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ABSTRACT:

Further progress in the applications of self-assembled nanostructures critically depends on developing a fundamental understanding
of the relation between the properties of nanoparticle ensembles and their time-dependent structural characteristics. Following
dynamic generation of hot-spots in the self-assembled chains of gold nanorods, we established a direct correlation between
ensemble-averaged surface-enhanced Raman scattering and extinction properties of the chains. Experimental results were supported
with comprehensive finite-difference time-domain simulations. The established relationship between the structure of nanorod
ensembles and their optical properties provides the basis for creating dynamic, solution-based, plasmonic platforms that can be
utilized in applications ranging from sensing to nanoelectronics.

’ INTRODUCTION

Organization of individual nanoparticles (NPs) into hierarch-
ical nanostructures— superlattices or small clusters— consti-
tutes a frontier area of research in nanoscience. While NPs alone
offer many scientific challenges and applications, ensembles of
NPs show unique coupled properties that potentially can be
exploited in functional nanoscale devices.1�6

Self-assembly of NPs offers a simple, cost-efficient, solution-
based method for producing ensembles of NPs, as well as the
ability to fabricate nanostructures on nonplanar substrates.7�12

Currently, self-assembled nanostructures composed of metal,
semiconductor, and magnetic NPs have shown applications in
the areas of data storage, imaging, and sensing of chemical and
biochemical species.13�21 The utilization of self-assembled nano-
structures in other applications, in comparison with those
produced by nanofabrication techniques, is limited by the diffi-
culty in generating defect-free structures with precisely con-
trolled geometry and distance between the NPs. Further
more, fundamental understanding has to be developed on the

relationship between the properties of self-assembledNP clusters
and their dynamic structural characteristics such as aggregation
number, mutual NP orientation, and interparticle distance. With
this framework in place, it would be possible to predict the
properties of self-assembled structures, both theoretically and
practically, in a reproducible fashion.

In the particular case of metal nanocrystals, gold NPs with
various shapes have been organized in a broad range of nano-
structures including chains, two-dimensional sheets, and super-
lattices.22�26 In comparison with isotropic, shape-symmetric
NPs, the self-assembly of gold nanorods (NRs) leads to more
interesting, and potentially more useful applications, as it pro-
vides the ability to exploit vectorial properties of the resulting
nanostructures.27�29 Typically, optical properties of ensembles
of gold NRs are characterized by measurements of extinction in
the visible and near-infrared (NIR) spectral ranges. Individual
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gold NRs show two types of localized surface plasmon
resonances (LSPRs), due to the coherent oscillations of the
conduction band electrons in directions that are parallel and
perpendicular to the long NR axis.30,31 End-to-end assembly of
gold NRs in chains leads to the coupling of alternating dipoles
along the chain, which results in a red shift of the longitudinal
LSPR. Side-by-side assembly of NRs results in a blue shift of
longitudinal LSPR and a red shift of the transverse LSPR.30,32,33

Coupling of LSPRs in chains of gold NRs results in the
formation of a periodic array of enhanced electric fields (hot-
spots) in the spaces between the NR ends. Thus, self-organiza-
tion of gold NRs offers a tool for studies of optical properties of
ordered NR ensembles by surface-enhanced Raman scattering
(SERS). Furthermore, the dynamic self-assembly of NRs in well-
defined, one-dimensional nanostructures provides the ability to
explore the role of order in NR ensembles on their SERS
properties. Currently, the majority of studies of hot-spots have
been carried out for NP assemblies with a limited degree of
order,34�36 which led to the insufficient understanding of the
effect of structural characteristics of the aggregates on their SERS
properties. In addition, research has been focused on isolated NP
aggregates (“single particle” SERS), and an understanding of the
properties of the system comprised of many NP assemblies
remains elusive. In an attempt to achieve greater control over
hot-spot generation in NP clusters, recent studies have focused
on SERS of self-assembled dimers and trimers of spherical goldNPs
in single-aggregate and ensemble-averaged systems.37�39 How-
ever, currently, only a single report exists on the generation of
hot-spots in self-assembled chains of gold NRs. This report is
focused on the reorientation of analyte molecules in the gaps
between NR ends.40

Here we report the results of experimental and theoretical
studies of the relationship between the dynamic structural
characteristics of self-assembled clusters of gold NRs and their
ensemble-averaged SERS properties resulting from the con-
trolled generation of plasmonic electromagnetic hot-spots. We
took advantage of the geometrical and chemical anisotropy of
NRs to induce their assembly in chains in an end-to-end fashion.
In the course of assembly, the dielectric environment and the
spacing between adjacent NRs remained constant. The process
was monitored by correlating the average aggregation number of
NRs in the chains with their extinction and ensemble-averaged
SERS signals (presently, such a correlation has been demon-
strated only for nanostructures fabricated by the top-down
method).41,42 The experimental findings were supported by
the results of finite-difference time-domain simulations of the
optical properties of NR assemblies. Our work establishes a
strong link between experiment and theory, and it provides an
important insight into the properties of hot-spots in ordered,
solution-based nanostructures. In addition to the fundamental
importance of these results, the established relationship between
the structure of NR assemblies and their optical properties
provides the basis for the development of new design rules for
the generation of nanostructures with applications spanning
from biomedicine to nanoelectronics.

’EXPERIMENTAL SECTION

Synthesis of Gold NRs. Gold NRs were prepared by the “seed-
mediated growth method” devised by El-Sayed et al.43 Briefly, seed NPs
were obtained by the reduction of HAuCl4, dissolved in an aqueous
solution of cetyltrimethylammonium bromide (CTAB), with cold

sodium borohydride (NaBH4). The growth solution was prepared by
dropwise addition of ascorbic acid in an aqueous solution of HAuCl4,
CTAB, and AgNO3. A seed solution aged for 5 min was added to the
growth solution, and the NR growth was initiated. The color of the
solution mixture changed from clear to deep purple after incubation for
10 h at 27 �C. The resultant CTAB-coated gold NRs were purified by
two centrifugation cycles (8500 rpm for 30 min). In the next step, we
conducted exchange of CTAB ligands attached to the ends of NRs with
thiol-terminated polystyrene (SH-PS, Polymer Source Inc.) with a
molecular weight of 12 000 g/mol28 and polydispersity index of 1.09.
Approximately 0.5 mL of the concentrated aqueous solution of CTAB-
coated NRs (∼1.0 mg/mL) was rapidly injected under sonication into
10 g of THF solution containing 5 mg of SH-PS (∼0.05 wt %). The
mixture was sonicated for 30 min at 42 kHz ((0.6%) and incubated at
room temperature for 24 h. The resultant NRs were further purified by
seven centrifugation cycles at 8500 rpm for 30 min. A concentrated
solution of PS-functionalized NRs was collected and redispersed in
THF to form a stock solution.
End-to-End Self-Assembly of NRs. Prior to the self-assembly

experiments, 760 μL of tetrahydrofuran (THF) was evaporated from the
stock NR solution. The dried NRs were redissolved in 2.45 mL of
dimethylformamide (DMF). A solution of the Raman reporter molecule
Oxazine 720 (OX) in DMF (4 μM) was added dropwise under shaking
to the NR solution in DMF. Following 30 min of agitation under gentle
vortex conditions, the mixture was incubated for 1 h. End-to-end self-
assembly of the NRs was triggered by dropwise addition of the DMF/
water mixture, containing 20 vol % of water. As soon asNR self-assembly
began we carried out, at regular time intervals, parallel extinction and
SERS measurements, as well as the preparation of samples for electron
microscopy experiments.
Characterization of Self-Assembled NR Structures. Scan-

ning transmission electron microscopy (STEM) images of individual
NRs and self-assembledNR chains were obtained using aHitachi S-5200
field emission SEM equipped with a transmitted electron detector oper-
ating at 30 kV. Extinction measurements were carried out using a Varian
Cary 5000 UV�visible�NIR spectrometer.

In SERSmeasurements, 1.5 mL of the solution of self-assembled NRs
was placed in a vial. Raman spectra excited with a 785 nm laser line
were acquired with a Renishaw InVia System spectrometer coupled to a
Leica microscope. The laser power was set to 1% of the full power
(approximately 80 μW). The laser beam was focused on the sample by a
5� objective lens (NA = 0.12). The calculated interrogated volume was
6.46 nL. The spectra were measured with a 4 cm�1 resolution, using a 1 s
exposure and 25 scans.

Control SERS experiments were conducted using a roughened gold
substrate. A solid gold electrode with surface area of 0.3 cm2 was
roughened with 20 successive oxidation�reduction cycles from �0.3
toþ1.25 V at 100 mV/s in an aqueous 0.1 MKCl working solution. The
electrode was then isolated from the electrochemical cell and exposed to
a 4 μM solution of OX in water, in pure DMF, or in the DMF/water
mixture (20 vol % of water). After 15 min exposure, the surface was
rinsed with an appropriate solvent, that is, with water, DMF, or the
DMF/water mixture, and dried under nitrogen flux. The SERS spectra of
OX adsorbed to the gold substrate were acquired using excitation at
785 nm (laser power 1%, four accumulations, and 5 s exposure time).
Simulations.The assembly of NR chains was simulated by the finite

difference time domain (FDTD) method.44 Polarization of the incident
field was parallel to the long NR axis. The simulation domain was
terminated with perfectly matched layer (PML). The complex permit-
tivity of gold was modeled using the experimental data of Johnson and
Christy.45 To calculate the absorption and scattering cross sections of
NR chains, we employed the formalism of the total field scattered field
(TFSF). We introduced a set of two-dimensional power monitors,
which formed two surfaces enclosing the NRs, one inside the TF region
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(power monitor 1, or PM1) and the other one in the SF region (power
monitor 2, or PM2). We calculated the absorption cross section of the
nanostructures by evaluating the net power flow into PM1, which
represented the power loss in the NRs. The total power exiting PM2
was used for the calculation of the scattering cross section as σscat = Pscat/
Is, where Pscat is the scattered power obtained from PM2 and Is is the
intensity of the light source. The extinction cross section was determined
by the summation of scattering and absorption cross sections.

’RESULTS AND DISCUSSION

Figure 1 illustrates site-specific functionalization of gold NRs
and dynamic generation of hot-spots via end-to-end NR assem-
bly. The NRs with a mean length of 37.6 ( 4.4 nm and a mean
diameter of 11.4( 1.0 nmwere used as the building blocks of the
chains. In the ligand-exchange step, SH-PS replaced CTAB at the
ends of NRs, transforming them into amphiphilic species.28

These NRs were well-dispersed in DMF, a good solvent for both
the CTAB molecules coating the long sides of the NRs and the
SH-PS molecules attached to the NR ends.28 End-to-end assem-
bly of the NRs was triggered by introducing 20 vol % of water to
the solution of amphiphilic NRs in DMF in the presence of the
Raman reporter, OX. With the addition of water, the mixture
became a poor solvent for the PS ligands localized at NR ends but
remained a good solvent for the hydrophilic CTAB ligands
coating the long side of the NRs. In order to avoid unfavorable
contact of PS molecules with the DMF/water solution and to
reduce the surface energy of the system, theNRs associated in the
end-to-end manner.

Figure 2a shows representative STEM images of the NR
assemblies in various stages of chain growth. STEM imaging
was carried out at low voltage (30 kV), which is suitable for
imaging organic macromolecules. All the images were acquired

without staining. The diffuse gray regions between the ends of
adjacent NRs in the chains correspond to the globules of SH-PS
molecules that formed in the poor DMF/water solvent. Using
image analysis, we determined that the average distance between
the ends of adjacent NRs throughout the self-assembly process
remained 8.9 ( 1.5 nm. We note that, while STEM images are
valuable in determining the average aggregation number of NRs
in the chain and inter-NR spacing, the conformation of the chain
may be influenced by the drying process. Therefore, the precise
conformation of the chains in solution cannot be directly inferred
from the micrographs presented in Figure 2a.

The evolution of NR chains in the course of self-assembly
was characterized by the change in their average aggregation
number X

_
hn as

X
_
n ¼ N0

Ntot
¼ ∑nxx

∑nx
ð1Þ

where N0 and Ntot are the number of NR chains and the total
number of NRs in the system, respectively, and nx is the number
of chains containing x NRs, respectively. The values of X

_
hn were

calculated by analyzing STEM images of the nanochains formed
in the course of self-assembly experiments. The kinetics of
growth of the NR chains resembled the evolution of polymer
chains in reaction-controlled step-growth polymerization, as
reported in our earlier work;46 however, the self-assembly of
the NRs in the presence of OX occurred at a greatly increased
rate in comparison with the OX-free system.

The extinction and SERS measurements were carried out
within the time of self-assembly t from ∼5 min to 18 h, con-
current with the collection of samples for STEM imaging.
Figure 2b shows the evolution of the extinction spectra of the
system undergoing self-assembly. In the course of chain growth,

Figure 1. Schematic of the generation of hot-spots via end-to-end self-assembly of gold NRs in chains.
(a) Gold NRs stabilized with CTAB. (b) Ligand exchange of CTAB with SH-PS at the edges of the NRs. (c) End-to-end assembly of NRs triggered by
adding water to the solution of NRs inDMF, in the presence of Raman reporter OX. The volume fraction of water in the DMF/water mixture is 20 vol %.
Hot-spots are generated between the ends of adjacent NRs. The distance between the adjacent NRs in the chain is maintained constant. Schematic is not
drawn to scale.
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the longitudinal LSPR peak shifted from 754 to 812 nm, due to
the coupling of alternating dipoles along the NR chain. The end-
to-end arrangement led to the reduction in resonance energy
with respect to individual NRs.30,32,33,47�49 In the course of self-
assembly, the width of the longitudinal LSPR peak broadened
by ∼12% when the aggregation number increased from 1 to 8,
which was significantly narrower than for solution-based aggre-
gates of gold NPs reported to date. The absorption peak at
659 nm corresponded to OX molecules. This peak was not
noticeably shifted or reduced in intensity for a period of at least
18 h, which suggested good structural and temporal stability of
OX during NR self-assembly.

Figure 3a illustrates the evolution of the ensemble-averaged
SERS spectra of OX in the course of the self-assembly experi-
ments. Themost enhanced bands at 563 and 604 cm�1 (assigned
to vibrational modes of the phenoxazine ring of the dye)50,51

were consistent with the Raman spectrum of the solution of OX

in DMF (Supporting Information, Figure S1). The same values
of vibrational frequencies for OX adsorbed on the surface of NRs
and for the solution of OX in DMF suggested that the reported
molecule was physisorbed onto the gold surface.52

By exploiting the sensitivity of SERS spectra to changes in
their local environment, we determined the location of OX with
respect to the CTAB-coated long NR sides and SH-PS-capped
NR edges. In principle, OX could be localized within the CTAB
layer and/or could be associated with SH-PSmolecules at theNR
ends. In the first instance, the localization of OX could be
dominated by the hydrophobic interactions with hydrocarbon
chains of CTAB, since the localization of positively charged OX
molecules in the vicinity of the cationic groups of CTAB was less
likely. Alternatively, OX could be associated with the SH-PS
ligands, so that the nonpolar component of the dye would
interact with hydrophobic PS molecules, and its polar head
would be in the solvent environment.

Figure 2. (a) Representative STEM images of the self-assembled chains of NRs. Diffuse gray regions between adjacent NRs indicate the presence of
SH-PS globules forming in a poor solvent. Scale bar is 40 nm. (b) Variation in extinction properties of NRs in the course of their self-assembly in chains.
The spectral position of LSPR shifts from 754 to 812 nm, with the aggregation number of the NR chains changing from 1 at t < 5 min to 8 at t = 18 h.
Transverse LSPR is located at 514 nm. The peak at 660 nm corresponds to OX.

Figure 3. (a) Evolution of normalized ensemble-averaged SERS spectra in self-assembled NR chains. The average aggregation number of NR
assemblies changes fromX

_
hn = 1 at t < 5min (bright-red spectrum) to 8 at t= 18 h (black spectrum). The SERS peaks at 563 and 604 cm�1 are normalized

against the SERS peak of DMF at 659 cm�1 (indicated with asterisks). (b) Variation in the normalized SERS peak intensity measured at 563 cm�1

plotted as a function of the average aggregation number of the NR chains. SERS variation (y error) is based on three measurements taken within 15 min.
Approximately 1000 NRs (including individual species) were used in the calculations of number of NRs (x error). Laser excitation wavelength was
785 nm.
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To address the question of the predominant localization of
the dye in the NR chains, we carried out a series of control SERS
experiments with OX dissolved in several solvents, namely,
water, DMF, and the DMF/water mixture at a water content
of 20 vol %. The experiments were conducted using a roughened
gold substrate. The SERS frequency of the strongest OX band in
the 500�600 cm�1 region depended on the type of solvent: In
water, the SERS band was centered at 595 cm�1, similar to
previously reported results.50,51 In DMF, the spectral position of
the peak was 567 cm�1 (Supporting Information, Figure S2). In
the DMF/water mixture, the SERS spectrum of OX featured two
peaks located at 595 and 567 cm�1 (Figure S2).

For the self-assembled NR chains, the main SERS peak of OX
was measured at 563 cm�1, very close to 567 cm�1, suggesting
that OX was located in a DMF environment. The absence of a
shoulder at 595 cm�1 (Figure S2) suggested that no appreciable
interactions existed between OX and water. Therefore, it was
reasonable to conjecture that OX was predominately localized
within the hot-spot region between the ends of the NRs from
which water is largely excluded. We note that this did not rule out
the possibility of OXmolecules being located in the hydrophobic
environment in the CTAB layer; however, the species outside the
hot-spots did not significantly contribute to the overall SERS
signal. Furthermore, the fact that the vibrational frequency of OX
at 563 cm�1 did not change in the course of assembly indicated
that the location of physisorbed OX remained unaltered. The
relative intensities of the bands of OX at 563 and 604 cm�1 also
remained constant throughout the process of self-assembly,
suggesting that OX retained its orientation and geometry with
respect to the NR surface without any appreciable molecular
reorientation.53,54

The change in the SERS intensity was determined over the
course of NR self-assembly by using the intensity of the peak
corresponding to DMF vibration at 659 cm�1 as an internal
standard. Figure 3b shows the variation in the ratio of intensities
of the peak at 563 cm�1 of OX to the intensity of the peak at
659 cm�1, plotted as a function of X

_
hn. Importantly, the change

in ensemble-averaged normalized SERS intensity was not

monotonic: it increased for 1 e X
_
hn e 3, leveled off for 3 e

X
_
hn e 5, and increased again for 5 e X

_
hn e 8.

To understand this nonlinear behavior, we considered only
SERS arising from the electromagnetic effect. Under resonance
conditions, the incident light absorbed by the nanostructure
generates localized surface plasmons, thereby creating a strong
local electromagnetic field, Eloc(ωexc), close to the surface of the
NRs. This effect leads to the enhancement in intensity of the
Raman scattered light by the OX molecule, which is assumed to
be a point dipole. The scattered light also excites localized surface
plasmons and generates an enhanced field, Eloc(ωRS), at the
Raman Stokes frequency. The field enhancement GSERS is
proportional to the square of the product of the local field at
the incident frequency and the local field at the scattered Raman
Stokes frequency,42,55�58 that is,

GSERS � jElocðωexcÞElocðωRSÞj2 ð2Þ

As discussed above, light extinction (absorptionþ scattering) at
wavelengths matching the resonances of the nanostructure
generates LSPR that leads to field localization. Therefore, a
correlation between the SERS efficiency and the product of
extinctions at ωexc and ωRS should be expected.

We plotted the variations in the normalized SERS intensity
and the product of the extinctions measured at the excitation
wavelength of 785 nm (ωexc) and at the wavelength of the
Stokes-shifted radiation of 821 nm (ωRS) versus the average
aggregation number, X

_
hn, of the NR chains (Figure 4). In the

course of NR self-assembly, the product of extinctions varied,
since the spectral position of the longitudinal LSPR gradually
red-shifted (see Figure 2). Figure 4 shows a strong correlation
between the variation in SERS intensity and the product of
extinctions, both plotted as a function of X

_
hn. Such correlation

indicated that the variation in SERS properties with NR assembly
indeed originated from the inherent electromagnetic properties
of the self-assembled nanostructure, rather than from chemical
effects. In addition, the results shown in Figure 4 suggested a
narrow distribution of hot-spots, confirming the high level of

Figure 4. Correlation of the normalized intensity of SERS peak at 563 cm�1 (red circles) and the product of extinctions measured at 785 and 821 nm
(blue circles), plotted as a function of the average aggregation numberX

_
hn of theNR chains. Top: y errors of the intensity of SERS peak (red squares) and

the product of extinctions (blue squares) were calculated on the basis of three measurements.
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organization of the dynamic self-assembled system in solution.
We note that a direct correlation between extinction and SERS is
qualitatively followed in simple nanostructures such as individual
gold spheres59 and organized arrays, but it falls apart dramati-
cally in strongly coupled random systems with a large distribu-
tion of spatially localized resonances.60

In order to further highlight the relationship between SERS
enhancement and the dynamic evolution of hot-spots, we con-
ducted comprehensive FDTD simulations by numerically sol-
ving Maxwell’s curl equations by iteration over time.44 Figure 5
shows examples of electric field (E field) profiles corresponding
to different wavelengths for the chains of collinearly assembled
NRs. The field inside individual NRs rapidly decayed, while hot-
spots between adjacent NRs exhibited a maximum E field
intensity 4000-fold greater than the intensity of the incident field.

In our work, the self-assembled NR chains were characterized
by the distribution of their aggregation numbers and the variation
in the angle between adjacent NRs within the chain. In order to
examine the role of the distribution in X

_
hn of the NR chains, we

performed FDTD simulations for chains with different lengths
and then used experimentally determined aggregation statistics
to calculate the electric field intensities (Supporting Information,
Figure S3). For X

_
hn = 8, the E field intensity squared had the

largest value when normalized with respect to the aggregation
number of the chain (Figure S3a), which was consistent with
experimental results shown in Figure 3. While the longer chains

had a lower maximum intensity, they also had a weaker variation
in their maximum intensity wavelength compared to the shorter
chains (Figure S3b). This spectral purity provided greater
enhancement in the E field when statistically averaged.

When the distribution in the aggregation numbers was not
taken into account, the field intensity was highest for chains
containing three NRs, when normalized by the number of NRs in
the chain (Figure S3b). This effect originated from the trade-off
between the local field enhancement and optical absorption (that
is, loss) in the NR chains. A figure of merit that compares the
local field enhancement to the loss is the ratio between the real
and imaginary parts of the relative permittivity of the NRs. For
gold, this figure of merit is at amaximum at∼760 nm, close to the
resonance wavelength of the trimer structure.

Since the SERS and LSPR properties of the NR assemblies
depend on the collinearity of the NRs with respect to the long
axis of the chain,32,33,48 we have performed FDTD calculations
for dimers and trimers of NRs with varying orientations with
respect to each other (Supporting Information, Figure S4). The
deviation from collinearity at the angles between the long axes of
the NRs of 20, 40, 60, and 90� resulted in a significant reduction
of extinction and, thus, decreasing E field intensity (Figure S4).
This result implied that in ensemble measurements, the greatest
contribution to extinction and SERS arose from the chains with a
collinear NR arrangement, with a minor influence on E field
intensity from “off-axis” NRs.

Figure 5. Three-dimensional finite-difference time-domain (3D-FDTD) simulation of the end-to-end assembly of gold NRs. Electric field profile was
calculated at the resonance wavelength of the collinear NR chain at (a) 760, (b) 782, and (c) 802 nm. Polarization of the incident light is parallel to the
long axes of the NRs (i.e., to the z-coordinate). Hot-spots between adjacent NRs show a maximum electric field intensity 4000 times greater than the
incident field.

Figure 6. (a) Variation in experimentally measured (blue circles) and calculated (red squares) spectral position of the longitudinal LSPR, plotted as a
function of the average aggregation number, X

_
hn, of the NR chains. (b) Variation in the calculated product of the squares of the electric field (intensity) at

785 and 821 nm (red circles) and the product of the extinction cross sections at 785 and 821 nm (blue circles), plotted vs X
_
hn.
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The persistence length of the chains formed by the 40-nm-
long NRs in the DMF/water mixture with 20 vol % of water was
230 nm, corresponding to X

_
hn ≈ 6.28a We admit that chain

conformations determined from the TEM images of dried
samples or from the AFM images of the chains on the solid
substrate under solution may not accurately reflect the config-
uration of chains in solution. Therefore, extensive cryo-TEM
experiments followed by the deliberate analysis of the statistical
distribution of angles along the chains with different aggregation
numbers will provide more insight into the relationship between
the SERS properties and the chain flexibility.

For the calculation of scattering and absorption cross sections,
we employed the total field/scattered field method for the
separation of the scattered field from the incident radiation.
Our calculations showed that the extinction cross-section mainly
originated from NR absorption, whereas the contribution from
scattering was minor (Supporting Information, Figure S5).
Experimental and calculated results obtained for the extinction
(Figure S5) and variations in the spectral position of the long-
itudinal LSPR (Figure 6a) were in good agreement when NR
number distribution was considered. Figure 6b shows the change
in the calculated extinctions (a product of those measured at 785
and 821 nm) and E field intensity squared as a function of X

_
hn.

A strong correlation between the two trends was consistent with
the relationship expressed in eq 2. Significantly, the experimental
results (Figure 4) and theoretical results shown in Figure 6b are
in good qualitative agreement.

’CONCLUSIONS

Following dynamic generation of hot-spots via controlled,
solution-based self-assembly of gold NR chains, we have estab-
lished a direct relationship between extinction and SERS proper-
ties of the chains. An important aspect of our experiments
included the formation of ensembles with a well-defined, invar-
iant distance between adjacent NRs. Our work opens the way for
studies of optical properties of other geometry-dependent dy-
namic plasmonic systems, e.g., ensembles of side-by-side gold
NRs and compartmentalization of molecules or particles in hot-
spots. Building from the correlation between SERS and extinc-
tion, practical applications of self-assembled structures ranging
from chemical and biological sensing to nanoelectronics, e.g.,
plasmonic circuits, become a step closer.
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