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Noble-metallic nanoparticles have attracted increasing research
attention during the past decades due to their interesting size-
dependent optical, electronic, and catalytic propettfddanopar-
ticles with a narrow size distribution can further function as building
blocks for the construction of higher-ordered superlattices that
exhibit collective properties of individual nanoparticte$ Although
several synthetic routes of noble-metallic nanoparticles have been
developed, the challenge remains of obtaining monodisperse
nanoparticles with size<10 nm on a large scale. Since the first
report in 1994, the syntheses of metallic nanoparticles with size
less than 10 nm have been dominated by the Brust method, a two-
phase protocol that can be easily scaled up to gram scale. However,
the nanoparticles prepared by the Brust method and its variations
typically have a continuous and broad size distribution in the range
of 1-4 nm?10 Similarly, the method based on the solvated metal
atom dispersion technique is suitable for preparation of metal 7 7 3 7

nanoparticles on the gram scéfg, but post-heat treatment is ) )
Figure 1. (A) TEM image of close-packed superlattice of 6.2 nm gold

generally required for good size dispersivity. nanoparticles. (B) Optical micrograph of colloidal crystals formed directly
Recently, efforts have been made to develop one-phase synthesegom the reaction mixture. The inset is the dark-field micrograph. (C) Smail-
in which the reduction of metal takes place homogeneously in a angle X-ray scattering (red traces) and diffraction patterns (black traces) of
selected organic solvent rather than at the two-phase interface aghe colloidal crystals. The subscript “S” and “A” designate the Miller indices
in the Brust method 15 Even though these one-phase syntheses f_ltﬁm the superlattice _and atomlc_lattl_ce of Au nano_parncles, re;pectlvely.
o ) ) L e peak marked with an asterisk is from the window material of the
have been shown to significantly narrow the particle size distribu- gcattering instrument.
tion, to our best knowledge, monodisperse metallic particles with
size dispersivity<5% have not yet been reported by using any of-micrometer-sized colloidal crystals (Figure 1B) were obtained.
one-phase synthesis without a subsequent size-selection proces$small-angle X-ray scattering and diffraction patterns of the colloidal
We report here a facile one-step one-phase synthetic route tocrystals shown in Figure 1C indicate their 3D face-centered cubic
achieve a variety of metallic nanoparticles by using arriperane structure witha = 11.3 nm. Prior to this work, the formation of
complexes as reducing agents. With the use of different metal |arge metallic colloidal crystals required careful control over growth
sources, both mono- and alloyed metallic nanoparticles with a conditions even after a size-selection procegsn this work, we
narrow size distribution can be obtained in a single step on a gramhave found that the crystallization of as-made nanoparticles is
scale. The synthesized nanoparticles are ready to function asreadily induced by cooling the mixture or diffusing a polar solvent
building blocks for the formation of large colloidal crystals (Figure (e.g., ethanol) into the mixture.
1) directly from the reaction mixtures. The use of amineborane complexes is essential for the syntheses
All syntheses were carried out in air by mixing metal source(s) of monodisperse metallic nanoparticles reported here. Compared
and capping ligand (e.g., thiols) in an organic solvent, such as to commonly used reducing agents (e.g., NaBHBH ), amine-
benzene, toluene, or chloroform. An amirleorane complex was  borane complexes have a weaker reducing ability, which can slow
then added to the mixture and stirred until the reduction was the reducing rate of gold cations and allow control over the growth
complete. As an example, dodecanethiol-capped gold nanoparticlesof nanoparticles. Upon the addition of strong reductants, such as
were prepared as follows: 0.25 mmol AuRBBhwas mixed with NaBH;, gold cations are reduced rapidly, resulting in an immediate
0.125 mL of dodecanethiol in 20 mL of benzene to form a clear color change of the reaction mixture from colorless or yellow to
solution to which 2.5 mmol ofert-butylamine-borane complex dark red. With the use of weaker reductants applied in our syntheses,
was then added. The color of the mixture darkened gradually anda much slower but continuous color change from colorless to
became purplered after stirring at 58C for 5 min. TEM samples yellow, pink, brown, and finally to purptered is observed, which
were prepared by dipping carbon-coated Cu TEM grids directly indicates a relatively slow reducing rate of Au(l). In addition to
into the solution and drying in air for at least 2 h. As shown in tert-butylamine-borane, other amine (i.e., triethylamine, morpho-
Figure 1A, long-range close-packed superlattices of 6.2 nm gold line, and ammonia}borane complexes were examined. While the
nanoparticles (Figure 1A) can be obtained even without control triethylamine complex is a reducing agent comparable tdette
over the evaporation rate. butylamine complex, the morpholine complex exhibits much weaker
To prepare colloidal crystals, the mixture was sealed and cooled reducing ability and requires longer reaction time to complete the
naturally in air upon the completion of reaction. After 2 days, tens- reaction. In comparison, the reducing ability of ammertarane
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Figure 2. TEM images of as-made different-sized gold nanoparticles
produced by varying reaction solvent{) and temperature (€F): (A)
2.1+ 0.3 nm; (B) 3.5t 0.3 nm; (C) 5.3+ 0.4 nm; (D) 6.2+ 0.3 nm; (E)

7.1+ 0.5 nm; (F) 8.3+ 0.5 nm. All scale bars are 20 nm.
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Figure 3. TEM images of differe
nm Ag; (B) 6.3+ 0.4 nm Pd; (C) 3.8 nmt: 0.2 1:1 Au/Ag alloy. All scale
bars are 20 nm.

is much stronger, so that it is difficult to obtain nanoparticles with
a narrow size distribution.
We found that the reducing rate of metal cations by certain

peratures (i.e., room temperature), the reaction rate can be
significantly reduced, which allows us to monitor the formation of
nanoparticles during the course of reaction. It was found that large
nanoparticles formed at the very beginning of the reaction and
neither grew nor aggregated with the reaction time. These large-
sized nanoparticles can be considered as a thermodynamic meta
stable state that can be better stabilized by long-chain alkanethiols.

The synthetic route described here requires that the metal
precursors be soluble in organic solvent(s). In the case of gold,
AuPPRCI was selected because it can be synthesized easily in the
form of a white powder by reacting HAughH,O with PPh in
ethanolt® In addition to gold nanoparticles, other noble-metallic
nanoparticles with a narrow size distribution can be synthesized
by substituting AUPPJCI with other metal precursors (e.g., AgEF
COO, Pd(ll) acetylacetone). As shown in Figure 3, both mono-
and alloyed metallic nanopatrticles can be synthesized. Furthermore,
grams of monodisperse nanoparticles can be easily obtained by
scaling up the reactant quantities.

In summary, a facile one-phase method has been developed for
the synthesis of different metallic nanoparticles with a narrow size
distribution. They can be synthesized even in the form of large
colloidal crystals. The use of amin®orane complexes as reducing
agents and thiols as capping ligands is essential to the synthetic
route reported.
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amine-borane complexes is dependent on the reaction temperaturémicrotoming.
and concentration of reactants. The higher the temperature or the Supporting Information Available: Detailed synthetic procedures

concentration of reactants, the faster the reducing reaction. Theand characterizations of nanocrystals and colloidal crystals, comparison
reaction at lower temperature for a short period typically leads to studies on the effect of different capping agents and reducing agents,
a relatively broad size distribution due to the existence of small color change, and time-domain TEM images during the formation of
nanoparticles. When the reaction time is long enough or the reactiondo!d nanoparticles. This material is available free of charge via the

temperature is increased, these small nanoparticles can grow to reacliternet at http://pubs.acs.org.

the size of larger particles. For example, monodisperse gold

nanoparticles can be prepared within 5 min at°&5but require
more tha 1 h atroom temperature.

Some representative results obtained by varying reaction condi-
tions are illustrated in Figure 2. While the reaction temperature is

an important factor to control the reducing rate of metal cations,

we also found that higher temperature gives larger average particle

size. As shown in Figure 2€F, the reduction of AuPREI in

benzene gave 5.3 nm particles at room temperature, 6.2 nm at 55

°C, 7.1 nm at 85C, and 8.3 nm at 100C. Reaction solvents can

also have a significant effect on determining the average size of
nanopatrticles. Stable smaller gold nanoparticles can be synthesized
by using a polar solvent. The 2.1 nm nanoparticles were produced
at room temperature when 3:1 (by volume) chloroform/ethanol was

applied as solvent; the reaction in chloroform gave uniform 3.5
nm gold nanoparticles (Figure 2A,B).

It has been well demonstrated that the average size and size
dispersivity of nanoparticles are mainly controlled by the balance

of nucleation and growth ratésTherefore, it was suggested that

strong ligands, such as thiols, should be avoided in order to get 12)
monodisperse gold nanoparticles because they limit the activity of

metal precursor® In our syntheses, however, it was found that
strong thiol ligands facilitate the formation of monodisperse
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