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Metal and semiconductor nanoparticles have been extensively x
studied as active components in a wide variety of basic research . y
and technological applications due to their new or improved optical, m ‘
electric, and magnetic properties compared to their bulk counter- -
parts! On the basis of their high electric conductivity, metal & .
nanocrystals with higher order complexities such as branched "
structures, including monopods, bipods, tripods, and tetrapods, are ' ?
highly desired considering their applications as interconnections W& i
in the “bottom-up” self-assembly approach toward future nano- S - °

. . . . ™
circuits and nanodevices. At present, these kinds of structures are .' il
only observed in a series of semiconductor materials such ag CdS, . a ‘ }
CdSe? CdTe? MnS? and ZnOS which are generated through P Iy
controlled nucleation of a zinc blende-phased core followed by the | & 'q" -« ‘”
growth of wurtzite-phased arms having the inherently anisotropic o '
nature of their hexagonal cell structures along d¢kexis. In these 100 nm “ o
cases, the existence of two kinds of crystal structures within the "
same nanocrystal (so-called “polytypism”) is required. One excep- Figure 1. TEM image of the branched gold nanocrystals. The inset shows
tion is the case of Pb&.Despite being a rock salt-phased the corresponding electron diffraction pattern.
semiconductor, metastable multiarmed structures have been ob- ...
served as transient species toward stable cubes. In all the above 4
cases, harsh conditions such as reactions in organic solvents at high
temperatures or chemical vapor deposition are normally required.
In this communication, we present the first example of the branched
metallic gold nanocrystals synthesized in aqueous solution at room |-
temperature. Since gold has a highly symmetric face-centered cubic
(fcc) structure, the formation of single-crystal multiarmed nano-
structures in isotropic aqueous solution is quite unexpected. We
give high-resolution transmission electron microscopic images,
elucidate two types of structural configurations, and discuss their
formation mechanisms.

In a typical synthesis, to a 36 mL of cetyltrimethylammonium
bromide (CTAB, 0.1 M) solution was added 1.2 mL of 10 mM '
HAUCl,, 4 uL of concentrated silver platdsand 2.5 mL of 10
mM L-ascorbic acid, the orange color of the AGTAB mixture
changed to almost colorless after the addition of ascorbic acid (see |g@ e f g

Figure S1 for the absorption spectra), indicating probably the Figure 2. (a) TEM image of a regular tripod nanocrystal and (b) high-

rgduction of Ad* to Au* and/or the formation of cpmplexes. resolution image of the pod end as marked by a white frame in panel a. (c)
Finally, 0.2 mL d 1 M NaOH was rapidly added to induce the Diagram showing the crystal planes and pod directions. The lower row of

gold nanoparticle formation. Without shaking, the color of the panels exhibits the particles developed at various stages: (d) embryo of
solution changed from slightly blue and finally to purple-red within  triangular shape, () monopod, (f) V-shaped bipod, and (g) Y-shaped tripod.

1 day. . .
Figure 1 displayed the TEM image of the obtained particles. Figure 1 clearly demonstrates that these patrticles have fcc structures.

Variously shaped particles, including sphereg0%), tadpole-like No si!ve_r is (_jetected as shown _by the elemental analysis (see Figure
monopods £25%), 90 L-shaped, 180 I-shaped, and 120V- 8_2), |nd|c§tlng that these p_artcheS are pu_rely gol_d. Two types of
shaped bipods23%), T-shaped, Y-shaped, and regular triangular final multlppd structures, ie., rggulgr tripod (Flgureg 2a) and
tripods (~9%), and cross-like tetrapods-8%), are observed. A tetrapod (Figure 3a), can be distinguished. Other particles can be

selected area electron diffraction pattern shown in the inset of recognized as that formed at different d_eveloplng_ sta_ges of pod
growth toward these two structures, as displayed in Figureg2d

Igfg:gg”ﬁ;;;gﬁ?gmchn ology and Figure 3¢tg, respectively. Since all these particles are collected
§Wake Forest University. at the end of the reaction, it is not necessarily said that each particle
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Figure 3. (a) TEM image of a well-developed tetrapod nanocrystal, and
(b) high-resolution image of the end of one pod as marked by a white frame
shown in panel a. (c) represents a schematic illustration of crystal planes
and pod directions. The lower row of panels exhibits the particles developed
at various stages: (d) embryo of diamond-like shape, (e) monopod, (f)
L-type and I-type bipods, and (g) T-type tripod.

should follow the stepwise pod extrusion process. However, This
gradual growth trend should be applicable for most of the particles,
as collectively reflected in the absorption spectra (see Figure S3):
we found that a 670 nm shoulder peak obtained at 10 min of

At this stage, it is not yet clear which components play the main
roles in the above actions; however, several points should be
addressed. (i) The forced reduction of gold by ascorbic acid through
the addition of NaOH is the key step for particle branching. As
reported in the previous studigsyhen gold seeds containing a
strong reducing agent of NaBhvere added at the final step, only
spheres or rods were obtained. (ii) The silver nanoplates in our
recipe are not necessarily required for branched particle formation;
however, the yield is much lower if they are omitted20%).
Similar branched particles were also observed in the cases of using
other kinds of seeds such as gold (4 nm, aged for one month, yield
~30%) and silver (15 nm, aged for one month, yield5%).
Existence of colloidal silver apparently increases the yields of
branched particles; however, direct addition oftAgns shows a
detrimental effect on branded particle formation. This is different
from that of the rod growth casé(iii) A high concentration of
CTAB is needed for obtaining the branched particles (see Figure
S5 for optical characterization). The self-assembled structures of
concentrated CTAB such as rodlike micelfemay also play an
important role in this case.

In summary, a series of multipod gold nanostructures have been
successfully synthesized via a simple chemical reduction method
at room temperature. Two types of structurally different particles,
i.e., the tripod and the tetrapod, are characterized. These branched
particles are expected to have wide applications in nanoelectronics
and other related fields.
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The tripod and tetrapod morphologies are related to their atomic Supporting Information Available: Figures showing the absorp-

structures. High-resolution TEM studies show that, in both cases, tion spectra and results of elemental analysis. This material is available
lattice planes continuously extend to the whole particles without free of charge via the Internet at http;//pubslacslorg_

stacking faults or twins, indicating they are single crystals. For the
tripod particles, perpendicular to each of the three pod growth References

directions, a lattice plane with interplanar distance of 0.144 nm
was measured (Figure 2b), showing that the pod growth occurs
preferentially on thg 220 planes. It is easy to conclude that the
tripod actually lies flat on its (111) plane, with three pods extending
in [110], [101], and [01] directions (Figure 2c). At this point, an
interesting question arises: why are only every other three directions
out of the six equivalenfl10ddirections on g 111} basal plane
preferentially grown? Considering the structure of gold or silver
nanoplates this may be due to the simultaneous growth inhibition
of the{111} and{110C} side planes (see Figure S4 for more details).

The high-resolution image shown in Figure 3b gives an inter-
planar distance of 0.204 nm, which belongs{#00 planes of
gold. Considering the geometry of the tetrapod, it is clear that it is
oriented along [001] with four pods extruding along (¢1,1[110],
[110], and [110] directions (Figure 3c).

Interestingly, both of the above structures are formed with pod
growth along110directions, indicating no adsorption or very weak
adsorption of molecules (CTAB and/or ascorbic acid){diG}
planes. If strong adsorption occurred on the{siQG} plane of the
cubic gold, tetrapod structures were formed. On the other hand, if
{110 and{111} planes were favorably stabilized at the same time,

tripods appeared. The concurrent existence of these two structures

may imply the similar interfacial energy of these two planes
stabilized by adsorbed molecules.
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