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We observe spontaneous formation of hexagonal and square arrays of sub-10-nm Au nanoparticles by
asymmetric heating of a novel precursor material, alkanethiol-passivated atomic Au cluster solutions, on
amorphous carbon films. Nanoparticle shape, array symmetry, and lattice constant are controlled by substrate
temperature and solvent composition. It is shown that definition of the array lattice points precedes complete
particle formation, ruling out an entropy-driven “hard sphere”-type self-assembly process. Mechanisms for
monolayer array formation are discussed.

Introduction

The unique properties of metallic nanoparticles1,2 have
potential to impact optical frequency communication/computa-
tion technology,3,4 biomedical labeling,5,6 and chemical cataly-
sis.7,8 Realization of such applications requires control over the
assembly of nanoparticles, as well as particle shape and size.
Various approaches for array formation exist, including both
self-assembly and lithography methods. The solvent drying-
mediated self-assembly method of nanoparticle array formation
gives impressive results but only with highly monodisperse
constituent nanoparticles with typically less than a few percent
standard deviation in size.9-11 It also requires slow evaporation
and careful control of the sample environment. The “nanosphere
lithography” method uses layers of self-assembled polystyrene
beads to create a mask for lithographic definition of the particle
array.12,13 Although versatile, this method like many other
lithographic techniques14-16 does not readily form arrays with
lattice constants in the sub-10 to 50 nm regime. The present
report describes a simple approach for creating ordered two-
dimensional Au nanoparticle arrays achieved by relatively fast
solvent evaporation, asymmetric heating, and a novel precursor
material of atomic Au clusters. Two-dimensional square lattices
of square Au nanoparticles and close-packed hexagonal lattices
of spherical Au nanoparticles are controllably obtained with this
method. Solvent composition and substrate temperature are
shown to control the array symmetry and lattice constant.

Experimental Section

Dodecanethiol passivated atomic Au clusters were used as
the precursor for array formation.17 These atomic Au clusters
are chemically stable making them suitable for synthesis.
Moreover, the clusters are highly fluorescent and robust

chromophores (i.e., resistant to photobleaching).18,19Preparation
of atomic Au clusters is described in detail elseware.17 Briefly,
6-nm-diameter Au particles were synthesized using a standard
literature protocol (see Figure 1 inset).20,21Clusters were formed
by refluxing the 6-nm-diameter Au particles in a dioctyl ether
(bp ) 290°C) solution of dodecanethiol (10:1 volume ratio of
dioctyl ether to dodecanethiol). The Au cluster ultraviolet-
visible (UV-vis) absorption spectrum shown in Figure 1
exhibits an extremely sharp electronic transition athν )
4.1 eV (line widthΓ ) 0.20 eV) that gives a luminescence
spectrum centered at 3.6 eV. We estimate the emission quantum
yield to be>40%.22 The cluster absorption spectra differ entirely
from that of the starting Au nanoparticle solution. The final
refluxed solution was devoid of residual Au nanoparticles,
confirmed by the absence of the surface plasmon absorption
peak athν ) 2.4 eV (λ ) 520 nm), and transmission electron
microscopy (TEM). Atomic Au cluster solutions in octanethiol
and dodecanethiol gave essentially identical absorption spectra
(after correction for solvent absorption) supporting the idea that
atomic Au cluster formation is unaffected by the alkanthiol
length.

Nanoparticle arrays were formed by diluting dioctyl ether
solution of atomic Au clusters (0.1 wt %) with toluene23 and
depositing 1µL of the resultant solution on an amorphous
carbon film TEM grid (3 mm diameter). The grid was
immediately placed on a hot plate and heated in otherwise
ambient conditions until the solvent evaporated. Dilution ratios,
substrate temperatures, and heating times were varied exploring
the range of structures formed and to gain insight into the
mechanism for nanoparticle array formation.

Results

Hexagonal Au nanoparticle arrays formed on the TEM grid
when a 1:2 [dioctyl ether]/[toluene] diluted atomic Au cluster
solution was heated to evaporation at 95°C. Figure 2A shows
the hexagonal lattice with a particle size of 5.8( 0.4 nm and
a lattice constant of 9.0( 0.1 nm. No other array symmetries
were found on the grid. Figure 2B demonstrates the high degree
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of order obtained in the hexagonal array; the Fourier image
shows well-defined spots to second order. When the same
(diluted) solution was heated to evaporation at 105°C, a square
lattice of square Au nanoparticles was formed with a particle
edge length of 10.5( 0.8 nm and a lattice constant of 11.4(
0.2 nm (see Figure 2D). A third morphology, Au nanowires
with a width of 3 nm and length of up to 1µm, were found
coexisting with hexagonal lattices of spherical particles when
the substrate was heated at 100°C for 6 min (Figure 2E). Figure
2F shows the distribution of nanoparticle sizes within the arrays
pictured in Figure 2C and D. The histograms24 are reasonably
narrow: the widths are less than 8% of the mean values.

Both substrate temperature and dilution ratio affect the array
symmetry. Figure 3A is a phase diagram for array formation
with respect to substrate temperature and dilution ratio. The
dilution ratio,D, is defined asD ) Vether/(Vether+ Vtoluene), where
Vetheris the volume of dioctyl ether andVtolueneis the volume of
toluene. Figure 3B shows that the lattice constant depends
strongly on the dilution ratio. AsD is decreased from 1.0 to
0.2, the hexagonal lattice constant decreases from 13.7 to
5.8 nm (T ) 95 °C). With D e 0.1 only randomly scattered
particles were observed.

To determine if the cluster concentration affects array
formation, the atomic Au cluster concentration was varied by
diluting the cluster solution with dioctyl ether and then adding
an equal volume of toluene (i.e., keepingD ) 0.5). The Au
cluster concentration in dioctyl ether was varied from 0.1 wt %
to 0.02 wt % with∼0.02 wt % intervals; each solution gave
similar lattice constants. Therefore, the array lattice constant
does not depend on the concentration of Au clusters.

It is possible that the atomic Au clusters first nucleate in
solution and then deposit onto the grid. To test this, 1 mL of
Au cluster solution was diluted with 1 mL of toluene and heated
at 100°C in a flask to evaporation. The remaining brown residue
was redispersed in 1 mL of toluene by sonication. Large
polydisperse nonuniformly shaped nanoparticles were found in
the resultant solution as determined by TEM imaging of aliquots.
This suggests that the clusters do not nucleate/grow in solution
and subsequently deposit on the surface. Instead, the nanoparticle
arrays appear to form by Au cluster nucleation on the carbon
substrate. However, simply allowing the atomic Au cluster
solution to evaporate at room-temperature yields no nanopar-
ticles on the grid (see Figure 4A). Thus, array formation requires
elevated substrate temperature. To further test if the particles
“grow” on the surface or simply deposit as whole particles,

cluster solutions were heated for 4 min on grids then removed
from the heat and allowed to cool to room temperature. TEM
imaging of the sample (Figure 4B) showed that the shorter
heating time yielded underdeveloped particles but already
formed in a clearly defined hexagonal lattice. This shows that
the definition of lattice points precedes complete nanoparticle
formation. This conclusion is in contrast to the solvent drying-
mediated method where whole particles deposit from solution
onto a surface thus defining the lattice.

The array lattice constant is not significantly affected by the
alkanethiol length. Hexagonal lattices were obtained for each
Au cluster solution (lattice constants: octanethiol) 8.5 (
0.7 nm, dodecanethiol) 9.0 ( 0.1 nm) after 6 min of heating
on a grid with T ) 95 °C. Thus, the mechanism of array

Figure 1. UV-vis extinction spectra of Au cluster solutions in dioctyl
ether, prepared with octanethiol and dodecanethiol, show the same
absorption peak around 305 nm. The spectra were measured with
toluene dilution. The background absorption by dioctyl ether and
alkanethiols was subtracted. The arrow indicates the particle plasmon
absorption of the nanoparticle solution before digestion. Inset: TEM
image of∼6-nm-diameter dodecanethiol passivatied particles.

Figure 2. (A) Two-dimensional hexagonal Au nanoparticle lattice.
(B) A 2D Fourier transformation of the entire image (A). (C) Magnified
section of A. (D) Square Au nanoparticle lattice. (E) Au nanowires.
(F) Histogram of particle sizes for the hexagonal (particle diameter)
5.8 ( 0.4 nm) and square lattice (diameter) 10.5 ( 0.8 nm)
constructed from 300 particles in the TEM images. The solid line shows
a Gaussian best-fit.
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formation depends primarily on the substrate temperature and
dilution ratio.25

Discussion

Solvent drying-mediated self-assembly can be modeled as a
solution of hard spheres that undergoes an entropy-driven
disorder to order transition when the sphere volume fraction
becomes large.26-28 This mechanism does not apply here
because the lattice point definition precedes complete nanopar-
ticle formation during array development. One possible mech-
anism for array formation involves the Be´nard-Marangoni
effect, wherein a thin fluid layer heated from below supports
formation of stable spatial convection patterns when the liquid
temperature gradient exceeds a critical value.29-32 Although the
effect has been shown to form micrometer-sized hexagonal
morphologies in thin polymer films,33-35 it is unclear if the effect
can extend to the present size regime (∼10 nm lattice
constant).36-38 At present, our results are not sufficiently
restrictive to prove that nonequilibrium fluid flow dynamics

alone can give rise to the aforementioned mechanism of lattice
point and lattice symmetry formation followed by in situ
nanoparticle formation.

We consider a second possible mechanism involving the
temperature-dependent nature of the Au-thiol bond.39 Au(111)
surfaces covered by SAMs of dodecanethiol molecules have
been shown to form ordered structures when heated in variable-
temperature STM experiments.40,41Guo and co-workers noticed
the appearance of a “zebra-stripe” phase associated with the
reconstruction of the gold substrate when the sample was heated
to above 90°C.40 Furthermore, the phase change was initiated
by a relatively small temperature change of∼5 °C. In our
experiments, it is possible that the Au clusters uniformly coat
the surface (Figure 4A). Once the solution has evaporated (or
in the final phase of evaporation), the elevated temperature
causes a structural self-organization process facilitated by the
dodecanethiol molecules thus forming particle arrays.

A third possible mechanism relies on the amphiphilic nature
of the Au cluster (i.e., an Au core and alkane chain “surfactant”)
for array formation. Amphiphilic molecules with asymmetric
or dipolar interactions, including copolymers, are known to self-
organize into hexagonal symmetry or stripe patterns depending
on the temperature and the composition of the system.42,43

Specifically, an operative process could be analogous to the
“liquid crystal template mechanism”44 of silica-surfactant
composites, where the solvent evaporation-driven volume frac-
tion change causes phase separation and creates surfactant liquid
crystal structures that serve as organic templates to form ordered
inorganic structures.

It is also possible that there is a synergy of the aforementioned
mechanisms; particle array formation results from contributions
of each of the above mechanisms. Hosoi et al. modeled the self-
assembly of nanometer-sized (10-100 nm) two-dimensional
hexagonal and stripe arrays of diblock copolymers. They found
that array formation can be described by the relative contribu-
tions of four effects: Marangoni forces, solvent evaporation,
polymer-polymer interactions, and polymer diffusion.45 In this
context, dilution with toluene serves as a “spreading solution”
to help control the atomic cluster solution film thickness on
the surface.

In conclusion, ordered arrays of nanoparticles or nanowires
were formed from atomic Au cluster solution. Arrays with
hexagonal and square symmetries of round and square nano-
particles were selectively formed by controlling the substrate
temperature and solvent composition. It was shown that defini-
tion of the array lattice points precedes complete formation of
the particles, ruling out an entropy-driven “hard sphere”-type
self-assembly mechanism. We suggest that a synergy of three
temperature-dependent processes (structured hydrodynamics and

Figure 3. (A) Plot of lattice symmetry as determined by the dilution
ratio,D, and substrate temperature. “Wire&Hex” indicates the formation
of wires coexisting with spherical particles in a hexagonal array. “Null”
indicates that no ordered structures were found. (B) A plot of the
hexagonal lattice constant vs the dilution ratio,D.

Figure 4. TEM images of (A) a sample dried at room temperature (no heating), (B) sample with substrate heated at 95°C for 4 min, and (C) for
6 min. The inset in panel B shows the same sample under higher magnification.
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amphyphilic molecule-molecule and molecule-surface interac-
tions and structuring) is occurring. More precisely controlled
heating and evaporation conditions are required to establish the
operative mechanism. These studies are in progress.
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