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Noble metal nanoparticles exhibit a strong optical resonance
phenomenon that is absent in the bulk phase. The related extinction
band has been understood to be caused by a collective oscillation
of conduction electrons in the nanoparticles under optical excitation
and is characterized as the localized surface plasmon resonance
(LSPR) band.1 Previous studies show that the LSPR band is
sensitive to nanoparticle composition, size, shape, local dielectric
environment, and electromagnetic coupling to other proximate
nanoparticles.1-4 Recently, considerable attention has been given
to the studies of coupled nanoparticle pairs5 as well as one-
dimensional (1D)6 and two-dimensional (2D)7 nanoparticle arrays
prepared by electron-beam lithography (EBL) because of their
interesting and potentially useful collective plasmonic properties,
which can be important in the emerging fields of plasmonics-based
subwavelength optics.8 In principle, two types of electromagnetic
interaction can be exploited for controlling collective surface
plasmon resonance (CSPR) of nanoparticle arrays, including near-
field coupling and far-field dipole-dipole intercation.9 Near-field
coupling is especially relevant for nearly touching, ultrasmall
colloidal nanoparticles due to the short spatial range of the
evanescent near fields. In addition to the size advantage, colloidal
nanoparticles possess superior plasmonic properties,10 and their
near-field coupling can lead to coherent (in-phase) interactions
between adjacent colloidal nanoparticles. In such a way, arrays of
colloidal nanoparticles can act as “plasmonic crystals” with coherent
plasmonic response and minimized losses.

Here we report on the self-assembly of large-area, highly ordered
2D superlattices of alkanethiolate-stabilized gold nanoparticles onto
quartz substrates with varying lattice constants, which can be
controlled by the alkyl chain lengths, ranging from C12 (1-
dodecanethiolate), C14 (1-tetradecanethiolate), C16 (1-hexade-
canethiolate), to C18 (1-octadecanethiolate). These 2D nanoparticle
superlattices show strong CSPR extinction bands which are tunable
via near-field coupling of adjacent nanoparticles. In this work,
pronounced chain-length-dependent red shifts have been confirmed
for synthesized superlattices. Furthermore, evidence of near-field
coupling such as the exponential dependent red shift with decreasing
interparticle separation gap (edge-to-edge) is clearly demonstrated.
The approach presented here allows for an unprecedented lattice
control of artificial plasmonic crystals with the tunability precision
of interparticle gap on an atomic scale.

In the conventional one-step, two-phase Brust-Schiffrin method11a

for the synthesis of gold nanoparticles with a protection monolayer
of alkanethiolates, the tetrachloroaurate ions (AuCl4

-) in the
aqueous solution are transferred to the organic solution (toluene)
using a phase transfer agent and reduced in the presence of reducing
agent and thiol. However, methods of forming gold nanoparticles

in the presence of alkanethiols can only be used to synthesize small
(<5 nm in diameter)12 particles, which are not optimized for
applications in plasmonics due to large damping coefficients
(inversely proportional to the particle size due to enhanced surface
scattering of the conduction electrons). Moreover, it was found that,
as the thiolate chain length increases, the synthesized nanoparticles
become more polydispersed (with a broader size distribution) and
larger in mean size.12c Therefore, we have adopted for this work a
two-step, two-phase method for synthesizing thiolate-protected gold
nanoparticles.11b In short, large-size [∼10.5 nm in diameter (d),
Figure S1] and monodispersed (∼5.8%, Figure S2 and Table S1)
gold nanoparticles were first synthesized by the aqueous Turkevich
method, in which AuCl4- was reduced by trisodium citrate. In the
second step, the aqueous gold nanoparticles were transferred to
toluene and capped with alkanethiolates of different chain lengths
using a modified two-phase method (see details in Supporting
Information). In this approach, larger-sized gold nanoparticles of
the same mean diameter and size distribution can be synthesized
with different thiolate capping (Au@C12, Au@C14, Au@C16, and
Au@C18).

Natural dewetting process (e.g., by slow evaporation of nano-
particle-containing solvent on a support) was typically applied for
forming hexagonal close-packed (HCP) 2D nanoparticle superlat-
tices.12 However, the nanoparticle superlattices formed by this
approach are typically quite irregular in ordering (polycrystalline)
and have a small spatial extent, usually less than 1µm. Lin et al.
succeeded in forming large-area (over several microns) gold
nanoparticle superlattices (∼5.5 nm in diameter) onto silicon nitride
films by using kinetic control of the dewetting process with
increasing concentration of the nonvolatile dodecanethiol ligand.12d

In this work, due to the aforementioned consideration regarding
the nanoparticle size limitation, we adopted a different approach
for nanoparticle synthesis and surface functionalization. Moreover,
by controlling the dewetting temperature of the solvent, long-range-
ordered nanoparticle superlattices can be prepared routinely (see
Supporting Information for details), with the single domain size
extending over 1 mm2 for the case of Au@C18 nanoparticle
superlattices (Figure 1). The long-range ordering of superlattices
is also evidenced by diffraction patterns shown in Figure 2b. The
excellent agreement between real-space (Figure 2a) and reciprocal-
space (Figure 2b) lattice analysis over wide regions of nanoparticle
superlattices demonstrates the high “crystalline” quality of self-
assembled nanoparticle superlattices. Using the lattice constants (a)
shown in Figure 2a, the interparticle gap lengthl () a - d) of the
HCP nanoparticle arrays has been found to be linearly dependent
on the length (nm) of the alkyl chains (l ) 0.83+ 0.122n, where
n is the number of carbon atoms per chain) for the cases of
Au@C12, Au@C14, and Au@C16 superlattices. Also, the inter-
particle gap was found to be about 60% of the expected value for
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twice the fully extended thiolate chains. This discrepancy suggests
that the alkyl chains might interdigitate with the chains on
neighboring particles. Alternatively, the thiolate chains might
collapse somewhat after solvent evaporation. The dependence of
interparticle gap on the number of carbon atoms per chain is in
agreement with previous reports.12 However, for the case of
Au@C18 superlattice, the interparticle gap increases quite abruptly
from that of the Au@C16 superlattice. This phenomenon (chain-
length-dependent phase transition) is consistent with the suggestion
by Badia et al. that, for long-chain thiolates (>C16), the alkyl chains
exist predominantly in an extended, all-trans-ordered conformation
at room temperature, while for shorter chains, significant chain
disorders exist.13 Additional infrared spectroscopic data also support
that short-chain thiolates on nanoparticles are more disordered
(Figure S4). This phenomenon is probably due to the fact that the
structure of 3D self-assembled monolayers (SAMs) on highly
curved surfaces (nanoparticles) is different from that for 2D SAMs
on planar surfaces. In the case of 2D SAMs on gold surfaces,
thiolate chains are in fully extended all-trans-ordered conformation.

Now that we have demonstrated the self-assembly of gold
nanoparticle superlattices of controlled particle size and lattice
spacing, it is of paramount interest to investigate how the tunable
interparticle gap can impact the CSPR properties of these tailored
superlattices. Figure 3a shows the optical extinction spectra obtained
from four different thiolate-stabilized nanoparticle superlattices.
These spectra were obtained using a microspectroscopic measure-
ment setup [∼7 µm beam diameter (normal incident, unpolarized
light), corresponding to a coverage of∼105 nanoparticles]. Optical
measurements were performed over five different regions of
nanoparticle superlattices, and the displayed spectra were the

averaged results. The measured extinction peak positions are
accurate within 2 nm. In Figure 3a, pronounced red shifts (32 nm
for a small interparticle gap change of∼1.1 nm between Au@C12
and Au@C18) in the CSPR bands can be clearly observed.
Furthermore, the shift in maximum extinction wavelength exhibits
an exponential dependence on the gap distance (Figure 3b) as
predicted earlier by electrodynamic simulations.9b

The observed red shifts in the peak positions of surface plasmon
resonance bands are much larger than any known wavelength shifts
by varying particle size (negligible in the quasi-static regime, 3
nm < d < 25 nm)2 or dielectric environment (∼10 nm shift for
change of refractive indexn from 1.33 to 1.46).3 Especially, the
nanoparticles in these superlattices have the same metal core size

Figure 1. (a) Optical microscope image of hexagonal close-packed (HCP)
2D superlattice self-assembled by octadecanethiolate-stabilized gold nano-
particles (Au@C18) onto a quartz substrate. The self-assembled Au@C18
nanoparticle superlattice is highly ordered, and its spatial extension can
exceed 1× 1 mm2. In order to avoid sample charging during high-resolution
FE-SEM imaging and to precisely position the nanoparticle superlattices
for optical measurements, copper meshes with square open apertures are
covered on top of the studied nanoparticle superlattices. (b) FE-SEM image
of Au@C18 HCP nanoparticle superlattice on quartz with an imaging area
of 1 × 1.5 µm2.

Figure 2. (a) FE-SEM images of Au@C12, Au@C14, Au@C16, and
Au@C18 HCP nanoparticle superlattices on quartz substrates. In order to
estimate the lattice constants (a) for nanoparticle superlattices, the lengths
of 40 lattice periods (40a) are measured using FE-SEM images on five
different superlattice regions and the average periods are obtained as the
following: 12.80 ( 0.06 nm (Au@C12), 13.00( 0.15 nm (Au@C14),
13.30 ( 0.13 nm (Au@C16), and 13.90( 0.10 nm (Au@C18). In the
bottom part of panel a, typical line-cut FE-SEM images are shown. (b)
Diffraction patterns obtained from fast Fourier transform of 742× 742
nm2 (512× 512 pixels) high-resolution FE-SEM images. From the patterns,
we can determine the reciprocal-space lattice constants (from center to
second order spot) and compare them with that of real-space lattice shown
in panel a.

C O M M U N I C A T I O N S

J. AM. CHEM. SOC. 9 VOL. 130, NO. 3, 2008 825



(∼10.5 nm), and the dielectric constants of alkanethiolates are nearly
constant (nthiolate ≈ nquartz ≈ 1.46). Therefore, the large shifts
observed in the CSPR bands are indicative of strong interparticle
interactions. Here, the evidence of near-field coupling for the
observed CSPR bands comes from their gap-distance-dependent
behavior. For the cases of arrays of large-sized and more separated
(much longer than the near-field decay lengths) nanoparticles
prepared by EBL, a linear blue shift for decreasing lattice spacing
has been reported experimentally,7 and it was proposed to originate
from long-range dipolar interaction.9 On the other hand, for near-
field coupling, an exponentially dependent red shift for decreasing
lattice spacing in nanoparticle arrays has been theoretically
predicted.9b In previous experiments for pairs of near-field-coupled
gold nanoparticles prepared by EBL,5,14 this behavior has also been
confirmed.

In a recent experiment performed by Jain et al., the measured
near-field plasmonic coupling in EBL-fabricated metal nanoparticle
pairs shows the universal scaling behavior of the exponential
distance decay, in which the CSPR shift exponentially depends on
the interparticle gap over a distance of∼20% of the metal core

size.14 This value is within the range of the interparticle gaps
observed here (Table S2) and is in agreement our interpretation of
CSPR due to near-field coupling. However, the magnitude of the
observed spectral shift with decreasing interparticle gap is much
larger due to stronger near-field plasmonic coupling in HCP
nanoparticle arrays. In contrast, for conventional nanoparticle
superlattices (d e 5 nm), it would be very difficulty to observe the
near-field coupling effects.

In conclusion, the approach presented here provides a unique
and viable means of building bottom-up plasmonic crystals with
precisely designed optical properties via near-field coupling, which
cannot be easily achieved by conventional methods based on
electron beam lithography.
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Figure 3. (a) Optical extinction spectra of four kinds of thiolate-stabilized
nanoparticle superlattices with the same metal core size, but different in
alkyl chain length. (b) Exponential dependence of the resonance peak
position on the interparticle gap. The inset shows the relation between
interparticle gap and thiolate chain length using the lattice constants obtained
in Figure 2 and the known nanoparticle core size of 10.5 nm.
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