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The fabrication of ordered metal nanoparticles with well-
defined 2-dimensions (2D) would enable us to produce novel
optical devices and nanoelectronic deviédsspecially, mono-
dispersed gold (Au) nanoparticles have attracted attention as
promising optical devices, and furthermore they also have the
potentiality to be the building blocks for nanoelectronic devices
by means of the single-electron tunneling effe&u nanoparticles
smaller than 2 nm in size are required for such devices to make
use of the phenomenon of Coulomb blockade at room tempera-
ture3 To order nanoparticles on a substrate by evaporating the
solvent from the nanoparticle dispersion, one has to use a rigid
stabilizer such as ligand or surfactant for Au nanopatrticles to form
2D nanoparticle monolayer of a complete hexagonal network,
because the volume change of stabilizer like linear polymer
through the evaporation of the solvent may suppress the complet
arrangement of nanoparticles. In fact, 2.6 nm polyacrylonitrile-
protected Au nanoparticles prepared previously formed only a
partially hexagonal networkMany efforts have been made to
fabricate 2D Au nanoparticle monolayer using self-assembly
techniquéta ¢S electrophoretic depositidhl.B technique’, elec-
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trostatic interactiod, and DNA hybridizatior?, but the only
research on 2D ordering of Au nanoparticles smaller than 2 nm
in the wide range has been recently reported by Schmid 6t al.
They also succeeded in preparing the micrometer sized crystals
of 3D close packed Ag(PPh):.Cls nanoparticles! Here we
describe the synthesis of Au nanoparticles smaller than 2 nm with
quite narrow size distribution and their 2D self-organized mono-
layer by using a newly synthesized protective ligand, 2,6-bis(1
(8-thiooctyl)benzimidazol-2-yl)pyridine. This ligand was designed
to have two functional groups, a disulfide group and a 2,6-bis-
(benzimidazol-2-yl)pyridine (BIP) group, the former serving to
produce small Au nanoparticles and the latter inducing the
interaction between the ligands. Moreover, BIP group can form
a complex with metal ions, such as Ruto provide novel
electronic and optical material3.

2,6-Bis(2-(8-thiooctyl)benzimidazol-2-yl)pyridine (TOBIP, see
inset in Figure 1) was synthesized as follows: The mixture of
2,6-bis(benzimidazol-2-yl)pyridine (3.2 mmol) and the suspension
of NaH (7.0 mmol) in dimethylformamide (DMF, 14 mL) was
heated to 8C°C for 2 h under N. The resulting solution was
added to 1,8-dibromooctane (19.2 mmol) in DMF (15 mL)
dropwise at room temperature and then heated to°Q0f@r 2 h
to obtain 2,6-bis(t(8-bromooctyl)benzimidazol-2-yl)pyridine. To
the solution of this compound (1.5 mmol) in dried THF (10 mL),
a solid of thioacetic acid (13 mmol) was added at room
temperature, and then the solution was heated 4C5@r 14 h,
resulting in the formation of 2,6-bis(8-thioacetyloctyl)benz-
imidazol-2-yl)pyridine, which was purified by column chroma-
tography on silica gel with ethyl acetate/hexane (1:2) as an eluent.
The solution of this compound (0.80 mmol) in methanol/ethanol
(4:1, viv) was degassed by bubbling Ar for 5 min. AftesGO;
(2.0 mmol) was added to the solution and stirred at room
temperature for 21 h, the color changed from orange to pearl
orange. Thus, the desired compound, TOBIP, was separated from
the thiol by column chromatography on a silica gel with ethyl
acetate/ether (4:1) as a pale yellow oil. The final product was
identified as TOBIP withtH NMR and electrospray ionization
Fourier transform ion cyclotron resonance (ESI FT ICR) MS. The
Au nanoparticles were prepared using TOBIP as a protective
agent. In a typical preparation, 2.5 mL of 1 mM aqueous solution
of HAuCl,-4H,0O was added to the mixture of 1 mL of 2.5 mM
DMF solution of TOBIP and 44 mL of DMF. After heating the
solution to 60°C, 2.5 mL of 10 mM aqueous solution of KBH
was added to the solution, and stirred vigorouslylfd toobtain
TOBIP-protected Au nanopatrticles.

The [AuCly]~ solution turned from yellow to brownish red,
immediately after the addition of KBHaqueous solution. In UV
vis spectrum of the resulting solution, the peak at 320 nm assigned
to [AuCly]~ ions andr—zx" transition of TOBIP decreased after
adding KBH,, and the broad tailing absorption was observed in
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Table 1. Influence of the Amount of TOBIP Ligand on the Mean 60 —
Diameters and Standard Deviations of Au Nanoparticles Particle size 1'9| nm (¢=0.39 nm)
TOBIP/Au  mean diamter standard deviation 40 1
sample no.  (mol/mol) (nm) (nm)
1 0.05 3.2 0.76 R 207
2 0.1 2.7 0.51 g
3 0.5 2.3 0.40 g 60 - -
Interparticle spacing 3.8 nm (0=0.29 nm)
4 1.0 1.9 0.39 'E |
A 40T
20 r
0

0 1 2 3 4 5
Diameter or Interparticle spacing / nm

Figure 2. Interparticle spacing distribution of 2D self-organized mono-
layer of TOBIP-protected Au nanoparticles in Figure 1.

Au = 1/1 (mol/mol)). The inset stands for the chemical structure of TOBIP protecting Au nanoparticles.
ligand.

the length of TOBIP molecule to bel.5 nm into consideration,
the range from the ultraviolet to visible regions due to the this result suggests that each Au nanoparticle is stabilized by one
formation of the band structure, indicating the formation of Au | OBIP layer, and presumably the TOBIP ligands are interpen-
nanoparticles. Little plasmon resonance-&20 nm is observed, ~ €trating each other as a result of &z interaction of BIP groups,
which means the formation of very small Au nanopartiéfes. &S Shown in Figure 3. This— interaction may contribute to
These Au nanoparticles are stably dispersed for at least one yeafe Self-organization of Au nanoparticles. The high DMF con-
in DMF/H,O mixed solution under air. Table 1 presents the mean centration in _solutlon has strongly |nflqenced the Io_ng-range order
diameters and standard deviations of Au nanoparticles preparet{)O the resulting structure. The details of the- interaction
at the TOBIP/Au molar ratios from 0.05 to 1.0. As Leff et al. P€tween the neighboring ligands and the solvent effect are under
pointed out, the amount of the protective agent greatly influences Investigation and will be dealt with in a different papéiThe
the particle size and the dispersity of Au nanoparti¢l@e mean de_:crease in size dlsperglty or the size selection of the part!cles
diameter and standard deviation decreased with an increase iVl enable us to obtain the 2D films of complete spatial
the amount of the protective agent, TOBIP, which was also configuration.
observed in the preparation of polymer-protected L6 and In con_clusmn, we have succes§fully prepayed 1.9 nm Au
Au nanoparticleé. Especially, at TOBIP/Au= 1.0, the mono- ~ hanoparticles protected by TOBIP in DMR®I mixed solvent.
dispersed Au nanoparticles smaller than 2.0 nm were obtained The Au nanopatrticles generated have quite narrow size distribution
which are expected to be applied for nanoelectronic devices. The@Nd remain stably dispersed for more than one year. Au
number of TOBIP ligands bound to Au nanoparticle is under Nanoparticles smaller than 2.0 nm could be obtained by using
investigation. Figure 1 shows the TEM image of TOBIP-protected {fiPhenylphosphint or thiol-derivatives such as a series of
Au nanoparticles prepared at TOBIP/AuL.0. Almost complete alkanethiols although the formation of their completely hex-
hexagonal monolayer of these particles covers the ares0ck agonal netwprk has been a difficult problem. Our sezlf-organlzed
um?, and the organization area is extended by increasing the AU nNanoparticle monolayer covers the area-@.1um* on the
number of drops of Au nanoparticle dispersion on the carbon- carbon-coated copper grid, presumably due fo-a interaction
coated copper grid. Fourier transform spots are seen with spacing®f the TOBIP layer with an adjacent one. This Au nanoparticle
corresponding to the separations of the superlattice planes seefonolayer will be applicable for not only optical devices but also
in the monolayer in Figure 1, supporting the long-range ordering novel electronic devices. Syntheses of a series of the ligands with
in the 2D monolayef® However, the Au nanoparticles form not ~ Various alkyl chain lengths and preparation of Au nanoparticles
a perfect lattice but a mosaic spread in orientation, which might PY Using these ligands are in progress to control the interparticle
be caused by the lattice defect due to larger particles. Both the SPacing of 2D self-organized monolayers.
size distribution and the interparticle-spacing distribution estimated )
from Figure 1 are presented in Figure 2. The mean interparticle _ Acknowledgment. The present work was partially supported by a
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