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Self-assembly of gold nanorods into vertically
aligned, rectangular microplates with a
supercrystalline structure†
Junyan Xiao, Zhe Li, Xiaozhou Ye, Yurong Ma and Limin Qi*
Vertically aligned, supercrystalline microplates with a well-deﬁned rectangular shape were fabricated in a
large area through self-assembly of gold nanorods by a novel bulk solution evaporation method. This
evaporative self-assembly strategy involving continuous movement of the contact line can prevent the
coﬀee-ring eﬀect, thus allowing uniform deposition of discrete GNR superstructures over a large area
and favoring the formation of GNR supercrystals with geometrically symmetric shapes. A mechanism
based on the continuing nucleation and growth of smectic GNR superstructures accompanying the
movement of the contact line was put forward for the formation of the unique GNR supercrystal arrays.
Based on this mechanism, a micropatterned substrate was designed to control the nucleation location
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and growth direction, leading to the spontaneous self-assembly of nearly parallel arrays of vertically
aligned, supercrystalline microplates of GNRs. The obtained rectangular-plate-shaped GNR supercrystals
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exhibited interesting anisotropic optical reﬂection properties, which were revealed by polarized light
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microscopy.

Introduction
The self-assembly of colloidal nanocrystals into ordered superstructures has emerged as a powerful strategy for the bottom-up
fabrication of nanocrystal ensembles with desirable architectures, fascinating collective properties, and promising applications in functional devices.1–6 While a wide variety of
nanoparticle superlattices assembled by spherical nanocrystals
have been reported, there has been increasing interest in the
fabrication of mesoscopic and macroscopic supercrystals constructed from non-spherical nanocrystals since anisotropic
nanocrystals can form more abundant and complex superlattices and may oﬀer unique characteristics due to their
anisotropic nature.7–11 Recently, the self-assembly of noble
metal nanocrystals into complex plasmonic nanostructures has
attracted signicant attention because of their collective optical
properties and potential applications as plasmonic metamaterials for sensing and nanophotonics.11–16 Thanks to the
remarkable advance in controlled synthesis of gold nanorods
(GNRs) with unique plasmonic properties,17–19 considerable
progress has been made in the spontaneous self-assembly of
GNRs into 2D and 3D superstructures with long-range ordering
of supercrystals.20–28 However, it remains a challenge to develop
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facile and controllable self-assembly approaches toward
discrete GNR supercrystals with well-dened morphologies and
to achieve hierarchical arrangement of supercrystalline
building blocks.
Controlled evaporative self-assembly has been widely regarded as a very simple yet robust method to assemble diverse
nanoparticles into complex ordered superstructures.29 A wellknown example is the deposition of “coﬀee rings” when
colloidal particles are carried to the pinned contact line of
drying droplets by outward owing of solvents towards the edge.
Wang et al. rst demonstrated the formation of large-area, 3D
ordered GNR superstructures by droplet evaporation.20 Smectic
and nematic phase superstructures of GNRs capped by cetyltrimethylammonium bromide (CTAB) can be obtained in the
circular ring area of the dried droplet. Adopting a similar
droplet evaporation method, Liz-Marzán et al. successfully
fabricated standing superlattices of GNRs capped by a cationic
gemini surfactant in the ring area.21 Later on, the self-assembly
of island-like, highly organized GNR supercrystals was achieved
by slow droplet evaporation in a humid atmosphere.15 Despite
the notable success of the drop casting evaporation in the selfassembly of GNR supercrystals, this method generally suﬀers
from the limited area and solution volume for self-assembly and
the lack of accurate control over the size, shape, and alignment
of GNR supercrystals. It is noteworthy that evaporative selfassembly combined with lithographically patterned substrates
can be used to realize precise placement and oriented assembly
of GNRs.30–32 Recently, Bach et al. reported a novel evaporationinduced self-assembly of discrete arrays of standing GNRs with
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precise placement on a micropatterned substrate.28 Nevertheless, the potential of template-assisted evaporative selfassembly in controlling the shape and arrangement of GNR
supercrystals is still far from fully exploited.
Herein we describe a novel evaporative self-assembly method
based on bulk solution evaporation for assembling GNRs into
vertically aligned, rectangular microplates with a supercrystalline structure in a large area. To the best of our knowledge, this
is the rst observation of vertically aligned arrays of plate-shaped supercrystals assembled from inorganic nanorods.
Furthermore, nearly parallel arrays of vertical supercrystalline
microplates are obtained with the assistance of a topographically patterned substrate.

Experimental section
Materials
Cetyltrimethylammonium bromide (CTAB, 98%) was purchased
from Sinopharm Chemical Reagent Beijing Co. Ltd. Hydrochloroauric acid trihydrate (HAuCl4$3H2O, 99.9%) was obtained
from Beijing Chemical Reagents Co. All the other chemicals
were of analytical grade and were used without further purication. The water used was deionized.
The raised stripe-patterned silicon substrates were custom
made through conventional photolithography by the State Key
Laboratory for Micro/Nanometer Processing Technology of China.
Synthesis of gold nanorods
CTAB-capped gold nanorods (GNRs) were synthesized by a seedmediated method following the reported procedure20 with
minor modication. In a typical synthesis, CTAB-stabilized
seeds were rst synthesized by adding an aqueous HAuCl4
solution (0.125 mL, 10 mM) into an aqueous CTAB solution
(3.75 mL, 0.1 M) in a glass vessel. Then, a freshly prepared icecold aqueous NaBH4 solution (0.3 mL, 10 mM) was injected
quickly into the mixture solution under rapid stirring, which
was kept for 2 min. The resulting seed solution was kept at 27  C
and used within 2–5 h aer preparation. The growth solution of
GNRs was prepared by adding aqueous solutions of HAuCl4
(1.075 mL, 10 mM) and AgNO3 (0.24 mL, 10 mM) into an
aqueous CTAB solution (25 mL, 0.1 M) in a beaker ask. Then a
freshly prepared ascorbic acid solution (0.17 mL, 0.1 M) was
added and the resulting growth solution became colorless aer
gentle vibration. Finally, the growth of GNRs was started by
adding 0.115 mL CTAB-stabilized seed solution into the growth
solution. The reaction mixture was le undisturbed in a water
bath kept at 27  C for at least 5 hours, resulting in the formation
of an aqueous dispersion of CTAB-capped GNRs with a GNR
particle concentration of approximately 0.8 nM and a CTAB
concentration of 0.1 M, where the concentration of the GNRs
was determined by the Beer–Lambert law with a molar extinction coeﬃcient of 3 ¼ 4.6  109 M1 cm1.33
Self-assembly of GNR supercrystals
The as-prepared aqueous dispersion of CTAB-capped GNRs was
centrifugated and redispersed in CTAB solutions repeatedly,
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giving concentrated GNR dispersions with varied GNR concentrations and a CTAB concentration of 1 mM. For a typical selfassembly of GNRs by bulk solution evaporation, a clean silicon
square plate (4 mm  4 mm) with a thickness of 0.5 mm was
atly placed at the bottom of one vessel (6.5 mm in inner
diameter) of a plastic 96-well tissue culture plate, and then
0.2 mL of GNR dispersion with a certain concentration (typically, 8 nM) was injected into the vessel with the Si plate
immersed. The vessel was covered by a lter paper to slow down
the solvent evaporation under ambient conditions. It normally
took about 3 days to complete the evaporation. For the selfassembly of parallel arrays of plate-shaped GNR supercrystals, a
raised stripe-patterned Si plate was employed to replace the
pristine Si plate and the assembly was carried out under
otherwise identical conditions.
Characterization
The GNRs were characterized by UV-vis absorption (PerkinElmer Lambda 950) and transmission electron microscopy
(TEM, JEOL JEM2100, 200 kV). The GNR assemblies on the Si
substrate were characterized directly by scanning electron
microscopy (SEM, Hitachi FE-S4800, 10 kV) and X-ray diﬀraction (XRD, Rigaku DMAX-2400, Cu Ka radiation) without any
post-treatment. Aer suitable washing with ethanol, the GNR
assemblies on the Si substrate were characterized by an optical
microscope (Olympus BX51TRF with DP72-SET digital camera)
equipped with polarizers in reection mode under white-light
illumination.

Results and discussion
The building blocks employed for the assembly experiments
were CTAB-capped GNRs synthesized using the seed-mediated
method.19,20 They were [001]-oriented single crystals with a
length of 37  4 nm, a diameter of 11  1 nm, and an aspect
ratio of 3.4 (Fig. S1, ESI†). A small amount of gold nanoparticles (<5%) coexisted with the GNRs but they did not show
considerable eﬀect on the self-assembly of GNRs under the
current assembly conditions. The self-assembly process of
GNRs by bulk solution evaporation is schematically illustrated
in Fig. 1a.
A clean silicon square plate 0.5 mm in thickness was atly
placed at the bottom of a plastic vessel 6.5 mm in inner
diameter, and then 0.2 mL of aqueous dispersion of CTABcapped GNRs (typically 8 nM in GNR concentration with a
CTAB concentration of 1 mM) was injected into the vessel with
the Si plate immersed. Slow evaporation of the bulk solution
resulted in a gradual decline of the solution surface with a
concave meniscus (Fig. 1b), accompanied by concentration of
the GNR dispersion. When the concave meniscus of the solution touched the central part of the substrate, the surface of the
central part was exposed to air and a solid–liquid–gas threephase contact line appeared (Fig. S2, ESI†). Then, the contact
line receded continuously from the interior towards the
substrate edge, which was accompanied by the deposition of
liquid-crystalline phases of GNR superstructures on the drying
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Fig. 1 (a) Schematic illustration of the experimental setup for selfassembly of GNRs via bulk solution evaporation. (b) Schematic side
view of continuous decline of the solution surface with a concave
meniscus upon solvent evaporation.

substrate. Aer the solvent covering the substrate was
completely evaporated, plenty of GNR supercrystals with regular
shapes were le on the substrate. It is worth noting that the
formation of coﬀee rings was prevented during the bulk solution evaporation process because of the continuous movement
of the contact line, leading to fairly uniform distribution of
discrete GNR supercrystals over the whole surface of the Si
plate.
Fig. 2a shows a representative low-magnication SEM image
of the GNR superstructures formed on the substrate, suggesting

Fig. 2 (a and b) SEM images of vertically aligned, supercrystalline
microplates assembled by GNRs ([GNR] ¼ 8 nM, [CTAB] ¼ 1 mM). (c)
SEM image of an upstanding microplate showing the lying nanorods
aligned in a smectic way. (d) SEM image of a tilted microplate showing
the hexagonally packed, standing nanorods. Insets of (c) and (d) are the
related 3D simulation models of the supercrystalline microplates
viewed along diﬀerent observation angles.
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the formation of ribbon-like structures with an average length
of 5.4 mm over a large area. Surprisingly, these “ribbons” are
actually vertically aligned, rectangular microplates, most of
which are slightly inclined with respect to the direction
perpendicular to the substrate (Fig. 2b). Fig. 2c shows a highmagnication SEM image of the narrow top face of a nearly
upstanding microplate, which shows that the atly aligned
nanorods assemble together in a side-by-side fashion to form
layers and the layers pack parallel to each other into a smectic
phase superstructure. A close observation of the wide side face
of a considerably tilted microplate (Fig. 2d) shows hexagonally
close-packed GNRs, conrming the formation of rectangularplate-shaped GNR supercrystals with a smectic phase. It may be
noted that a few gold nanoparticles occasionally deposited on
the surface of the microplates, but generally they were not
incorporated inside the supercrystalline microplates owing to
the self-separation of GNRs.20 Detailed SEM observations of the
rectangular microplates suggest that each supercrystalline plate
generally consists of 2–7 layers of densely packed GNR arrays,
resulting in a thickness around 70–260 nm (Fig. S3, ESI†). The
average width of the rectangular microplates was estimated to
be 1–2 mm according to the apparent widths of inclined
microplates and the apparent lengths of GNRs constituting the
microplates, which were obtained from detailed SEM observations (Fig. S4, ESI†). These results suggest that vertically
aligned, supercrystalline microplates assembled from GNRs
were obtained by a simple bulk solution evaporation method.
These unprecedented GNR supercrystal arrays represent a novel
hierarchical superstructure that may provide new opportunities
for exploitation of their plasmonic properties and potential
applications in integrated devices.
The concentration of the cationic surfactant CTAB in the
initial GNR dispersions played a key role in the self-assembly of
the vertically aligned, supercrystalline microplates by bulk
solution evaporation. Our preliminary experiment showed that
the self-assembly of GNRs into well-dened microplates was
hard to achieve at a CTAB concentration lower than 1 mM. This
result was consistent with the viewpoint that a minimum CTAB
concentration (1 mM) was required to form a bilayer on the
GNR surface to stabilize them in aqueous dispersions, which
was helpful for the counterbalances among the van der Waals
attraction, electrostatic repulsion, interchain attraction and
capillary forces.18,20 It was found that a CTAB concentration in
the range 1–2 mM was appropriate for the large-scale formation
of supercrystalline microplates under the current situation. At
higher CTAB concentrations, the deposition of large CTAB
crystals tended to occur upon solvent evaporation, which
signicantly restrained the self-assembly of regular supercrystalline microplates. It is worth noting that while large
dendritic CTAB crystals crystallized out of a CTAB solution
(1 mM) without GNRs upon solvent evaporation, the crystallization of CTAB was considerably deteriorated in the CTAB
solution (1 mM) containing GNRs. Instead of large CTAB crystals, a CTAB thin lm was deposited on the substrate upon
solvent evaporation, which was accompanied by the formation
of standing microplates of GNRs. The CTAB thin lm can be
observed by manually sweeping the surface of the Si substrate

This journal is © The Royal Society of Chemistry 2014

View Article Online

Published on 06 November 2013. Downloaded by Beijing University on 22/12/2013 08:58:36.

Paper

containing standing microplates; moreover, the XRD pattern of
the Si substrate containing standing microplates demonstrates
the presence of a lamellar structure with a d spacing of 2.62 nm
(Fig. S5, ESI†), which is consistent with the reported laminar
structure of the CTAB thin lms on the Si substrate.34,35 This
CTAB thin lm is an adhesive and would help x the supercrystalline microplates standing on the substrate. Moreover, the
formation of a CTAB thin lm led to a positively charged
substrate, which would show electrostatic repulsion towards
positively charged GNRs, thus favoring the self-assembly of
liquid-crystalline phases of GNRs rather than the direct
attachment of individual GNRs onto the substrate.
It has been documented that for CTAB-capped GNRs, the
counterbalances among the van der Waals attraction, electrostatic repulsion, interchain attraction and capillary forces
would lead to the formation of liquid-crystalline phases of GNRs
once the nanorod concentration is increased up to a certain
point.18 The attractive depletion force may be taken into account
if the CTAB concentration in the solution is relatively high. For
example, the presence of CTAB micelles (typically, the CTAB
concentration is higher than 50 mM) has been shown to
introduce depletion forces that enable solution-phase assembly
and/or concomitant purication of Au nanocrystals.36,37
Recently, theoretical calculation has shown that the depletion
interaction is much smaller than van der Waals and electrostatic interactions during the self-assembly of CTAB-stabilized
Au nanorods.38 Therefore, the attractive depletion force due to
the presence of CTAB micelles may be negligible in the current
assembly process where the CTAB concentration is not high,
and the interaction between CTAB-stabilized GNRs may be
dominated by the van der Waals attraction, electrostatic repulsion, and interchain attraction when they approach each other.
In the current situation, CTAB molecules could play an additional role, namely, forming an adhesive thin lm deposited on
the substrate to help x the supercrystalline microplates
standing on the substrate.
The GNR concentration in the initial GNR dispersions also
plays an important role in the self-assembly of the vertically
aligned, supercrystalline microplates by bulk solution evaporation. At a low GNR concentration (1.6 nM), only net-like
monolayer assemblies of lying GNRs were obtained under
otherwise identical self-assembly conditions (Fig. 3a). Some
GNR chains formed by side-by-side assembly can be observed
but a long-range ordering is lacking for the packed nanorods in
the net-like assemblies (Fig. 3b). When the GNR concentration
was increased to 4 nM, many discrete branch-like GNR superstructures that tended to be curly were obtained (Fig. 3c). Closer
observation suggests that the branch-like assemblies consisted
of several layers of GNR arrays assembled in a side-by-side
mode; however, the end-to-end alignment of GNRs was
considerably distorted, resulting in a considerable deviation
from the smectic structure. When the GNR concentration was
increased to 8 nM, a large amount of vertically aligned, supercrystalline microplates with a smectic phase can be produced,
as shown in Fig. 2. These results indicate that a critical GNR
concentration is required for the nucleation of the smectic
phase of GNR superstructures in the solution, which would
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Fig. 3 SEM images of GNR assemblies obtained in aqueous GNR
dispersions with diﬀerent GNR concentrations: (a and b) net-like
monolayer assemblies obtained at 1.6 nM ([CTAB] ¼ 1 mM); (c) branchlike assemblies obtained at 4 nM ([CTAB] ¼ 1 mM); (d) long-plate-like
supercrystals obtained at 20 nM ([CTAB] ¼ 2.5 mM). Insets in (c) and (d)
are the enlarged SEM images showing the packing structure of GNRs.

deposit on the substrate with the receding of the contact line
and further grow into well-dened microplates. If the GNR
concentration was increased to 20 nM and the CTAB concentration was increased to 2.5 mM, long-plate-like supercrystals
with a similar smectic structure, which had lengths up to more
than 20 mm, were obtained (Fig. 3d). It may be noted that longplate-like supercrystals can also be obtained at a CTAB
concentration of 1 mM but the plates usually lie on the
substrate irregularly, possibly owing to the formation of uneven
CTAB thin lms on the substrate in the presence of a high
concentration of GNRs. The increase of the CTAB concentration
from 1 mM to 2.5 mM would be favorable for keeping the long
plates standing on the substrate coated by a relatively uniform
thin lm of CTAB.
Besides the concentrations of CTAB molecules and GNRs in
the initial GNR dispersions, the temperature at which the
solvent evaporates is also an important parameter that inuences the formation of GNR supercrystals. At a temperature of
65  C, the solvent evaporation was very fast, resulting in the
formation of random assemblies of GNRs on the substrate
(Fig. S6a and b, ESI†), which may be rationalized by considering
that vigorous Brownian motion and fast solvent evaporation at
this high temperature would prevent GNRs to nd their favorable anchoring sites.18 This result is reminiscent of the observation that only disordered assemblies of GNRs formed via
droplet evaporation at a temperature higher than 60  C.20 When
the temperature was decreased to 40  C, dense GNR assemblies
showing smectic superstructures in limited areas formed on the
substrate (Fig. S6c and d, ESI†), but vertical supercrystalline
microplates were not formed possibly owing to the still fast
solvent evaporation. At a temperature of 25  C, the slow solvent
evaporation led to the self-assembly of GNRs into vertically
aligned, rectangular microplates with a smectic superstructure,
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as shown in Fig. 2. When the temperature was decreased to 15  C,
vertically aligned microplates assembled by GNRs were also
obtained but there seemed to be a decrease in the regularity of
the supercrystalline microplates (Fig. S6e and f, ESI†), possibly
owing to a quite slower Brownian motion that was unfavorable
for the GNRs to reach their stable anchoring sites. If the
temperature was further decreased, large CTAB crystals tended
to deposit on the substrate before the self-assembly of GNRs at
the contact line, preventing the formation of supercrystalline
microplates of GNRs. Therefore, an appropriate temperature is
necessary for the self-assembly of GNRs into uniform supercrystalline microplates with a regular morphology.
For the self-assembly of GNRs into supercrystalline microplates by bulk solution evaporation, the gradual decrease of the
solution surface with a concave meniscus as well as the consequent continuous outward movement of the contact line are
indispensable, as shown in Fig. 1b. If the solvent evaporation
occurred in a container with a highly hydrophobic surface, the
decrease of the solution surface with a convex meniscus would
result in the preferential deposition of GNR assemblies outside
the Si substrate. Moreover, an appropriate contact angle of the
inner surface of the container is essential for the self-assembly
of uniform supercrystalline microplates. The pristine surface of
the vessel used for the self-assembly of GNRs showed a contact
angle around 80 toward water and the contact angle was
decreased to 38 aer it was immersed in 1 mM CTAB solution
for saturated adsorption of CTAB. Such a contact angle favored
the formation of a concave meniscus with a suitable curvature
for the self-assembly of plate-like supercrystals of GNRs. If the
inner surface of the same vessel was coated by a thin layer of
paraﬃn wax, the surface became hydrophobic with a contact
angle higher than 110 , and the contact angle decreased to 78
aer it was immersed in 1 mM CTAB solution due to the
adsorption of CTAB on the surface. In this case, a rather at
concave meniscus was formed and a similar assembly experiment performed in this vessel resulted in the formation of
irregular assemblies of GNRs instead of regular supercrystalline
microplates (Fig. S7, ESI†). Therefore, the hydrophilicity of the
container is an important parameter for the self-assembly of
GNR supercrystals.
For elucidation of the formation mechanism of the unique
supercrystalline microplates assembled from GNRs, the GNRs
in the remaining concentrated GNR dispersion beside the Si
substrate were collected for TEM characterization immediately
aer the solution covering the Si substrate was completely
evaporated, leaving a whole dried Si plate. It was observed that
the GNRs were generally well dispersed while there was a
tendency for the side-by-side assembly of several GNRs (Fig. S8,
ESI†). This result indicates that the GNR supercrystals were not
formed in solution until the assembly process occurred on the
substrate, which would result from the movement of GNRs
toward the continuously receding contact line. It should be
pointed out that this observation cannot exclude the possibility
that some nascent assemblies of GNRs formed in the solution
prior to the touch of the concave meniscus to the substrate since
the loose assemblies of gold nanoparticles can be easily
destroyed during the process of preparation of TEM samples.36
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Nevertheless, large GNR supercrystals consisting of densely
aligned GNRs, which are relatively stable, may not form before
the concave meniscus of the solution touched the central part of
the substrate.
Accordingly, a tentative mechanism for the self-assembly of
GNRs into vertically aligned, supercrystalline microplates by
bulk solution evaporation was proposed, as shown in Fig. 4. The
Si substrate was rst immersed in an aqueous dispersion of
GNRs where an obvious concave meniscus existed at the solution surface. With the slow evaporation of solvent, the solution
surface declined gradually until the lowest point of the
meniscus touched the substrate to form a three-phase contact
line at the central area of the substrate. Meanwhile, the
progressive increase of the GNR concentration near the contact
line brought about clustering of GNRs with a close-packed
structure in the solution, namely, the formation of supercrystal
embryos with one or a few layers of GNRs packed in a side-byside mode. With the receding of the contact line, GNR clusters
deposited on the substrate near the contact line due to the
capillary forces, resulting in the nucleation of smectic GNR
superstructures with GNRs lying down on the substrate. Once
the nuclei consisting of several layers of hexagonally packed
GNRs lying on the substrate were formed, individual GNRs and
their clusters were carried to the region near the nuclei by the

Fig. 4 Schematic illustration of the formation of vertically aligned,
supercrystalline microplates via bulk solution evaporation with a
continuously receding contact line. Side view (a) and top view (b) of the
gradual movement of the contact line and the concomitant formation
of plate-like supercrystals. Blue arrows refer to the direction of contact
line movement.
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solvent ow towards the contact line, which would tend to
attach to the nuclei in a side-by-side mode. As a result, the
preferential growth along the directions perpendicular to
parallel GNRs led to the formation of the standing, rectangular
microplates with a smectic structure. With the continuous
movement of the contact line towards the edge of the substrate,
individual GNRs and their clusters near the growing microplates would be depleted and the growth was stopped, which
was followed by another round of nucleation and growth of
supercrystalline microplates. The nucleation near the contact
line and their growth into standing microplates would occur
repeatedly. Finally, vertically aligned, rectangular microplates
with a supercrystalline structure were le and distributed on the
whole substrate aer the solvent was completely evaporated. It
may be pointed out that the actual assembly processes may be
much more complicated than the simplied model shown in
Fig. 4. For example, the contact line may not be a perfect circle
and many microscale uctuations in the contact line could exist
because of unexpected perturbation, which would lead to the
lack of a long-range order in the arrangement of the microplates
on the substrate. Moreover, the preformed microplates on the
substrate would aﬀect the shape of the contact line and hence
the assembly of the neighboring microplates, which would
bring about further complexity to the assembly processes. It can
be reasonably expected that improved control over the assembly
processes may be achieved through deliberate design of
patterned substrates and more accurate control of the condition
parameters.
It is noteworthy that the bulk solution evaporation method
involving continuous movement of the contact line was able to
eﬀectively avoid the deposition of coﬀee rings, thus allowing
relatively uniform deposition of discrete GNR superstructures
over the whole surface of the substrate. Moreover, the slow
outwards movement of the contact line would be favorable for
adequate addition of the dispersed GNRs and their clusters to
the deposited crystalline nuclei, leading to the formation of
GNR supercrystals with thermodynamically favored, geometrically symmetric shapes, such as regular rectangular plates.

Nanoscale

3D GNR supercrystals have demonstrated interesting
surface-enhanced Raman scattering,15,28 two-photon-excited
photoluminescence,20 and directional optical properties21
owing to the unique plasmonic properties of close-packed GNRs
with a long-range ordering. Here we investigated the anisotropic
optical reection properties of the vertically aligned, supercrystalline microplates by polarized light microscopy. For the
characterization with polarized light microscopy, the removal of
the thin lms of CTAB on the Si substrate is necessary as the
colors arising from the lm interference of the CTAB thin lms
would aﬀect the observations. While washing with ethanol
under drastic vibration usually led to falling down and partial
destruction of the standing microplates, a large number of
standing microplates can be preserved even aer removal of
most CTAB molecules if a gentle washing process was performed. Fig. 5 presents both normal optical micrographs and
cross-polarized micrographs of the vertically aligned, supercrystalline microplates in reection mode with diﬀerent rotation angles of the sample with respect to the polarizer. It can be
seen that the standing microplates did not show any noticeable
diﬀerence when observed at diﬀerent rotation angles using a
normal light microscope. Interestingly, when observed using a
cross-polarized light microscope, the microplates nearly
parallel to the polarizer or analyzer direction showed negligible
reectance (dark) while the microplates oriented along the
directions between the polarizer and analyzer directions
showed strong reectance (bright). Moreover, the standing
microplates can switch between dark and bright when they were
rotated every 45 with respect to the polarizer. In contrast, the
atly aligned microplates, which showed top surface with an
isotropic hexagonally close-packed structure, did not show such
switch between dark and bright with rotation (Fig. S9, ESI†). It
may be noted that drastic washing with ethanol led to the
partial destruction of the rectangular microplates and the GNRs
disengaged from the microplates tended to form disordered
assembly of GNRs on the substrate, resulting in the yellow area
in the optical micrograph (Fig. S10, ESI†). These results indicated that the standing microplates exhibited remarkable

Optical micrographs (a–c) and cross-polarized micrographs (d–f) of vertically aligned, supercrystalline microplates with diﬀerent rotation
angles: (a and d) 0 , (b and e) 45 , and (c and f) 90 . The white, blue and red circles highlight three representative areas. Insets show the orientations
of a standing microplate, which represents the two parallel microplates within the white circles, relative to the directions of the polarizer (horizontal,
P1) and the analyzer (vertical, P2). (g) Polar plot of the cross-polarized image brightness of a single vertical microplate (the longer one in the white
circle) as a function of the rotary angle q between the length direction of the microplate and the polarizer direction (P1).
Fig. 5
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anisotropic optical properties, which provided macroscopic
evidence of the long-range ordered alignment of GNRs within
the plate-shaped supercrystals.
In order to give a more quantitative description of the optical
reection anisotropy of the vertical supercrystalline microplates
assembled from GNRs, a polar plot of the cross-polarized image
brightness of a single vertical microplate as a function of the
rotary angle q between the length direction of the microplate
and the polarizer direction was measured, which is presented in
Fig. 5g. It clearly shows that the image brightness maxima
appear at 45 , 135 , 225 , and 315 , namely, the maximum or
minimum reectance repeats every 90 . This periodical change
of the image brightness should be related to the birefringence
of the vertical supercrystalline microplate consisting of GNRs
aligned in a smectic state.
Considering the potential applications of micropatterned
substrate-assisted assembly in controlling the location and
orientation of nanorod superstructures,28,30–32 we designed a
stripe-patterned substrate to control the nucleation location
and induce oriented self-assembly of GNRs into parallel
supercrystalline microplates standing on trenches. The raised
stripe-patterned silicon substrate was fabricated by conventional photolithography. The width and the height of the raised
stripes are 3 mm and 1 mm, respectively, and their interval is 8
mm, as shown in Fig. 6a. The self-assembly of GNRs was conducted by similar bulk solution evaporation where a micropatterned silicon square plate was immersed in a GNR
dispersion instead of the previously used at Si plate. Fig. 6b
shows a typical low-magnication SEM image of the le side of
the substrate aer GNR self-assembly, which suggests that there
are a large number of nearly parallel microplates standing on
the trenches between the raised stripes. An enlarged SEM image
shows that these standing, rectangular microplates attached to
the right walls of the trenches are nearly perpendicular (Fig. 6c).

The standing microplates had an average length of about 7 mm,
slightly smaller than the width of the trenches, and the height of
the standing microplates is almost identical to that of the raised
stripes or walls, namely, 1 mm. It is worth mentioning that
similar parallel microplates standing on the trenches were
observed on the right side of the patterned Si substrate, but
these microplates are attached to the le walls. These results
strongly indicated that the standing microplates nucleated on
the vertical walls when the receding contact line moved over the
raised stripes, and then the nuclei grew into standing supercrystalline microplates along the direction perpendicular to the
walls (Fig. 6d).
Accordingly, a possible mechanism for the formation of the
parallel supercrystalline microplates standing on the trenches
was proposed (Fig. 7). The receding of the contact line would
bring about the nucleation of supercrystals with a smectic
structure preferentially near the top edge of the trench wall with
GNRs lying on the wall, which was followed by the addition of
individual GNRs and their clusters to the nuclei in a side-by-side
mode. As a result, the preferential growth along the directions
perpendicular to parallel GNRs led to the formation of vertically
aligned, supercrystalline microplates perpendicular to the
parallel stripes. With the continuous movement of the contact
line across the parallel stripes, a series of nearly parallel arrays
of vertically aligned, supercrystalline microplates were
obtained. However, it should be pointed out that this is just a
very simplied model. As mentioned previously, the actual
assembly processes may be much more complicated because of
the unexpected perturbation during the assembly processes and
the inuence of the preformed microplates on the subsequent
assembly of the neighboring microplates. It is noticeable that
the microplates were not always attached to the right side of the

Fig. 6 (a) SEM image of the patterned substrate with parallely raised
stripes. The inset schematically shows the side view of the substrate
with the structural parameters labelled. (b and c) SEM images of the
nearly parallel supercrystalline microplates assembled from GNRs. (d)
Schematic illustration of parallel supercrystalline microplates standing
on the trenches.

Fig. 7
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Schematic illustration of the formation of vertically aligned,
supercrystalline microplates perpendicular to the parallel stripes,
showing the nucleation on the right walls of the trenches and the
subsequent growth accompanying the gradual movement of the
contact line. Blue arrows refer to the direction of contact line
movement.

This journal is © The Royal Society of Chemistry 2014

View Article Online

Published on 06 November 2013. Downloaded by Beijing University on 22/12/2013 08:58:36.

Paper

Fig. 8 (a and b) Cross-polarized micrographs of vertical supercrystalline microplates assembled from GNRs in the trenches on the stripepatterned substrate with diﬀerent angles between the length direction
of the microplates and the polarizer direction (q): (a) 0 and (b) 45 . (c)
Optical micrograph of the vertical supercrystalline microplates. The
colors from the area beside the microplates standing in the trenches
arise from the interference of the CTAB ﬁlm. (d) Polar plot of the integrated cross-polarized image brightness of a pair of nearly parallel
microplates in the framed area as a function of the rotary angle q.

trenches (Fig. 6b). This result might be ascribed to the
abnormal nucleation at the middle of the trenches or at the le
side of the trenches owing to the occasional perturbation of the
meniscus and the contact line. It is expected that further optimization of the self-assembly process would lead to GNR
supercrystal arrays with more accurate control over the uniformity and arrangement of supercrystalline building blocks.
The optical anisotropy of the nearly parallel arrays of supercrystalline microplates standing on the stripe-patterned
substrate was also investigated using a cross-polarized optical
microscope. As shown in Fig. 8a, all the nearly parallel microplates showed weak reectance when the length direction of
the microplates was approximately along the polarizer direction
(q  0 ). They turned to bright synchronously when the microplates on the substrate were rotated 45 with respect to the
polarizer direction (Fig. 8b). Fig. 8c shows the corresponding
normal optical micrograph, which conrms that all the parallel
microplates with q  45 showed strong reectance as shown in
Fig. 8b. The polar plot of the integrated cross-polarized image
brightness of a pair of nearly parallel microplates standing on the
trenches as a function of the rotary angle was measured, which is
shown in Fig. 8d. As expected, the maximum or minimum
reectance repeats every 90 , which is very similar to the polar
plot of a single microplate standing on the at substrate shown in
Fig. 5g. This result indicates that parallel supercrystalline
microplates assembled by GNRs may be potentially integrated as
useful optical devices with remarkable optical anisotropy.

Conclusions
Vertically aligned, supercrystalline microplates with a welldened rectangular shape were fabricated in a large area
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through self-assembly of gold nanorods by a novel bulk solution
evaporation method. This evaporative self-assembly strategy
involving continuous movement of the contact line can prevent
the coﬀee-ring eﬀect, thus allowing uniform deposition of
discrete GNR superstructures over a large area and favoring the
formation of GNR supercrystals with geometrically symmetric
shapes. A mechanism based on the continuing nucleation and
growth of smectic GNR superstructures accompanying the
movement of the contact line has been put forward for the
formation of the unique GNR supercrystal arrays. Based on this
mechanism, a micropatterned substrate was designed to
control the nucleation location and growth direction, leading to
the spontaneous self-assembly of nearly parallel arrays of
vertically aligned, supercrystalline microplates of GNRs. This
result provided a preliminary demonstration of the potential
applications of the bulk solution evaporation combined with a
micropatterned substrate in the assembly of GNR supercrystal
arrays with controlled location and orientation. The obtained
rectangular-plate-shaped GNR supercrystals exhibit interesting
anisotropic optical reection properties, and may provide
opportunities for exploitation of metamaterials based on plasmonic supercrystals with well-dened shapes. Additionally, the
self-assembly strategy involving the controlled contact line
movement and the micropatterned substrate may open new
avenues towards fabrication of well-dened supercrystals of
anisotropic nanocrystals and arrangement of supercrystals into
integrated devices.
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