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Abstract

The ordered gold nanorod self-assemblies on silicon wafer were fabricated from rod and sphere mixtures by self-selective behavior.
The as-prepared gold nanorod ordered packing structures show a remarkable shape dependence and prefer to pack together separately
from spherical particles. This shape induced self-selective behavior was studied via a series of assemblies of nanorods with different aspect
ratio. The capillary force interaction between the surfaces of nanoparticles was proposed to explain the nanorods’ self-selective behavior.
� 2006 Elsevier B.V. All rights reserved.
1. Introduction

The shape-controlled fabrication and self-assembly of
very small structures at nano-scales is a technological goal
of great practical and fundamental interest because the
properties of nanoparticles are greatly size- and shape-
dependent. Important progress has been made over the past
few years in the preparation of ordered ensembles of metal
and semiconductor nanocrystals [1–4]. For examples, the
alkanethiol-derivatized gold nanocrystals can organize
themselves spontaneously into complex, ordered two-
dimensional arrays [5]. The ferromagnetic FePt nanocrys-
tals superlattice assembled by monodisperse FePt nanopar-
ticles shows novel magnetic properties [6]. Most recently, a
wet chemical method developed by Jana et al. to synthesize
gold [7] and silver [8] nanorods in aqueous solution has
attracted great attention since it provides an easy way to
obtain the large amount of well controlled nanorods as com-
pared to electrochemical [9] and photochemical [10] meth-
ods. The method involves surfactant directed growth of
nanorods from spherical seeds [11] and allows people to
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directly investigate the growth process by the UV–vis spec-
trum of a gold nanorod solution right after seed addition
[12]. Much efforts have been focused on the development
of synthetic methodologies [13] and discussion of formation
mechanism [14], however, few studies addressed the well
organized gold nanorod blocks [15,16] even though these
ordered blocks are greatly expected to offer fundamental sci-
entific opportunities for investigating the influence of size
and shape with respect to their collective optical and elec-
tronic properties. In this letter, we demonstrate for the first
time the fabrication of self-assembled gold nanorods on sil-
icon wafer from a mixture of rods and spheres and explain
the nanorod self-selective behavior from the view of capil-
lary force interaction. To study the shape selective effect
on particles’ spontaneous packing behavior, no modifica-
tion technique, such as three-step growth [7], size selection
[7], presence of AgNO3 [8] or HNO3 [17], was involved in
gold nanorod synthesis and thus by-product spherical Au
particles with similar diameter were also present.

2. Experimental

Gold nanorods were synthesized by the wet chemical
method developed by Jana et al. [7]. For seed preparation,
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a 20 ml aqueous solution containing 2.5 · 10�4 M HAuCl4
and 2.5 · 10�4 M tri-sodium citrate was prepared in a clean
flask. Then, 0.5 ml freshly prepared 0.1 M NaBH4 was
added into the solution under stirring. The solution color
turned to orange immediately and stirring was continued
20 s after adding NaBH4. The as-prepared gold seeds in
4–5 nm were used in 2–8 h after preparation. For nanorod
growth, one-step procedure is employed here. Five conical
flasks each containing 10 ml growth solution consisting of
2.5 · 10�4 M HAuCl4 and 0.1 M cetyltrimethylammonium
bromide (CTAB), were mixed with 0.05 ml 0.1 M freshly
prepared ascorbic acid aqueous solution. Ascorbic acid as
a mild reducing agent changed growth solution color from
brown–yellow to colorless. Next, a series of seed solution in
different volume, 0.025, 0.05, 0.1, 0.15, 0.2 ml, were added
into five flasks, respectively. After 2–3 h, all the solution
were in dark wine red. To remove excess surfactant, the
solutions were centrifuged at 9000 rpm for 10 min for sev-
eral times. The as-prepared sample was diluted in 4 ml dis-
tilled water and centrifuged at 9000 rpm for 20 min. The
supernatant is removed carefully by a plastic sucker after
centrifugation. The precipitate was re-dispersed in �1 ml
distilled water. The 1 ml solution in black color indicated
a high concentration. Then, each sample prepared in same
way was dropped 0.025 ml on a clean silicon wafer. The sil-
icon wafers with dropped samples and a small beaker of
water were placed under a glass plate. The beaker of water
provided a water vapor atmosphere to allow the droplets to
be dried slowly and form well self-assembled samples. The
dried samples were investigated by a field emission type
scanning electron microscope (XL30 S-FEG, FEI Corp.)
at 10 kV. The UV–vis absorption spectra of samples were
recorded by a Cary IE UV–vis spectrometer.

3. Results and discussion

Fig. 1 shows the UV–vis spectra of as-prepared gold
nanorod solutions. We controlled the size of nanorods by
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Fig. 1. The UV–vis spectra of as-prepared nanorod solutions: (a) �18 nm
in diameter and �280 nm in length; (b) �13 nm in diameter and �200 nm
in length; (c) �13 nm in diameter and �140 nm in length; (d) �13 nm in
diameter and �80 nm in length; (e) �13 nm in diameter and �40 nm in
length.
varying the volume of seed solution [13]. Without small
amount of AgNO3 presence, the yield of rod-like particles
is reported before as low as �30–40% of total particles [18].
The other �60–70% particles are mostly spherical and their
diameter is similar to the rod’s transverse size. Similar con-
tribution of rods (�34%) and spheres (�66%) is also found
in our experiments. Due to the presence of these spherical
particles, the rod transverse absorption band plus the
spherical particle surface plasmon absorption band results
in stronger transverse plasmon absorption bands than lon-
gitudinal ones in the UV–vis spectra. Their longitudinal
plasmon bands blue shift from 782 nm to 678 nm indicates
a size decrease in rod longitudinal direction, which is con-
firmed by electron microscope investigations. The rod size
for each sample are: (a) �18 nm in diameter and �280 nm
in length; (b) �13 nm in diameter and �200 nm in length;
(c) �13 nm in diameter and �140 nm in length; (d)
�13 nm in diameter and �80 nm in length; (e) �11 nm in
diameter and �40 nm in length.

Fig. 2 shows the typical SEM images of three gold nano-
rod self-assemblies with different aspect ratios. These self-
assembled rods are spontaneously aligned side-by-side
and continue this ordered structure in a large scale. For
example, some very long ‘rod lines’ consisting of the side-
by-side aligned rods can be observed in longer rod assem-
blies (Fig. 2a, 2b). Some of these long lines even continue
for at least six micron under SEM investigation. The self-
assembled nanorods prefer to align side-by-side than end-
to-end. In explaining this tendency, one reason is the higher
lateral capillary forces along the length of a nanorod as
compared to its diameter. It is known that the lateral cap-
illary force for spherical particles is proportional to R2, in
which R is the diameter of particle [19]. And the spontane-
ous self-assembly of spherical nanoparticles needs a very
narrow size distribution (<5%) to take place [20], however,
nonspherical nanoparticles show different types of self-
assembly. For rod-like particles, two directional capillary
interactions at transverse and longitudinal directions
should be considered (Fig. 3). Generally, the capillary force
(Fcp) of small particles for an area projection of Axy with
the Laplace pressure Dp is given as

F cp ¼ AxyDp ð1Þ
the Laplace pressure Dp is defined as

Dp ¼ ðkT ln p=psÞ=v0; ð2Þ
where k is the Boltzmann constant, T is the system temper-
ature, p/ps is the relative humidity and v0 is the molecular
volume of the liquid. Eq. (2) implies that Dp is a constant
under steady system temperature and humidity. Here, we
assume that the nanorods are in perfect rod shape and with
smooth hemispherical cross section surface, therefore, the
capillary forces at transverse (Fcpt) and longitudinal (Fcpl)
directions can be given as

F cpt ¼ AxytDp; ð3Þ
F cpl ¼ AxylDp: ð4Þ



Fig. 3. The possible packing procedure for nanorod self-assembly.

Fig. 2. The typical SEM images of gold nanorod self-assemblies with
different aspect ratios and size: (a) �15.5, (b) �15.4 and (c) �6.2.

224 Z.-C. Xu et al. / Chemical Physics Letters 432 (2006) 222–225
The longitudinal projection area, Axyl, is pr2
c , where rc is the

radius of the contact line [21]. Similarly, the transverse pro-
jection area Axyt can be calculated approximately by 2rcL,
where L is the rod length. From Eqs. (3) and (4), the cap-
illary force at two directions are:

F cpl ¼ pr2
cDp; ð5Þ

F cpt ¼ 2rcLDp: ð6Þ
It indicates that the transverse capillary force is always
stronger than longitudinal capillary force since L� rc

and that makes rod-like particles prefer to align side by side
together (Fig. 3).

On the other hand, the rod’s transverse capillary force is
also stronger much than spherical particle’s lateral capillary
force. It prevents spheres from intermixing at transverse
direction. With the decrease of rod length, the transverse
capillary force is weakened. The ‘rod lines’ such as those
observed in longer rod packs show a decrease in their length
(Fig. 2c). As shown in Fig. 3, as ‘rod ribbons’ formed, the
directional capillary interactions along y and z axes vertical
to ‘rod ribbons’ are probably produced and work on the
‘rod ribbons’. For interaction along y direction, in fact, it
is not significant because capillary interaction between
nanorods exists along this direction. The superposed ‘rod
ribbons’ will slide into a longer one during solvent evapora-
tion. The other interaction between ‘rod ribbons’ along z-
axis should not be a strong force as well. However, it prob-
ably contributes to the phenomena that most ‘ribbons’ are
parallel to each other. This combined capillary force along
z-axis (Fcpz) can be approximately given as

F cpz ¼ AxyzDp � 2npRrcDp; ð7Þ
where Axyz is the projection area along z-axis and n is the
number of packed nanorods. As long as npR > L, the ‘rib-
bons’ may have an appealing capillary force interaction
along z-axis for parallel assembly.

The anisotropy of interaction between nanorods and
that between ‘rod ribbons’ could be important driving
forces for the natural tendency to selectively form ordered
structures from a mixture of nanorods and spheres. Thus,
the nanorod assembly should not appear everywhere.
Fig. 4 shows an optical microscope photograph of a part
of sample ring. The sample present on substrate as a ring
pattern due to the surface tension and slow evaporation
of solvent (water). Corresponding SEM study confirmed
that the black region is that where nanorods pack closely
together (marked with black arrows) and the others are full
filled with spherical particles. In this case, one can differ
rods from spheres on a substrate without electron micro-
scope, which may be helpful for further biology applica-
tion. This spontaneous shape selective packing behavior
also could be applied to separate rod-like particles from
the mixture of rods and spheres [22].

To determine the stability, the rod self-assembled struc-
tures on silicon wafer were maintained at 25 �C and inves-
tigated in different time. The self-assembly consisted of rod
with diameter �18 nm, aspect ratio �15.5 presents a better
stability. It could keep its packing structure in nine weeks
after preparation (Fig. 5a). The self-assembly of the rod
with diameter �13 nm and aspect ratio �15.4, however,
could not keep their organization as long as the rod with
diameter �18 nm did and they began to lose its ordered
structure in five weeks (Fig. 5b) although they both have
a similar aspect ratio. The assembly structure of the rod
with diameter �13 nm and aspect ratio �10.4 began its



Fig. 5. The SEM images of different rod assemblies observed at different
time: (a) the rods with diameter �18 nm and aspect ratio �15.5 observed
nine weeks after preparation; (b) the rods with diameter �13 nm and
aspect ratio �15.4 observed five weeks after preparation; (c) the rods with
diameter �13 nm and aspect ratio �10.4 observed three weeks after
preparation.

Fig. 4. The optical microscope photograph shows a part of sample ring on
silicon wafer. It was revealed by SEM study that the black region is where
nanorods pack closely together and yellow region is where spheres present
(For interpretation of the references in colour in this figure legend, the
reader is referred to the web version of this article).
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deformation soon in three weeks (Fig. 5c) and the rod
assembly with aspect ratio �6.2 deformed as quickly as
one week. The slight deformation of bigger nanorod assem-
blies observed in Fig. 5a, 5b probably because the dents
and defects inside of particle packing make assemblies sub-
side and deform. Besides inside dents and defects, the seri-
ous deformation of smaller rod assembly observed in
Fig. 5c is also due to a fact that the rods in small size are
instable and show a tendency of shape transformation,
which is also found in aqueous solution [23]. Therefore, it
can be presumed that the deformation of these rod self-
assemblies may be caused by two factors: assembly inside
defects and particle shape transformation. Definitely, the
stability of the ordered assembly structures is decreased
with the rod size decrease.
4. Conclusions

In summary, we have fabricated gold nanorod self-
assemblies on the silicon substrate from rod and sphere
mixtures via shape self-selective behavior. The self-assem-
bly of gold nanorods shows a remarkable shape depen-
dence and prefers to pack together separately from
spherical particles. The capillary force interaction between
the surfaces of nanoparticles was proposed to explain the
nanorods’ self-selective behavior. This behavior may be
further applied for biology optical detection and separa-
tion. For example, a solution containing two different small
bio-molecules can be mixed with Au nanorods and spheres,
which are specifically functionalized to bind with the two
molecules, respectively. Then the two molecules may be
separated on a substrate by this particles’ shape self-selec-
tive behavior and detected optically at the same time.
The detailed study on this now is underway.
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