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Densely assembled gold nanoparticles were treated by low
temperature oxygen plasma to undergo complete fusion due to
removal of organic protecting groups. Nanosheet and nanowire
of gold with thicknesses of less than 10 nm were formed at room
temperature without oxidation. Their sizes reached more than
several hundred nanometers, demonstrating the effectiveness
of the current method to fabricate nanoscopic architectures of
mesoscopic sizes.

Precise morphological control of metallic materials is indis-
pensable for their uses as advanced materials in nanometer to
micrometer regimes.! Such metallic architectures may be
constructed by “build-up” approach as well as by “bulk-down”
approach, as in other nano-precision materials. Indeed, metallic
mesoscopic architectures have been exploited in chemical and
electrical reduction of metal ions on patterned templates,>
and in electro and electroless ion plating techniques. Metallic
nanoparticles stabilized by organic molecules are most useful
precursors for this purpose, since they can be assembled to de-
signed superstructures with different dimensions.*® Controlled
fusion of such nanoparticle assemblies should lead to metallic
nano- and microarchitectures. It has been reported that thermal
cure at 300-450°C” and laser irradiation® caused coalescence
of gold nanoparticles to produce partially linked larger particles
of spherical and semispherical shapes. Another interesting cases
are gradual fusion of densely populated nanoparticles®®®® and
rapid fusion due to desorption of short-bulky stabilizer (meta-
stable nanoparticle).” Unfortunately, the resulted structures
were quite small.

In this letter, we report a facile and powerful procedure to
form gold nanosheet and nanowire by a combination of control-
led deposition of gold nanoparticles and removal of organic
stabilizers via room temperature oxygen plasma.

Dioleylammonium surfactant (N-methyl-N-hydroxyethyldi-
9-octadecenylammonium bromide (1))!° and disulfide-linked
ammonium surfactant (bis(trimethylammonioundecanoylamino-
ethyl)disulfide dibromide (2))!! were prepared and characterized
by TLC-FID, FT-IR, 'H NMR, and elemental analysis, and used
as stabilizers of gold nanoparticles (Scheme 1). Two kinds of
protected gold nanoparticles were prepared by modified two
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phase (toluene/water)'? and one phase (water)'! reduction pro-
cedures. After reprecipitation in poor solvents, good solvents
for the stabilizer molecules, the gold nanoparticles were collect-
ed and kept as black powders which could be redispersed homo-
geneously in proper solvents.!"'? They do not contain free sur-
factants and stable enough for preservation for at least several
months without coagulation. Transmission electron micrograph
(TEM) revealed that sizes and standard deviations (SD) of gold
nanoparticles protected with 1 and 2 (Au-1 and Au-2) were
6.2nm (S.D. = 0.8) and 4.6 nm (S.D. = 0.5), respectively.
Casting of dispersed nanoparticles on solid substrates leads
to densely packed monolayers of nanoparticles due to capillary
force operating during evaporation of solvents.* This monolayer
is a convenient system for observation of nanoparticle fusion.
Thus, a toluene dispersion of Au-1 ([Au] = 5 mM) was dropped
onto quartz plate for UV—-vis—NIR measurement and on silicon
monooxide-covered gold grid for TEM observation. A sharp-
ened plasmon band of gold nanoparticles was observed at
552 nm for the as-prepared Au-1 sample in UV-vis—NIR meas-
urement. When the as-prepared sample was exposed to low tem-
perature oxygen plasma, the surface plasmon band showed red
shifts and decreasing intensity with increasing exposure time.
At the same time, the absorption increased in the range of
630-2000nm (Supporting Information I). These spectral
changes are typically observed when gold nanoparticles are con-
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Figure 1. TEM images of a monolayer of Au-1 (6.2 nm) before
(a) and after 2.5min (b), 15min (c) and 45 min (d) exposure
to oxygen plasma (PE-2000 Plasma Etcher (South Bay Technol-
ogy), 10W, 180 mTorr). (d)-inset is the diffraction pattern of
image (d). The TEM observation was carried out on a JEOL
JEM 2000EX transmission electron microscope at an accelera-
tion voltage of 120kV.
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verted to larger structures.'? This assumption was verified by
TEM observation.

Figure 1a shows TEM images of as-cast gold nanoparticles.
Closely packed domains of nanoparticles were readily obtained,
where adjacent gold nanoparticles were separated by the steric
hindrance of long oleyl chains of stabilizer 1. When this sample
was exposed to oxygen plasma at 10 W for 2.5min, fusion
among a few neighboring gold nanoparticles occurred extensive-
ly (Figure 1b). Low temperature oxygen plasma contains a vari-
ety of activated species, including radicals, ions, free electrons,
and gas molecules. Such plasma states of oxygen can effectively
decompose the organic protecting groups without direct thermal
fusion of nanoparticles.'* However, this makes gold nanoparti-
cles more amenable to fusion in order to minimize their surface
energy. Additional exposure for 12.5 min led to further fusion of
these nanoparticles, but their particle morphology still remained
(Figure 1c). After 45-min oxygen plasma treatment, complete
fusion of the gold nanoparticles was observed and extended gold
sheets were formed in most of the view area with small voids
due to initial defects of the nanoparticle array and shrinking
(Figure 1d). The gold nanosheet was extended to several
hundreds nanometers and possessed a thickness of less than
10nm, as confirmed by cross sectional TEM observation. In
the case of sparsely scattered gold nanoparticles, the extended
fusion did not occur. Dense assembly of gold nanoparticles
was indispensable for the formation of extended and well fused
structures. Since the organic components should be completely
decomposed within 15 min,'* the extended fusion may not be
induced simply by removal of the protective organic shell. The
atomic diffusion among neighboring may be accelerated under
plasma irradiation. Electron diffraction experiments revealed a
pattern of five rings that correspond to fcc gold crystals, indicat-
ing that gold exists in its metallic state. Interestingly, surface
atoms of gold nanosheets were not at all oxidized by oxygen
plasma under the experimental conditions employed, as evi-
denced from XPS investigation (Supporting Information II).

In order to obtain gold nanowire by a similar method, gold
nanoparticles should be aligned in one dimension. For this pur-
pose, we employed cationic gold nanoparticles (Au-2) that were
densely aligned onto anionic A-DNA molecules as one-dimen-
sional template (Figure 2a).°>!> The composite of cationic gold
nanoparticles and DNA molecule readily forms bundle structure.
The quaternary ammonium groups located densely on the gold
nanoparticles will act as a linker between DNA chains. The ini-

Figure 2. TEM images of one-dimensionally aligned Au-2
(4.6 nm) on A-DNA (a) and of fused structures after 60 min oxy-
gen plasma treatment (b) and (c). Nanowire widths: (b) 20—
30nm (mixed with 7.2 ug/l A-DNA), (¢) 50-100nm (mixed
with 72 ug/l1 1-DNA).
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tial bundle width of the composite was adjustable with the initial
concentration of DNA or with the charge ratio of DNA and gold
nanoparticles. When the organic moiety (DNA and protecting
groups) is removed by oxygen plasma (180 mTorr, 10W,
60 min), fusion of the gold nanoparticle proceeds along the orig-
inal DNA chain. Figures 2b and 2c show TEM images of the
gold nanoparticles assembled onto A-DNA molecules after oxy-
gen plasma treatment. Most of the nanoparticles were aligned
one-dimensionally and fused to form nanowire. The length
of gold nanowires corresponded to that of A-DNA. The width
of the nanowire was 20-30nm (Figure 2b) and 50-100nm
(Figure 2¢), depending on the initial concentration of A-DNA.

We have shown that extensive fusion converted one- and
two-dimensionally assembled gold nanoparticles to gold nano-
sheet and nanowire by oxygen plasma treatment. Low tempera-
ture plasma irradiation can lead to controlled fusion of nanopar-
ticle assemblies due to suppression of less-controlled thermal
fusion. Its additional advantage is the use of tailor-made organic
stabilizers. The stabilizer molecule may be removed not only by
oxygen plasma but also by light of specific wavelengths, by
specific chemical reactions, if properly designed stabilizers are
used. Thus, accelerated fusion of unstabilized metal nanoparti-
cles under moderate conditions will offer new possibilities in
the fabrication of nanoprecision materials.

The authors thank Ms. A. Nakao in beam application team,
RIKEN for XPS measurement and fruitful discussions.
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