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The assembly of nanoparticles is a crucial step toward their
integration within devices. Although self-assembly has been
widely studied, directing self-assembly into well-defined
orientations is still a major challenge.[1] This is particularly
interesting when assembling anisometric nanoparticles, such
as rods or wires, because of their anisotropic properties. For
example, gold nanorods display orientation-dependent opti-
cal response, because excitation of different localized surface
plasmon resonance modes occurs as a function of their
orientation.[2] In nanorod-pair systems it has been found that
interparticle distance and mutual orientation strongly affect
the overall optical response.[3, 4] Therefore, aligned nanorod
assemblies provide notably more interesting properties than
their corresponding random assemblies, but implementation
of nanoparticle assemblies into devices requires novel meth-
ods to achieve controlled organization over large (cm) areas.

The use of templates has been demonstrated as a useful
way to direct nanoparticle assembly. For example, gold
nanorods were shown to align along carbon nanotube
templates,[5] which was explained by enhanced van der
Waals interactions. Although this process works in solution,
it is difficult to implement on surfaces and it requires multiple
surface modification steps. Recent progress on evaporation-
driven self-assembly of binary systems[6] points toward
cooperative effects when different types of nanocrystals
(varying in size, shape, or composition)[7] simultaneously
self-assemble on a substrate, so that completely new ordered
structures can be achieved. However, binary self-assembly of
components with different sizes and aspect ratios (e.g.
spheres, rods, wires) can lead to an interesting scenario, in
which one kind of particles induces the spatial distribution of
the other.[8] Thus, novel structures with geometrical diversity
can be obtained over extended length scales. We present
herein novel binary systems, in which highly anisotropic gold

nanowires drive the oriented assembly of spherical and rod-
like gold nanoparticles into extended ordered arrays.

Gold nanospheres[9] (12.8� 0.8 nm in diameter), nano-
rods[10] (length: 37.7� 2.3 nm; width: 11.6� 0.7 nm), and
nanowires[11] (diameter: 1.6� 0.2 nm; length > 5 mm) were
prepared as previously reported (see representative images in
Figure 1). For gold nanowires (AuNWs) and nanospheres

(AuNSs), the as-prepared nanoparticles were washed with
methanol to ensure elimination of excess oleylamine (OA).
Prior to the assembly, the particles were redispersed in hexane
at a concentration of 3 mm in gold atoms. Transfer of gold
nanorods (AuNRs) from aqueous to organic solvents required
applying a ligand-exchange procedure in which the cationic
surfactant (cetyltrimethylammonium bromide; CTAB) was
first displaced by dodecanethiol (DDT)[12] and the DDT-
capped AuNRs were then soaked in a concentrated solution
of oleylamine, washed, and redispersed in THF at a concen-
tration of 3 mm (see Experimental Section for details).
Optical characterization of the stock solutions confirmed
the colloidal stability of all individual nanoparticles, as
indicated by the absence of band broadening, which would
be an indication of plasmon coupling (Figure S1 in the
Supporting Information).

Binary self-assembly was initially carried out by drop-
casting and controlled evaporation on solid substrates, such as
glass or carbon-coated TEM grids.[7, 8] However, we also
explored a recently reported method for interfacial self-
assembly of nanocrystals,[13] in which nanoparticles were
organized from a dispersion in hexane, through rapid
evaporation on a liquid diethyleneglycol (DEG) subphase.
Typically, a hexane solution containing the mixture of AuNWs
and either spheres or rods was deposited on the selected
substrate, and the droplet was allowed to evaporate under
ambient conditions (10 s–10 min), leading to a change of the
initial red color into purple/blue upon complete solvent
evaporation (see Supporting Information video).

Figure 1. Representative TEM images of gold spheres, rods, and wires
used as building blocks for the formation of binary assemblies upon
solvent evaporation. Scale bar: 50 nm.
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As shown in Figure 2, the organization of both spheres
and rods in the presence of NWs largely differs from that
formed from their respective homogeneous solutions
(Figure 1). AuNSs and AuNRs are efficiently incorporated
within AuNW bundles formed upon drying,[14] which trap the
small particles in a very efficient manner.

The incorporation of small particles between AuNWs was
found to be independent of the nature of the substrate, but the
final morphology of the assemblies, in particular for spheres,
does rely on the specific substrate used. High-aspect ratio
bundles containing nanoparticles between the wires were
mostly obtained on solid substrates (Figure 2a,b), while self-
assembly on a liquid subphase generally resulted in extended
monolayers (ca. 1 cm2, Figure 2c). This behavior can be
related to the low polarity of DEG and its miscibility with
oleylamine, which can facilitate the diffusion of the particles
into the subphase.[15] The oriented templating character of the
nanowires during the assembly is particularly visible in the
case of AuNRs, which get organized into aligned stripes
(regardless of the substrate), with tip-to-tip mutual orienta-
tions, and parallel to the long axis of the AuNWs over several
micrometers (Figure 2b and S2).

The binary nature of the assemblies determines that the
density of the assembled particles within AuNW bundles can
be controlled through the relative nanoparticle concentration
in solution. This was demonstrated by varying the amount of
spheres/rods (from 0.025 mm to 0.25 mm) at constant nano-
wire concentration (0.15 mm), which resulted in an increased
loading density, as shown in Figure 3. We found that droplet
formation (on solid substrates), solvent properties, and the
chemical nature of the capping agent are all very important
for successful growth of binary assemblies. Both drop-casting
the colloidal mixture onto a TEM grid supported on filter
paper, and dipping the grid in the colloid, resulted in random
distribution of the particles (Figure S3). Additionally, if

toluene rather than low-boiling point solvents (pentane,
hexane, heptane) was used, separate distributions of small
particles and wires were obtained (Figure S4). Similar obser-
vations were reported by Murray and co-workers for their
binary assemblies on liquid substrates.[13] Finally, we also
found that the presence of a certain excess of oleylamine in
solution was needed to achieve the assembly, in particular for
the NRs/NWs system. The assembly of AuNRs required
sequential ligand exchange, involving CTAB replacement
with thiolated polyethylene glycol (PEG)[16] and PEG
replacement with DDT[12] (Experimental Section). Binary
assembly was attempted using AuNRs@PEG and
AuNRs@DDT, for various concentrations of OA in solution.
PEG-capped AuNRs failed to assemble in the presence of
AuNWs (Figure S5a,b), even with excess oleylamine, suggest-
ing that the long polymer (PEG) sterically hinders the
adsorption of the short aliphatic chains from OA on the
nanowires. However, incorporation of an alkanethiol (DDT)
on the gold nanorods surface by (partial) PEG removal,[17]

allowed binary assembly, but only with OA present in solution
(Figure S5c). Although the amine groups from oleylamine
have lower affinity to gold than the thiol groups from DDT or
PEG, these observations are in agreement with earlier reports
regarding the importance of free excess ligand (mainly thiols)
toward binary system formation.[18–20] We hypothesize that the
similar length of DDT and OA aliphatic chains allow
interdigitation, thereby stabilizing the binary assemblies.[21,22]

O�Brien and co-workers suggested that such ligands (organic

Figure 2. SEM images of gold spheres (a) and rods (b), embedded in
AuNW bundles, upon drying on a solid substrate. c) Arrays of nano-
spheres induced by flexible AuNWs, obtained by self-assembly on a
liquid subphase (DEG). Scale bars: 200 nm.

Figure 3. TEM images of binary assemblies containing different
amounts of spheres (a,c,e) and rods (b,d,f), at constant nanowire
concentration. Increased nanoparticle loading was obtained by increas-
ing the concentration ratio between spheres/rods and wires.
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polar molecules) act as high boiling point solvents, capable of
confining nanoparticles into slowly evaporating droplets,
thereby elongating the time needed for crystal formation.[18]

In addition, Prasad et al. claimed that during crystal forma-
tion, free molecules get “excluded” as the particles come
together and then trapped at interstitial sites within the
superlattices.[20] This in turn is related to the observation by
Manna and co-workers[21] that addition of OA to a dispersion
of semiconductor nanorods resulted in side-to-side interac-
tions driven by depletion forces. In sum, besides the complex-
ity derived from the non-equilibrium nature of evaporative
self-assembly, these systems add additional intricacy because
of extreme deviation from the spherical shape of one of the
components. We thus expect a complex balance between
different driving forces such as core–core and ligand–ligand
van der Waals forces[23] or even depletion forces.[21]

Generally, self-assembly on solid substrates is driven by
capillary flow in the drying droplets, due to compensation of
the rapid solvent evaporation at the contact line, by outward
flow from the central part toward the perimeter of the drop.[24]

This flow can direct the nanoparticles toward the edges, where
they get accumulated/assembled. In our case, the solvent
(hexane, ca. 10 mL) evaporates within a few seconds, thus
minimizing the time allowed for particles to flow toward the
edges. We propose that the distribution of the binary system
over the entire surface of the dried droplet is nearly
homogeneous (which is reflected in a uniform coloration of
the films),[25] and that intercalation of the small particles
between the wires in the fast evaporating mixture is driven by
entropy.[7, 23] In addition, the nucleation of binary crystals in
this process is likely to occur simultaneously at multiple sites
during drying, which would explain the preferential formation
of bundles rather than a perfectly uniform monolayer.

On the other hand, self-assembly on a liquid subphase
leads to the formation of extended monolayers, in accordance
with an assembly mechanism driven by convective flow.[26] In
this process, the height of the colloidal suspension (hexane, ca.
1 mL) covering the liquid substrate is always thinner at the
center of the well and gradually becomes thicker with radial
distance, toward the periphery of the well (see Supporting
Information movie). Thus, the concave hexane droplet
evaporates faster in the middle, leading to an inward flow
that carries the particles toward the growing monolayer.
Again, we expect the particles intercalation between NWs to
be an entropy-driven process. The main advantages of
carrying out the self-assembly from the concave droplet on
the liquid substrate arise from the following issues: 1) the
“dynamic” subphase can adapt itself to the above-formed
superlattice; 2) diffusion of particles along the interface is
facilitated by miscibility of the capping agent (OA) with the
liquid subphase; 3) solvent evaporation rate permits a better
control over feeding of ordered domains with new particles.

The optical properties of the binary assemblies were
analyzed for samples prepared at liquid interfaces, because of
the better quality and extension of these systems (Figure 4).
We thus transferred assembled nanoparticles from the liquid
to a glass substrate by means of the Langmuir–Schaefer
technique,[26] that is, by simply touching the hydrophobic
surface containing the nanoparticles with a glass slide and

lifting it from the subphase (Figure 4). We first investigated
the NW–NS binary system, for which the plasmon band
mostly originates from the spheres, because the ultrathin
wires display no plasmon resonance in the visible region.[14] It
should be noted that the interparticle spacing between AuNSs
parallel to the long axis of the AuNWs is smaller (1.5�
0.4 nm) than that in the perpendicular direction (5.2�
1.0 nm; Figures 3 and 4). These small interparticle distances
promote strong plasmon coupling and therefore red-shift of
the plasmon band.[27] However, the dielectric constant near
the particles is also increased due to the presence of the
AuNWs, which could also contribute to the red-shift. The
AuNS plasmon band, initially located at 523 nm (Figure 4a,
spectrum 1), was red-shifted by 50 nm upon binary assembly
(Figure 4a, spectrum 3). This plasmon shift is in agreement
with reported results for 2D superlattices made from DNA-
capped gold nanoparticles, also featuring dissimilar interpar-
ticle distances in different directions.[28] Stronger optical
changes were observed in hexagonal superlattices arising
from self-assembly of the AuNSs alone, in which the
interparticle distance was equally short in all directions
(1.5� 0.4 nm; Figure 4). The plasmon band was then red-
shifted by 115 nm (Figure 4a, spectrum 2), in agreement with
literature values.[29] These observations confirm the well-
known result that small changes in the separation between
AuNSs drastically affect their collective optical response, in
such a way that it can even be detected by the naked eye.

Figure 4. Vis/NIR spectra of assembled gold nanospheres (a) and
nanorods (b) on a liquid subphase, using nanowires as templates.
Spectra 2 and 5 correspond to assemblies made from spheres and
rods alone, respectively. The right panel shows digital photographs
and corresponding representative TEM micrographs of nanoparticle
assemblies transferred onto glass slides, demonstrating the various
colors for the different assemblies, as well as for a solution of spheres.
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When gold nanorods were assembled within AuNWs, both
the transverse and longitudinal plasmon bands became
notably broadened, again due to plasmon coupling (Fig-
ure 4b, spectrum 4). Whereas the transverse plasmon band
(TPB) was red-shifted by 47 nm, the maximum of the
longitudinal plasmon band (LPB) remained apparently
unchanged but the band was significantly broadened. It has
been shown that in the AuNR-pair system, side-to-side
interactions lead to a red-shift of the TPB and blue-shift of
the LPB, while tip-to-tip arrangements would red-shift both
bands.[3, 30] In our multiparticle system, although the AuNRs
tend to form oriented arrays, many different mutual orienta-
tions and separations are possible, the result being partial
cancellation of the plasmon shifts and broadening because of
the wide variety of “coupled resonances”. Pure AuNR
monolayers also showed larger optical changes (Figure 4b,
spectrum 5). The TPB red-shifted 65 nm, while LPB shifted
150 nm, both with significant broadening, because of strong
plasmon coupling at smaller interparticle distances (3.3�
0.7 nm side-to-side, Figure S6), as compared to those in the
binary system (6.5� 1.9 nm). As expected, the gaps in tip-to-
tip direction were found to be essentially equal for both
assemblies (3.4� 0.7 nm).[31]

In conclusion, we have shown that gold nanowires can
induce the assembly of nanospheres and nanorods into
ordered arrays when oleylamine is present on their surfaces
and in solution. Moreover, nanowires can tune distances
between nanoparticles, thereby altering the overall optical
response of the film, as observed by naked eye. These
examples raise new promises in bottom-up fabrication,
especially for sensing or optoelectronic devices, where
controlled interparticle separation is required. Future pros-
pects envisage the use of magnetic or semiconductor nano-
crystals, with the possibility of tuning their optical or magnetic
response. Additionally, the thermal instability of the templat-
ing nanoparticles allows post-synthetic transformations, as a
response to external stimuli (Supporting Information, Fig-
ure S7).

Experimental Section
Nanocrystal synthesis: AuNWs and AuNSs were synthesized accord-
ing to procedures described in the literature.[9,11] Particles were
washed in methanol and redispersed in hexane ([Au] = 3 mm).
AuNRs were prepared by seeded growth.[10] Dispersion of AuNRs
in organic solvents required stepwise surface functionalization. As-
prepared AuNRs (30 mL; [CTAB] = 0.1m ; [Au] = 0.5 mm) were
centrifuged (8000 rpm, 40 min) and redispersed in 30 mL of 0.015m
CTAB solution, followed by centrifugation and redispersion in 25 mL
of water. To this mixture, 5 mL aqueous PEG-SH solution (20 mol-
eculesnm�2 of particles) was added drop-wise under vigorous stirring.
The solution was then washed twice by centrifugation (8000 rpm,
40 min) and redispersed in 5 mL ethanol. The AuNRs@PEG solution
(5 mL) was added drop-wise to 5 mL THF, containing DDT
(400 moleculesnm�2 of particles) and the mixture was sonicated for
1 h and incubated overnight, followed by twofold washing and
redispersion in 5 mL THF. Subsequently, 5 mL of OA solution (4 mL
of THF and 1 mL of 80% OA) was added drop-wise under sonication
to 5 mL of AuNRs@DDT (THF). After 1 h sonication and overnight
incubation, they were centrifuged and redispersed in THF ([Au] =
3 mm). Prior to self-assembly, the particles binary mixtures (2 mL)

were prepared containing AuNWs (0.15 mm) and AuNSs/AuNRs with
appropriate concentrations (0.025 mm, 0.1 mm, or 0.25 mm).

Self-assembly: Binary assembly on solid substrates (carbon-
coated nickel TEM grids supported on glass) was obtained by drop-
casting 10 mL of the binary mixture. In the course of 10 s the droplet
was totally dried. To prepare binary assemblies on liquid substrates,
1 mL of the binary mixture was spread on the DEG surface inside a
Teflon well. The well was covered with a glass slide and hexane was
allowed to evaporate (ca. 10 min). To transfer the binary systems, the
superlattice film on the DEG surface was lightly touched by the solid
substrate (carbon-coated nickel TEM grid or glass slide) and gently
lifted. The substrates were dried on filter paper.

Instrumentation: Optical characterization was carried out by UV/
Vis/NIR spectroscopy with a Cary 5000 spectrophotometer. TEM
images were obtained with a JEOL JEM 1010 transmission electron
microscope operating at an acceleration voltage of 100 kV. SEM
images were obtained using a JEOL JSM-6700F FEG microscope
operating at 3.0 kV for secondary electron imaging (SEI).
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