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Oriented Assembly of Gold Nanorods on the

Single-Particle Level

Cyrill Kuemin, Lea Nowack, Luisa Bozano, Nicholas D. Spencer, and Heiko Wolf*

Non-spherical colloidal nanoparticles have great potential for applications
owing to their enhanced directional properties. However, the lack of methods
to precisely assemble them on surfaces has hindered exploitation of their
properties for planar devices. Here, the oriented assembly of short gold
nanorods with lengths below 100 nm from colloidal suspensions is demon-
strated. A locally induced phase transition confines the colloidal nanorods at
a receding three-phase contact line that is controllably moved over a nano-
structured surface in a capillary assembly process. Dedicated topographical
trapping sites allow for aligned assembly of the nanorods on the single-
particle level. The feasibility of this method is demonstrated by assembling
nanorods into long-range-ordered, non-close packed arrays that could serve
as anti-counterfeit labels by virtue of their distinct optical appearance in

the far-field. Furthermore, oriented nanorod dimers that are deterministi-
cally assembled have the potential to function as nano-plasmonic antenna

devices.

1. Introduction

Wet-chemically synthesized nanoparticles play an important
role in the advancement of nanotechnology. In particular,
shape-anisotropic metal nanoparticles have been investigated
most thoroughly owing to their intriguing combinations of
tuneable physicochemical properties.l'™ Colloidal gold nano-
rods are commonly obtained by seed-mediated synthesis
using cetyltrimethylammonium bromide (CTAB) as a growth-
directing ligand.l!l The tuneable aspect ratio of the nanorods,
intimately linked to their optical properties, and the pos-
sibility to spatio-selectively alter the surface properties by
ligand substitution,!'%!) have moved gold nanorods into the
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focus of current research aiming at the
bottom-up creation of novel materials
and devices by self-assembly. As a con-
sequence of their anisotropy, colloidal
nanorods are subject to directional inter-
actions, providing a handle for tuning
the nanoscale forces that govern self-
assembly processes.['Zl Most importantly,
the capability of oriented assembly will
potentially allow the unique directional
properties of gold nanorods to be har-
nessed, both on the single-particle level
and in ordered assemblies.

Many self-assembly processes in solu-
tion have recently been developed toward
this goal. For example, oligonucleotide-
functionalized gold nanorods have been
demonstrated to self-assemble into
extended crystals upon addition of DNA
linkers. The linker length is by far the
major factor controlling the lattice para-
meters.['|Long-range orientational orderhasalsobeen obtained
by dispersing nanorods in aligned liquid-crystal hosts.[* Not
only the rod-like shape but also the patchiness of the nanorod
surface has been used to induce directional interactions.['>10l
Hydrophobic interactions between polystyrene chains teth-
ered to the ends of otherwise hydrophilic nanorods have
been shown to trigger self-assembly in selective solvents.['1:17]
While these approaches demonstrate oriented assembly in
solution, many nanorod-based applications require ordered
nanorod assemblies on substrates. Examples include bio-
sensors,!'8] metamaterials!®! and optical nano-antennas for
white-light generation,?l photon steering,???l and trapping
of nanoparticles!?¥! or Escherichia coli bacteria.l Strikingly,
devices that require long-range ordered, oriented arrange-
ments of nanorods have so far been fabricated by top-down
approaches, because self-assembly methods including directed
self-assembly approaches that use static or dynamic electric
fields,?>2¢) molecular scaffolds,?”] interfacial®® or other types
of templates, have not yet advanced to the required level of
placement and alignment precision. However, top-down fab-
ricated devices suffer from limited resolution, little control
over the surface chemistries, as well as structural imperfec-
tions (polycrystallinity, roughness) that directly corrupt the
device performance.?*3% To overcome these limitations, a
patterning process is proposed, which employs top-down-
fabricated nanostructured templates for the oriented assembly
of bottom-up synthesized, colloidal gold nanorods.
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2. Results and Discussion

2.1. Phase-Transition-Mediated Confinement of Nanorods

The proposed patterning method relies on the strong spatial
confinement of the nanorods at the three-phase contact line of
a colloid drop that is placed and slowly moved (velocity v = 0.5—
1 ums™) over a nanostructured template surface in a capillary-
assembly process (see Experimental Section for details).31-3%]
Colloidal suspensions of cetyltrimethylammonium bromide
(CTAB)-stabilized gold nanorods with approximate dimensions
of 25 nm x 80 nm are considered. The concentration of CTAB,
which also serves as cationic surfactant, is adjusted to ccrap =
0.9 mM, resulting in a meniscus profile as schematically
depicted in Figure 1a and an initial contact angle of 50 + 3°
when hydrophobic poly(dimethylsiloxane) (PDMS) templates
are used. CTAB is also adsorbed on the nanorod surface as a
self-assembled bilayer that exposes positively charged ammo-
nium ions to the liquid phase.?®l In this way, CTAB induces
electrical-double-layer forces that provide colloidal stability.

Initially, the nanorods undergo rapid rotational and transla-
tional diffusion in the bulk as well as near the receding three-
phase contact line, where the latter is evidenced by microscopic
examination. To suppress the randomizing effect of Brownian
motion—a requirement for high-yield assembly®4—the nano-
rods are subject to a two-step confining procedure as the colloid
drop moves over the template surface. In the first step, where
the temperature of the colloidal suspension is maintained at
30-35 °C, a convective flux of liquid toward the three-phase con-
tact line is established by controlled evaporation of water from
the meniscus. The nanorods are sufficiently large to experience
the long-range hydrodynamic force-field superimposed on the
stochastic Brownian forces. In effect, nanorods accumulate near
the three-phase contact line (Figure 1a, left). The formation of
a high-concentration zone, which we termed the accumulation
zone, can be observed microscopically by an increase in the
intensity of red light resonantly scattered from the nanorods
under dark-field illumination. The fluctuating scattered inten-
sity (see Supporting Information Movie)—and the fact that the
accumulation zone appeared identical when viewed through a
polarizer at different orientations—suggest that the nanorods
are in an isotropic phase at this stage. Figure 1b (left) shows a
dark-field optical microscopy image of the meniscus area with
an isotropic accumulation zone.

In the second step of the confining procedure, the accu-
mulated nanorods in the isotropic state are subject to a phase
transition, effected by increasing the colloid temperature to
50-55 °C (Figure 1a, right). As the colloid temperature and the
liquid flux are connected by a power law, the nanorod volume
fraction at the contact line rapidly increases.** Eventually,
a second phase nucleates at the contact line and grows into
ordered domains separated by a distinct phase boundary from
the isotropic phase toward the bulk. The dark-field images in
Figure 1b (right) show these domains. Thermal cycling nucle-
ates and dissolves the domains, which indicates the presence of
equilibrium phases. Furthermore, the domains exhibit striking
optical anisotropy, changing their color from orange-red to
green when viewed through a polarizer at 0° to 90° orientation
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Figure 1. Phase transition-mediated confinement of nanorods. a) A col-
loid drop (red) is moved over the template (blue) at a velocity v. Water
evaporates from the meniscus as a result of the heat Q supplied to the
colloid. Convection causes transport of the dispersed nanorods to the
three-phase contact line, where an accumulation zone is formed. Raising
the colloid temperature by AT increases the nanorod concentration, and
leads to a phase transition near the contact line and confines the nano-
rods. b) Dark-field optical microscopy images of the accumulation zone
in the isotropic phase [ (left) and the solid phase S (right). The solid
domains extend from the contact line to the phase boundary; both are
set in focus in the two images. c) The domains appear orange-red or
green when viewed through a polarizer depending on the relative orien-
tation of the transmission direction to the orientationally ordered nano-
rods that comprise the domains. The scale bars are 25 um. The electron
microscopy image shows the ordering of the nanorods in the dry state
(scale bar: 200 nm).

with respect to the contact line, indicating orientationally
ordered nanorods.

Colloidal suspensions of rod-like particles have indeed been
observed and predicted to exhibit rich phase behaviour owing
to excluded-volume effects that are a direct consequence of the
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particle anisotropy.l’” Computer simulations
of hard spherocylinders as model particles (I:
length of the cylinder, D: diameter of the cyl-
inder) predict a coexistence region of an iso-
tropic with an orientationally ordered, crystalline
solid phase at shape anisotropies & < 3.1.1¢]
To account for the presence of charges on the
particle surface, effective dimensions have
recently been computed for charged sphero-
cylinders.? The corresponding phase dia-
gram has been assumed to follow from hard
spherocylinders with effective dimensions.
Essentially, charged spherocylinders behave
less anisotropically than their hard counter-
parts. The CTAB-stabilized gold nanorods
considered in this work have a shape anisot-
ropy + = 2.2 and the screening length of the
aqueous dispersant during the observed phase
transition is estimated to be k! = 6.5 nm
(see Supporting Information). The electrical
double layer is thus strongly compressed, the
effective shape anisotropy of the charged nano-
rods differs little from the hard-core value and
the corresponding phase diagram predicts a
phase transition from the isotropic phase I to
an orientationally ordered solid phase S. The
prediction of an orientationally ordered phase
is in accordance with the observed optical ani-
sotropy of the domains. Based on this obser-
vation, the plastic solid phase, which exhibits
positional but no orientational order, has been
precluded. Liquid-crystalline phases, which
also exhibit optical anisotropy, are expected
only in suspensions of rods with higher
shape anisotropy. Within the domains, the nanorods are aligned
along a common director. Moreover, the color of the domains,
when viewed through a polarizer, reveals the orientation of the
director, because the light scattered from the gold nanorods is
perpendicularly polarized with a transversal (green) and a longi-
tudinal component (red). Thus, the domains shown in Figure 1c
are predominantly aligned parallel to the contact line, whereas
the green domains in the dark-field images of Figure 1b taken
without the polarizer indicate upright-oriented nanorods. Upon
complete drying of the dispersant, the nanorods have, at least
partially, retained the ordered state as evidenced by SEM imaging
(see Supporting Information Figure 2) and previously reported
in drying-mediated self-assembly processes.?®l

2.2. High-Yield Oriented Assembly

The liquid-air boundary associated with capillary forces and the
mutual confinement within the three-dimensionally ordered
domains strongly reduce the mobility of the nanorods at the
three-phase contact line, providing favorable conditions for high-
yield capillary assembly. Oriented assembly of gold nanorods
is achieved by moving the solid domains, shown in Figure 1b
and c, over nanostructured templates that have arrays of 37 *
2 nm deep, topographical capturing features, denoted as linelets
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Figure 2. Aligned nanorods in recessed linelets in PDMS templates. a) Gold nanorods are
arranged to display the STOP Ampelmann, which is 50 pm x 60 um in size. The arrows indi-
cate the traveling direction of the meniscus in the assembly process. The nanorods, which
constitute the individual pixels of the image, are placed with single-particle resolution in line-
lets measuring 50 nm x 140 nm in size. The assembly yield is larger than 95%. The pixels are
separated by 500 nm. The round holes placed next to the linelet array serve as pinning features.
b) Dark-field optical microscopy images of the WALK Ampelmann were recorded through a pola-
rizer. The pixels change their color from green to red as the polarizer is rotated by 90°. The scale
bars are 10 pm. (The AMPELMANN is a registered trademark of the AMPELMANN GmbH.)

in the following, on their surface (see Experimental and Sup-
porting Information for details on design and fabrication). To
this end, the forced phase transition is synchronized with the
moving contact line approaching an array of linelets. Impor-
tantly, the capillary forces at the receding liquid-air interface
have to be sufficiently strong to maintain the domains in the
wet state and to avoid non-specific deposition of nanorods. This
condition is met on hydrophobic PDMS with its low surface
energy y= 22 m] m~240 We measured receding wetting angles
of 35 £ 3°, which indicates that dragging the domains across
the surface is subject to significant frictional forces.

Under these process conditions, the confined nanorods
assemble inside recessed linelets having lateral dimensions of
52 £ 3 nm x 138 £ 3 nm (designed dimensions: 50 nm x 140 nm)
and a depth of 37 + 2 nm. Figure 2 shows long-range ordered
arrays of aligned nanorods, arranged to display the Berlin STOP and
WALK Ampelmann. These two traffic light figures were
assembled by moving the contact line along the direction indi-
cated by the white arrows. Figure 2a shows a dark-field optical
microscopy image of the STOP Ampelmann and a detail of its
head. Individual gold nanorods, which strongly scatter red light,
constitute the discernible pixels. The assembly yield, as deter-
mined on the part of the array that defines the head, is greater
than 95%. The bright white spots indicate nanorod dimers. The
electron microscopy image demonstrates that the nanorods were
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placed in an oriented fashion with single-particle resolution.
Figure 2b displays the WALK Ampelmann, imaged through
a polarizer at different orientations (90° and 0°) relative to the
long axis of the linelets. On the left, the polarizer is oriented par-
allel to the short axis of the assembled nanorods. Thus, green
light that couples to the transversal plasmon resonance is trans-
mitted through the polarizer and vice versa for the “red” WALK
Ampelmann. The weak green background is a result of the long
exposure time (~800 ms) needed to record the image. The narrow
distribution of the orientation of the assembled nanorods is man-
ifested in the predominance of either the green or red color. Only
a few pixels have the “wrong” color due to their misorientation.

Initially, we hypothesized that high yields can only be
obtained when the long axis of the linelets is oriented parallel
to the moving contact line, because the first rows of nanorods
at the meniscus are always found being aligned parallel to the
contact line (see Supporting Information Figure 2). However,
we observed that the nanorods assemble in both the parallel
and perpendicular linelets with similar yields. During capillary
breakup, when the contact line is being ripped away from the
linelet, the assembling nanorod must experience an angular
constraint which aligns it into the corresponding linelet.
Hence, the pre-alignment of the nanorods in the solid domains
is not a prerequisite for successful assembly whereas the dense
packing is essential. Virtually no nanorods assembled from an
isotropic accumulation zone. Figure 3a shows electron micro-
scopy images of nanorods, which were co-assembled in 0°- and
90°-linelets. In terms of the resulting assembly yield, it is crit-
ical to have sufficiently large linelets in order to induce contact
line pinning. (50 nm x 140 nm)-linelets provide high assembly
yields whereas low yields result when the meniscus is moved
over an array of (40 nm x 100 nm)-linelets.

a

Linelet size:50 nm x 140 nm Orientations: 0° and 90°

Figure 3. Co-assembled gold nanorods with two orientations. a) Elec-
tron microscopy images of gold nanorods aligned in linelets, which are
oriented parallel or perpendicular to the receding contact line during
assembly. The white arrow indicates the traveling direction of the contact
line. b) Gold nanorods printed from (50 nm x 140 nm)-linelets in PDMS
onto PMMA-coated silicon substrates. The nanorods retain their relative
position and alignment upon printing. The scale bars are 500 nm.
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To quantify the accuracy of alignment, we analyzed the orien-
tational distribution of nanorods assembled in the two popula-
tions (0°- and 90°-orientation). For this purpose, the assembled
nanorods were transferred to PMMA-coated silicon substrates
by microcontact printing.’l The presence of a stiff, conducting
substrate was necessary to enable high-resolution electron
microscopy imaging of the nanorods. Figure 3b shows an
array of printed gold nanorods. Using electron microscopy and
image-analysis software, the alignment angle o of the assem-
bled nanorods can be determined (see Supporting Information).
The histograms in Figure 4 show the orientational distribution
of the assembled nanorods. The number of nanorods (occur-
rence) at varying alignment angles o is plotted. The histograms

Linelet orientation

0° 90° @a
=
a
60 60
Y
§ 40 40
5
g 20 20
0
«15° 0> 15° 75° 90° 105°
b
60
g
5 40
5
g 20
0
-15° 0° 15° 75° 90° 105°
c
100 1001
80 80
o 4
5 60 60 1
£ ]
O 40 40 1
o 4
20 20 1
i
0 - 0
-15° 0° 15° 75° 90° 105°

Alignment angle a Alignment angle o

Figure 4. Orientational distributions of aligned nanorods. The distribu-
tions of the alignment angle o of nanorods assembled in a) (50 nm x
140 nm)-, b) (50 nm x 120 nm)-, c) and (50 nm X 100 nm)-linelets. The
histograms on the left/right include the nanorods in the 0°/90° linelets,
respectively. The width of the histogram bars is 5°.
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are centred near the target orientations 0° (left histograms) or
90° (right histograms) and decay quickly for alignment angles
o larger than 15°. There is no clear trend toward a more narrow
distribution for either of the two target orientations for any
linelet size. However, shorter linelets provide a stronger angular
constraint on the assembling nanorods as indicated by the nar-
rower distribution of the histograms in Figure 4c. As derived
from the data in the histogram at the bottom left, 80% of the
nanorods in the (50 nm x 100 nm)-linelets at 0° orientation,
assembled with an alignment angle between —7° and 7°.

2.3. Deterministic Assembly of Nanorod Dimers

Besides sparse arrays, the presented method also allows the
assembly of complex multi-particle structures, for example
arrays of oriented nanorod dimers in a co-aligned configura-
tion. Deliberately assembled dimers are obtained with linelets
that measure approximately 50 nm x 200 nm in size. Upon
drying, capillary immersion forces push apart the two assem-
bling nanorods.*!] Gaps result, whose width depend on the
actual length of the nanorods and the linelet. Figure 5a shows
assembled dimers, which can also be printed on silicon with a

Linelet size: 50 nm x 200 nm

Figure 5. Assembled and printed nanorod dimers. a) A single nanorod
(25 nm x 80 nm) and two nanorod dimers assembled in an oriented fashion.
The scale bar is 200 nm. b) Arrays of self-assembled nanorod dimers inte-
grated onto silicon substrates by microcontact printing. The inset shows a
dark-field optical microscopy image of the same dimers. The scale bar is

200 nm. c) A selection of close-packed 30 nm x 85 nm-nanorod dimers in
an end-to-end configuration with narrow gaps. The scale bar is 7100 nm.
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30-nm PMMA adhesion layer (Figure 5b). In the inset, a dark-
field optical microscopy image of the same dimers is shown.
The variations in the aspect ratio of the nanorods, the gap
width, as well as the relative orientation, affect the hybridiza-
tion of the localized surface plasmons and thus their scattering
properties.[*?l The field enhancement in the gap of spaced nano-
rods makes dimers interesting for applications in plasmonics,
spectroscopy and nanoelectronics.2023244344  Targer rods
(30 nm x 85 nm) often assemble into close-packed dimers in an
end-to-end configuration, where the gap width is defined by the
thickness of the CTAB shell. Capillary forces do not separate
the rods, but rather push them together in this case. Figure 5c
shows a selection of such nanorod dimers, printed from
50 nm x 200 nm-linelets in PDMS onto PMMA-coated silicon.
Frequently, misaligned nanorods were found. By virtue of the
narrow gap width, applications in molecular electronics can be
envisioned.[*>46]

3. Conclusions and Outlook

The oriented assembly of shape-anisotropic nano-objects has
been a heavily studied topic in nanotechnology research. Mean-
while, the development of methods to align carbon nanotubes
or silicon nanowires has marked milestones in the field.**8l
In this paper, we have shown that significantly shorter, shape-
anisotropic gold nanorods can be assembled in an oriented
fashion, too, by combining top-down surface patterning with
a directed self-assembly process. A thorough understanding
of the involved phases during assembly has been critical to
bias the process toward high assembly yields, while carefully
designed assembly templates have afforded oriented assembly
and single-particle resolution. By virtue of the placement and
alignment capabilities, nanorod arrays have been fabricated
with an unprecedented freedom of design, where the direc-
tional optical properties of the gold nanorods can be harnessed.
The possibility to transfer the assembled arrays by a printing
technique makes the process very versatile with respect to
the integration of the nanorods into a device. Furthermore,
it should be feasible to apply this assembly method to other
shape-anisotropic particles, for example to silver or semicon-
ductor nanorods, as capillary forces are not selective for gold
nanoparticles. Combining different particle materials and sur-
face chemistries with the alignment capabilities should enable
interesting follow-up studies at the forefront of exploratory
research in nanotechnology.

4. Experimental Section

Template  Fabrication: ~ Nanostructured  templates  for  the
oriented assembly of nanorods were fabricated by molding liquid
poly(dimethylsiloxane) (PDMS) against a patterned silicon master,
fabricated by electron-beam lithography (x'lith GmbH, Ulm, Germany;
see Supporting Information for details on pattern design and
fabrication). The composition of the PDMS and the replica-molding
process have been published previously.l*’] Briefly, liquid pre-polymer
was sandwiched between the patterned master and a display glass
backplane. After curing (48 h, 60 °C), the glass-supported template was
manually peeled off from the master. Glass-supported templates were
then placed in ethanol for 5 minutes in an ultrasound bath to release

Adv. Funct. Mater. 2012, 22, 702—-708
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the PDMS template, which was subsequently placed on a silicon carrier
and dried for 30 min at 25 mbar. The presence of a silicon surface
underneath the transparent PDMS template enhanced the visibility of
the patterned area and the nanorods at the meniscus area under dark-
field illumination during assembly.

Preparation of Colloidal ~Suspensions: Colloidal suspensions of
gold nanorods were purchased from Nanopartz Inc. (Loveland, CO,
USA). The colloidal suspensions contain an unknown amount of
cetyltrimethylammonium bromide (CTAB). Therefore, the suspensions
were centrifuged (5000 rpm, 10 min) and the supernatant replaced by
a CTAB solution of known concentration (ccrag = 0.9 mM). Colloidal
suspensions of gold nanorods in 0.9 mM CTAB solutions were filtered
using Millex-LG, 0.2-um, hydrophilic PTFE pore filters (Millipore, Zug,
Switzerland). The filtrate was then centrifuged and the appropriate
volume of supernatant removed, to adjust the concentration of the
nanorods to cyg = 10'2 mL™". The Supporting Information Figure 3 gives
the optical extinction spectrum of the colloidal nanorod suspensions.

Two-step Confinement and Capillary Assembly of Nanorods: Capillary
assembly of nanorods was performed with a home-built tool, in which
the temperature of the colloidal suspension and the velocity v at which
the meniscus moves over the template surface can be controlled. The
assembly templates were fixed onto a Peltier element, which itself was
mounted on a linear translational stage. To carry out an assembly run,
150 uL of colloidal suspension were injected between the template
and a stationary silicon slide, which was mounted approximately
1.2 mm above the template. The silicon slides were hydrophobized with
dodecyltrichlorosilane (97%, ABCR, Karlsruhe, Germany), adsorbed
from the gas phase (10 min, 200 mbar). To ensure completion of the
monolayer formation, samples were placed in an oven (1 h, 40 mbar,
80 °C). The silicon slide held the dispensed drop of colloidal suspensions
as the assembly templates were moved underneath the colloid drop.
To account for changes in the relative humidity in the ambient air, the
temperature of the colloidal suspension during the two-step confining
procedure was adjusted relative to the dew-point temperature Ty,. The
experimental setup, mounted on the table of an optical microscope,
allowed for visual inspection of the meniscus area from above. Wetting
angles were determined on images of the meniscus profile, recorded
with a digital camera attached at the side of the setup. The standard
deviation of the measured wetting angles was +3°.

Nanorod Transfer: Nanorods were transferred onto silicon substrates by
microcontact printing, carried out using a home-built tool. First, a 30-nm
poly(methylmethacrylate) layer (molecular weight 950 kDa, microresist
technology GmbH, Berlin, Germany) was spin-coated on the silicon
substrate. The PMMA coating served as an adhesion layer. In order to
print the nanorods, the PDMS template was brought into contact with
the substrate. The temperature was raised to 130 °C and a pressure of
approximately 1 bar was applied. After cooling to 40 °C, during which
contact was maintained, the PDMS template was removed by lifting off.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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