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Abstract

Regularly whisker structured nanocrystalline gold assembles were controllably synthesized by an easy sonochemical

approach in the assistance of poly(ethylene glycol). The gold nanocrystals (B3 nm) were prepared through reducing

KAu(CN)2 with ascorbic acid (AA). By simply changing the experimental parameters such as KAu(CN)2/AA ratios,

the morphology of whiskery structures could be tuned. A possible mechanism for the formation of the structure was

suggested.

r 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Due to their unique optical, electrical, magnetic,
catalytic and other related properties [1–3], the
rational organization of nanosized metal particles
into tunable structures has been a central topic in
the field of nanoscaled materials science and
technology. The ability to generate assemblies
with these building blocks, in which the relative
spatial arrangement of distinct nanocrystals is
controllable, would allow for a systematic inves-
tigation of the physical properties of such novel
structures [4–6]. To this end, many efforts have
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been pursued to prepare metal nanoparticle
assemblies and a range of architectures have been
constructed presently [7–15]. But those approaches
usually require synthesis and/or modification of
nanoparticles prior to the assembly, which make
the processes complex and difficult to control.
Recently, one-step assembly of metal nanoparti-
cles into one-dimensional structures in the assis-
tance of polymer has been reported [16,17].
However, they did not demonstrate significant
control over the synthesized nanoassembles, which
significantly influenced the properties of those
materials.
Sonochemistry arises from acoustic cavitation

phenomenon, that is the formation, growth and
implosive collapse of bubbles in a liquid medium
[18]. The extremely high temperatures (>5000K),
d.
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pressures (>20MPa), and very high cooling rates
(>107K/s) attained during acoustic cavitation
lead to many unique properties in the irradiated
solution. The remarkable advantages of this
method include a rapid reaction rate, the con-
trollable reaction condition and the ability to form
nanoparticles with uniform shapes, narrow size
distributions and high purities [19–22].
Here, we describe a simple method for con-

trollably assembling in situ generated gold nano-
particles into one-dimensional structures in a
medium of poly(ethylene glycol) (PEG) via a
sonochemical route. The method involves reducing
KAu(CN)2 with ascorbic acid (AA) under sonica-
tion in a PEG 400 solvent. The synthesized gold
nanocrystals (B3 nm) are uniform in size and the
assembly has a regular whiskery shape. More
importantly, the aspect ratio of whiskery assembly
can be controlled via changing the ratio of
KAu(CN)2 to AA.
2. Experimental procedure

A vessel of 100ml was cleaned with distilled
water and filled with 60ml PEG 400 (Huakang
Sci-Tech Company, China; molecular weight: 370–
460) and 0.1mol/L AA (Shanghai Chemical
Reagent Company, China). And then different
amount of KAu(CN)2 (Analytical Purity, supplied
by Changzhou Chemical Research Institute Co.,
Ltd., China) was added to AA–PEG solutions.
The pH value of the mixture was adjusted to B8.0
with NH3dH2O prior to the reaction. An ultra-
sonic horn (XinZhi JY92-2D, 0.6 cm diameter; Ti-
horn, 20 kHz) was directly immersed into the
above solution. The solution was sonicated for
1–3 h. The color of the solution changed from
colorless to deep red and the final temperature of
the solution reached B80�C. The reaction can be
described by the following equation:

2KAuðCNÞ2þC6H6O4ðOHÞ2
-2Auþ C6H6O6þ2KCNþ 2HCN:

The solution was centrifuged at 10,000 rpm for 1 h
and deep purple colored precipitate was obtained.
The precipitate was washed for three times with
redistilled water and alcohol then dried in air.
The phase purity of the products is character-
ized by a Shimadzu XD-3A X-ray diffraction. The
morphology of as-prepared products was observed
by a JEOL-JEM 200CX transmission electron
microscope (TEM) and a JEOL JEM 2010 high-
resolution TEM. FT-IR (Vector 22, Bruker Co.)
was performed to analyze the assembled struc-
tures.
3. Results and discussion

As a test case for controllable assembly, gold is
chosen as the building blocks because it is expected
to be a quantum electronic device [23] and one-
dimensional organization of gold nanocrystals is
intriguing for future electronic-device application
especially when the morphology of assembly is
regular. PEG is used as a solvent because it cannot
only confine the size of nanoparticles [24], but also
provide matrix for the in situ nucleation of ordered
one-dimensional structures [25]. And this method
may also provide a possible way to spontaneous
organize single nanoparticles into nanorods or
nanowires [26]. The introduction of KAu(CN)2 as
a source of Au is due to the fact that previous
report [17] and present experiments show that the
use of KAu(CN)2 can obtain smaller particles and
narrower particle size distribution than that of
HAuCl4. In this letter, we employed widely used
AA [27,28] as a reducing agent of Au(I). It is a
mild reducing agent and can hardly reduce
KAu(CN)2 in the solvent of PEG at room
temperature, but in a unique sonochemical condi-
tion [18,29] the reaction can be proceeded
smoothly.
The reaction without AA in PEG solvent was

performed. The KAu(CN)2–PEG solution was
sonicated for 3 h, but no reaction took place. It
was obvious that reaction cannot process without
AA. We also tried to use water as solvent instead
of PEG to synthesize Au nanoparticles, but only
irregularly spherical and aggregating gold nano-
particles were obtained in the presence of AA.
Sonication is another important factor in the
reaction. When a solution containing KAu(CN)2
and AA in PEG was stirred for 36 h at
room temperature, no apparent change was
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observed. So without sonication the reaction can
hardly proceed.
The final precipitate appeared muddy which was

probably due to the existence of PEG and was first
characterized by X-ray diffraction at a scanning
rate of 4�/min in the 2y range from 30� to 85�,
with graphite monochromatized Cu Ka radiation
(l ¼ 0:15418 nm) and nickel filter. All diffraction
peaks could be indexed to the face centered cubic
(fcc) phase of gold (JCPDS 04–0784), indicating
the high purity of gold in the products. The XRD
result is shown in Fig. 1.
Samples for TEM measurements were prepared

by dispersing a fraction of products in alcohol in
the bath of ultrasonic and then placing a drop of
suspension on a copper grid coated with carbon
film. The TEM image shown in Fig. 2A indicates
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Fig. 1. X-ray diffraction pattern of as-prepared Au nanopar-

ticles.

Fig. 2. (A) TEM image of as-prepared products, cKAuðCNÞ2 ¼ 0:03 m
reaction time 2 h. The TEM images of products obtained under diffe

conditions: pH=8.0, reaction time 2 h, ultrasonic intensity 80W/cm2
the regularly nanowhiskers are obtained. The
whisker has an average diameter of ca. 40 nm
and aspect ratio up to 15 or so. It was found
that when the KAu(CN)2/AA ratio was changed
from 0.1 to 0.5 and then 1, respectively, the
aspect ratios increased from B2 to B10 and
then B20 accordingly (Figs. 2B–D). The pH of
the solution was one of the important factors
that influenced the shape and size of the
synthesized gold. The pH affected the reducing
ability of AA significantly. The reducing ability of
AA was much higher at alkaline pH value than at
acidic pH value [30]. When the reaction carried out
at pH 7.0, the as-prepared gold showed a shape of
short rod. As the pH value increased, the
synthesized gold gradually grew longer. When
the pH value was above 11 the morphology
exhibited a dendritic structure. The experimental
data revealed that the pH value of the solution
would influence the morphology of the products.
It was found that pH 8.0 was favorable for the
growth of rod-like gold nanoparticles. Moreover,
other experimental conditions such as the reaction
time, the intensity of the ultrasound and different
reducing agents also influence the morphology of
the nanowhiskers, the particles size and distribu-
tion and the inter-particle space. These varieties
provided sufficient access to tune the structure of
nanowhiskers.
In HRTEM images, we discovered that there

were arrays of orderly assembled nanoparticles
inside the nanowhiskers (Figs. 3A, C and D) and
those arrays were nearly parallel. Those particles
have an average size of B3 nm. Inverse fast
ol=l; cAA ¼ 0:10mol/l, pH=8.0, ultrasonic intensity 80W/cm2,

rent KAu(CN)2/AA ratios: (B) 0.1; (C) 0.5; and (D) 1.0. Other

cAA ¼ 0:05mol/l. (Figs. 1B–D have the same scale.)
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Fig. 4. FT-IR spectra: (A) commercial PEG400 and (B)

products after centrifugation.

(A) (B)

(D)(C)

Fig. 3. High-resolution TEM images of as-prepared nanowhiskers: (A) truncated nanowhiskers (KAu(CN)2/AA ratio=0.3, pH=8.0,

reaction time=2h and ultrasonic intensity=80W/cm2); (B) IFFT image of gold nanoparticles; and (C, D) sharp ending nanowhiskers

(KAu(CN)2/AA ratio=1.0, other conditions are the same to Fig. 2A).
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Fourier transformation (IFFT) image (Fig. 3B)
reveals that the d-value of nanocrystal is 0.204 nm
that is in good agreement with the d (2 0 0) value of
Au from JCPDS card (No. 04-0784). The result
indicating the fine crystalline nature of as-prepared
gold nanoparticles. It is interesting to note that
there exist two kinds of whiskers [truncated (Fig.
3A) and ending sharp (Figs. 3C and D)]. The
change of the morphology is sensitive to the
varieties of experimental conditions. It is found
that as the ratio of KAu(CN)2/AA and reaction
time increases, the amount of ending sharp
nanowhiskers increases. The phenomenon will be
discussed later.
In Fig. 3A, it can be clearly observed that a

layer of substance covers the surface of the
gold nanocrystals. We believe that this layer of
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Fig. 5. Schematic representation for the growth of the nanowhiskers: (A) pure PEG; (B) possible linkages between Au nanoparticle

and PEG moleculars; (C) truncated one-dimensional nanostructure; and (D) the sharp ending of nanowhisker.
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substance is PEG-400 and it plays an important
role in determining architecture of the assembly.
To confirm that the gold nanocrystals were coated
with PEG, FT-IR measurements were performed.
The FT-IR spectrum (Fig. 4) of the products
shows two strong bands at 1118 and 3377 cm�1,
characteristic stretching vibrational modes of the –
OH and C–O–C groups. However, those bands are
all shifted to a higher frequency in comparison
with the pure PEG (1109 and 3361 cm�1). The fact
indicates that there exists a strong interaction
between O atoms of PEG and Au surface. The
interaction may be explained as coordination
bonding [31,32].
We presume that the possible growth mechan-

ism could be illustrated as following and a
schematic representation of the procedure is
shown in Fig. 5. As FT-IR measurement indicates
that gold nanoparticles act with PEG through –
OH and C–O–C groups. The possible linkages
between them are showed in Fig. 5B. Some part of
gold nanoparticles may coordinate with one of the
–OH at the end of PEG molecular while leave
another one unoccupied. The unoccupied side of
PEG may coordinate to another gold nanoparticle
during the reaction, therefore, the in situ generated
particles self-assemble into chain-like structures
in the assistance of PEG (Fig. 5C). Of course,
some of the particles may deviate from the
growth direction of the arrays, so the arrangement
of the particles inside the nanowhiskers seems a
little bit random. But in general the gold nano-
particles are linked into chain-like structure
and those chains are almost parataxis inside
the nanowhiskers. By increasing the KAu(CN)2/
AA ratio, the amount of reduced Au nanoparticles
will increase too. More nanoparticles can join
the formation of the nanowhiskers, so the nano-
whiskers will grow longer and thicker. As the
reaction proceeds, some particles become bigger
and begin to grow together which is confirmed by
HRTEM images (Figs. 3C and D), and then
several arrays converge. The process can be
illustrated as Fig. 5D. This may explain why these
assemblies grow into whisker-like structure. The
mechanism is a possible model for the formation
of nanowhiskers. The exact interaction between
polymer molecular and the surface of metal
nanoparticles may still unclear now, but by further
investigating, this very simple polymer solvent
assistant method can be used to synthesize more
useful superstructures.
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4. Conclusion

In summary, a simple sonochemical method has
been developed for the controllable fabrication of
gold nanocrystals assembled whiskery structure.
The structure is formed by self-assembly of in situ
generated gold nanocrystals in the assistance of
PEG. The produced gold nanocrystals have an
average size of B3 nm. Moreover the structure of
the assembly can be handled in a controllable way
and those chain-like whiskers can be useful in
nanoelectronic devices. And the method may also
provide a potential approach to synthesize nano-
rods and nanowires.
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