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Abstract

In this presentation, a reverse micelle technique was described to create colloid gold nanoparticles and their self-organiza-
tion into superlattices. Gold nanoparticles were prepared by the reduction of HAuCL in CTABroctaneq1-butanolrH O4 2

Ž .reverse micelle system using NaBH as reducing agent. Dodecanethiol C H SH was used to passivate the gold4 12 25

nanoparticles immediately after formation of the gold colloid. After re-dispersing in toluene under ultrasonication, a
supernatant containing nearly monodispersed dodecanethiol-capped gold nanoparticles was obtained. Self-organization of the
gold nanoparticles into 1D, 2D and 3D superlattices was observed on the carbon-coated copper grid by TEM. UV–vis
absorption spectra were also used to characterize the gold colloids with and without dodecanethiol capping. q 2001 Elsevier
Science B.V. All rights reserved.
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1. Introduction

Ž .Due to their specially small size 1–100 nm ,
metal and semiconductor nanoparticles possess prop-

Ž .erties optical, catalytic, electrical, magnetic, etc.
that are greatly different from either the correspond-
ing bulk materials or the individual atoms of which

w xthey are composed 1–3 . In recent years, more and
more attention has been paid to the organization of
these metal and semiconductor nanoparticles into

w xtwo- and three-dimensional superlattices 4–10 .
Novel collective properties will be produced due to
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the interactions of the individual nanoparticles in
w xordered arrays 4,11 . The basic requirement to initi-

ate ordered self-assembly is to develop stable col-
loids containing monodispersed nanoparticles with a
controlled size distribution and morphologies, inher-
ent van der Waals attraction between the particles,

w xand dispersion forces 12 . It is now established that
size monodisperse lyophobic nanocrystals readily
self-assemble into ordered hexagonal close-packed

w xarrays upon solvent evaporation 13–15 . Size-selec-
tive precipitation is one of the most commonly used
methods for narrowing the size distribution, and
passivation of the nanoparticle surfaces with organic
ligands such as alkylthiol and trioctylphosphine can
prevent their aggregation. Following these strategies,
many 2D and 3D superstructures of semiconductor
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w xnanoparticles 11,13 and metal nanoparticles
w x10,14,16–18 have been produced by self-assembly.

Gold colloids have been studied for many years
due to their unique physical and chemical properties,

w xand their wide potential applications 4 . Self-organi-
zation of gold nanoparticles into 2D and 3D superlat-
tices has also been realized in several systems, such

w xas the gold–dithiol system 19 , two-phase system
w x20 , gas-phase system followed by solution-encapsu-

w x w xlation 21 , A–B diblock polymer system 22 . In
most of the above cases, gold nanoparticles were
capped with alkanethiols and had a narrow size
distribution. Interestingly enough, self-organization

Žof two distinct-sized gold nanoparticles capped by
.alkanethiols into ordered raft has been reported by
w xKiely et al. 23 recently. Although the gold nanopar-

w xticles were prepared by Barnickel and Wokaun 24
Ž .in CTAB cetyltrimethylammonium bromide rn-

hexanolrH O system, neither morphology nor self-2

organization for the gold nanoparticles were given
w xtherein. As a compensation of previous work 24 ,

we describe a simple and practical method for self-
organization of gold nanoparticles into ordered ar-
rays directly from CTABroctaneq1-butanolrH O2

reverse micelle system without any selective precipi-
tation and washing procedures in this paper.

2. Experimental

Gold nanoparticles were prepared by the reduc-
tion of HAuCl in CTABroctaneq1-butanolrH O4 2

reverse micelle system using NaBH as the reducing4

agent. Typically, 0.3 g of CTAB, 0.148 ml of 0.056
ŽM HAuCl aqueous solution, 1.0 g octane surfac-4

. Ž .tant and 0.25 g 1-butanol co-surfactant were mixed
together and stirred vigorously for 10 min until a

whomogenous phase was obtained called reverse mi-
Ž .x Ž .celle a . Reverse micelle b was prepared in the

same way except that the same volume of 0.32 M
NaBH aqueous solution replaced the HAuCl solu-4 4

Ž .tion. Reverse micelle b was slowly added to re-
Ž .verse micelle a under ultrasonic agitation. A dark-

red color developed with release of gas during this
process, indicating the oxidation–reduction reaction
occurred with the formation of gold colloid. Due to
the high stability of the gold colloid, its color re-
mains unchanged for several months. A 1 ml aliquot

of the gold colloid was taken out and transferred to a
20-ml vial. One-half milliliter of dodecanethiol
C H SH was added into this vial, which immedi-12 25

ately resulted in the formation of precipitates. In this
way, most of the gold nanoparticles were extracted
from the reverse micelle system by dodecanethiol
due to its high affinity with gold. The addition of
13.5 ml toluene into the precipitates and ultrasonica-
tion for 40 min leaded to partly re-dissolving of the
precipitate, i.e. the formation of a suspension. This
suspension was placed on table for several days,
producing a clear and homogenous red-purple super-
natant and a black precipitate. The supernatant mainly
contains the smaller C H SH-capped gold12 25

Ž .nanoparticles C H S–Au dissolved in toluene, as12 25

well as a small amount of other organic precursors.
The precipitate mainly consists of larger

Ž .C H SH-capped gold particles black and CTAB.12 25

The supernatant was used to form superlattices of
gold nanoparticles and was characterized by absorp-
tion spectra. A supernatant without C H SH addi-12 25

tion was prepared as well for the purpose of compar-
ison.

Ž .Transmission electronic microscopies TEMs
Ž .were obtained on a JEOL Model 2100 transmission

electron microscope. UV–vis absorption spectra were
recorded on a CARY 500 Scan UV–vis–NIR
spectrophotometer.

3. Results and discussion

Self-organization of gold nanoparticles into super-
structures was obtained by evaporation of the
above-prepared C H SH-capped gold supernatant12 25

on carbon-coated copper grids. Three kind of super-
structures have been observed by transmission elec-

Ž . Ž .tron microscopy TEM , as shown in Fig. 1 a
Ž . Ž .one-dimensional nanowire 1D wire , b two-dimen-

Ž . Ž .sional nanoarray 2D monolayer and c three-di-
Ž .mensional superlattices 3D multilayers , respec-

tively.
It is interesting to find the formation of 1D

Žnanowire of gold clusters in the current system Fig.
.1a . The chain has a length larger than 1 mm. The

Ž .average size diameter of gold clusters in the wire is
about 5.3 nm, and the nearest center-to-center dis-
tance between the clusters is 7.5 nm. This leads the
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Ž . Ž . Ž .Fig. 1. TEM micrographs of the C H SH-capped gold nanoparticles self-organized into 1D a , 2D b and 3D c superstructures.12 25

gap between two particles to be about 2.2 nm. So
w xfar, only a few papers 7,10 have been published on

the formation of nanowires of metal colloids, most of
which were formed by template assistance. Generally
speaking, formation of nanowires without template is
not energetically favorable. One possible factor in
the current case is that the carbon film used might
have wrinkles which might act as template to assem-
ble nanocrystals into wire structure. Additionally, the

Žorganic components surfactant, co-surfactant and
.excess alkanethiol left in the supernatant and the

concentration of gold colloid might play some roles
in the formation of nanowires, based on the fact that
no such superstructure was formed at lower gold
colloid concentration or without the organic compo-
nents. Further studies are under way.

The most frequently observed superlattices are
ordered 2D arrays of gold nanoparticles. A represen-
tative TEM micrograph of such a 2D array is shown
in Fig. 1b. Nearly monodispersed gold nanoparticles
formed a closely packed hexagonal array with one

particle surrounded symmetrically by other six parti-
cles. The formation of the hexagonal 2D gold
nanoarray can be attributed to equilibrium built be-
tween the van der Waals attractive forces and the

Žsteric repulsions from the thiol carbon chains of the
.gold nanoparticles . Because these forces are

isotropic, this equilibrium yields a compact organiza-
tion in hexagonal 2D network. Similar to the 1D
nanowire, the average size of the gold nanoparticles
in the 2D array is about 5.8 nm, and the average
center-to-center distance between adjacent clusters is
8.1 nm. So, the average gap between two clusters is
2.3 nm. The thickness of a self-assembled monolayer

Ž .of dodecanethiol C H SH on Au 111 was deter-12 25
w xmined to be 1.2 nm 25 . So, it is reasonable to

assume that the gold clusters in our system are
covered basically by a monolayer of dodecanethiol
Žthe organic ligand layers cannot be observed by
TEM, 1.2 nm=2s2.4 nm, i.e. the gap between
two particles is about twice the thickness of mono-

.layer of C H SH on gold clusters . From the12 25
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viewpoints of ordering, domain area and defects, the
2D array of gold clusters in our system is compara-

w xble with that reported in Ref. 21 , and our reverse
micelle method of preparing the gold particles is

Ž .much simpler than that gas phase method in Ref.
w x21 .

Apart from the ID and 2D superstructures, 3D
multilayers were also observed on the substrate by
TEM, as illustrated by Fig. 1c. The formation of 3D
superlattices can be resolved by careful examination
of the TEM micrograph. At the edge of the TEM
micrograph, it is easy to see the hexagonal-close-

Ž .packed monolayer 2D of gold nanoparticles. Great
difference in electronic contract can be found be-
tween the central part and edge of the micrograph.
This suggests the formation of multilayer of particles
in the central part. In the second layer, chain ar-
rangements of nanoparticles which appear as straight
lines or ring structures can be seen clearly. The same
structural pattern has been observed by Fink et al.
w x26 , which is attributed to the preference of occupy-
ing a twofold saddle site between two particles in the
first layer rather than threefold hollow sites created
where three basal plane particles meet.

Finally, we mention that the dodecanethiol played
a key role in the formation of the above superlattices.
Fig. 2 shows the TEM micrograph of the gold super-
natant without C H SH addition. It is seen from12 25

Fig. 2. TEM micrograph of the bare gold nanoparticles without
C H SH capping.12 25

Ž .Fig. 3. Absorption spectra of gold supernatant with a and
Ž .without b the addition of C H SH.12 25

Fig. 2 that the bare gold particles grow into single
Žcrystals with many different shapes cylinder, trian-

.gle, spherical, hexagon, trapezoid, pentagon and
Ž .sizes 7–40 nm . These morphologies of gold parti-

cles are very similar to those of metallic Cu clusters
Ž .prepared in another kind of microemulsion AOT

w xsystem without C H SH capping 12 . In this case,12 25

the Au colloid cannot form ordered superstructures
because of the wide size distribution and various
shapes. However, with dodecanethiol capping, the
gold clusters, which are stable with spherical shape,
can form superlattices as observed above. The differ-
ence between the gold supernatant with and without
dodecanethiol addition can also be reflected in the
absorption spectra, as shown in Fig. 3. Without
C H SH capping, the supernatant shows a broad12 25

surface plasmon absorption band with a maximum at
Ž .577 nm Fig. 3b ; while with C H SH capping, the12 25

supernatant exhibits a narrow absorption band with a
Ž .maximum at 523 nm Fig. 3a . This indicates that

size distribution of the gold nanoparticles is indeed
narrowed by C H SH capping in the supernatant.12 25

The absorption of the gold colloid without dode-
canethiol capping occurred at longer wavelength can
be attributed to the aggregation of large particles in

w xthe gold colloid 27 . All these agree with the TEM
data.

4. Conclusion

Formation of ordered arrays of gold nanoparticles
into 1D, 2D, and 3D superstructures can be realized
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directly and simply from CTABroctane q 1-
butanolrH O reverse micelle system. Dodecanethiol2

modification of gold nanoparticle surfaces plays a
key role in the formation of superlattices.
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