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A simple method has been developed to assemble gold
nanoparticles to generate 1D assemblies by the assistance of sil-
ver ions. The lengths of nanoparticle chains can be controlled by
adjusting the content of silver ions in the system. The assembly
procedure of gold nanoparticles chains requires no template. The
gold nanoparticle chains were characterized using TEM and
XPS techniques.

Assembling nanoparticles (NPs) into one-, two-, and three-
dimensional nanostructures has attracted much attention in
recent years.'”!! As an important noble metal, gold NPs have
been assembled into different superstructures,3>%!1 because
of their wide applications in electronic, optical, and sensor,
etc.'> Among these assembly methods, templating techniques
are mostly used, in which the templates include DNA, protein,
viruses, and other predesigned nanostructures.'>%° For further
study in this area, assembling gold NPs into 1D nanostructures
by template-free wet-chemical approaches is highly desirable.
Recently, Zeng and Zhang'? have described a template-free
method to construct parallel 1D assembly of gold NPs by the
assistance of organic surfactants, and the length of NPs chains
and their interchain space can be controlled by adjusting content
of the surfactant, the size of metal particles, and the amount of
solvent for dispersion. Here, we report a simple, template-free
approach to prepare gold NPs chains by introducing silver ions
into the reactants. By controlling the content of silver ions, the
length of gold NPs chains can be further controlled.

TenmL of 0.25mM aqueous HAuCly (A. R., purchased
from Beijing Chemical Co.) solution was mixed with 1 mM
(0.1, 0.5, 1.0, and 2.5mL) aqueous (A. R., purchased from
Beijing Chemical Co.) AgNO; solution. To this mixed solution,
0.25mL of 1mM aqueous 2-mercaptosuccinic acid (MSA,
purchased from Aldrich) solution was added all at once,
followed by heating at 100 °C for about 10 min. The solution
developed a gray-green color. Subsequently, the heater was
removed and the solution was left undisturbed at air for at least
1 h. The morphology of reaction products was observed by TEM
images taken at 100kV using a JEOL-1000 TEM. For all TEM
observations, the sample was diluted four fold with ultrapure
water, and a droplet of this sample solution was placed on a car-
bon-coated copper grid and let the solution evaporated at room
temperature. The X-ray photoelectron spectra were collected
on an ESCA Lab MK II X-ray photoelectron spectrometer
(VG. Co., U.K.). Figure 1 presented typical TEM images of gold
NP chains prepared in the presence of 1 mM AgNO; with the
volume of 0.1, 0.5, 1.0, and 2.5 mL, respectively. These images
displayed nanochains with lengths changing from several tens
nanometers to several micrometers. Figure 1a shows the result
of a growth process with 0.1 mL of AgNO3, showing short nano-
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Figure 1. TEM images of gold nanoparticle chains prepared
with 1 mM AgNOs: (a) 0.1, (b) 0.5, (¢) 1.0, and (d) 2.5mL.

chains consisting of a few NPs, the bottle necks between the ad-
jacent particles are visible. The results indicate the formation of
nanochains, and some of the chains have reached several tens
nanometers. Figure 1b shows the results of the sample with
I mM AgNO; with volume of 0.5mL, where nanochains of
several hundreds nanometers were observed, and there still
exists short nanochains with several tens nanometers length in
the samples. Figure 1c shows the results of the growth process
with 1 mM AgNO; with volume of 1.0 mL, the length of nano-
chains further increased to several micrometers. Figure 1d
suggests that the nanochains get longer than nanochains in
Figure lc. From these results, it can be concluded that the
lengths of gold nanochains can be controlled by varying the
volume of AgNO;. The crystallographic structure of the Au
nanochains is verified with the electron diffraction pattern inves-
tigated in Figure 2. The nanochains obtained are polycrystalline.
In other words, the nanochains consist of individual different
crystallites having different crystalline orientation. The XPS
results of these nanochains obtained with different silver content
are shown in Figure 3, which indicates that the gold is in its
zerovalent states. Binding energies of Au (4f) electrons were
determined and compared with those of bulk gold samples.
According to above results a hypothesis was proposed to explain
why the AgNO; volume changes the lengths of the nanochains.
As the AuCly~ is partly hydrolyzed through the following
reaction: 13
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Figure 2. TEM image and its electron diffraction pattern of
gold nanoparticle chains prepared with 2.5 mL of 1 mM AgNO;.
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Figure 3. The XPS spectra of gold nanowires prepared with
AgNOs: (a) 0.1, (b) 0.5, (c) 1.0, and (d) 2.5 mL.

AuCly~ + H,O = AuCl;OH™ + H" + CI~ (1)

The equilibrium constant for the reaction (298 K) was reported
to be 2.4 x 107°M? in aqueous solutions.!> The equilibrium
principle shows that in the presence of Ag™ ions, the concentra-
tion of Cl1~ ions decreased and the concentration of H* ions in-
creased. Therefore, there may be two possible interpretations
about the influence of silver ions. It is well known that C1~ ions
always incline to adsorb to gold surface, accordingly may pre-
vent NPs to come close. The presence of silver ions decreases
the concentration of Cl~ ions through the formation of AgCl,
thus preventing the adsorption of C1~ onto the gold NPs, which
eventually results in the prolongation of NP chains. Jana et al.
have reported that the nanorods prepared would convert to nano-
crystals at the absence of silver ions.'® El-Sayed and Nikoobakht
have proposed that silver ions could assist in the template
elongation by pairing with Br~ ions of CTAB.!” For another
factor to influence the length of NPs chains, pH should be taken
into account. In this paper, the low pH of the solution will make
most carboxyl group of the MSA existing in the form of -COOH
rather than —-COO™. As carboxyl group is outside the MSA-cap-
ped NPs, and the repulsion between the -COO~ is stronger than
that of -COOH because that the electric repulsion exists between
—COO™ ions. Hence, under low pH, the repulsion between gold
NPS is lower than high pH. Accordingly, the content of Ag*
ions has an influence on the assembly of gold NPs. To further un-
derstand the effect of silver ions on the assembly of nanochains,

143

Figure 4. TEM image of gold NPs prepared in the absence of
AgNO:;

we performed a control experiment in the absence of AgNOs,
and main products were nanoclusters (shown in Figure 4). And
the average diameter of the nanoparticles are about 7-8 nm.
The control experiment further confirms that the silver ions
could affect the assembly of nanochains by adjusting the concen-
tration of Cl~.

We have demonstrated a one-step, template-free solution
method to assemble gold NPs into chains. The lengths of gold
NP chains can be controlled by introducing different contents
of silver ions, as the silver ions may change the CI~ ions concen-
tration and pH in the system. Moreover, the method is expected
to extend the field of controlling the assembly of NP chains.
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