the alkyl groups. In
summary, we have demonstrated a novel methodology for the
preferential functionalization of Au nanoparticles on the edges of
Au nanorods through an electrostatic attraction. Moreover, these
concepts can be utilized for connecting nanorods onto microelec-
trodes, alloying specific domains of nanorods and functionalizing
chromophores on their edges. Site-specific functionalization meth-
odology presented here may have potential application in the
nanoscale fabrication of optoelectronic devices.
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Figure 2. (A-D) HRTEM images of Au nanorods (aspect ratio of 3.7)
recorded in the presence of Au nanoparticles (diameter 2.7 nm) from
different locations of the grid.
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