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The synthesis and processing of nanoparticles consisting of
metallic nanocrystal cores and organic monolayer shells promise
interesting technological applications in sensors, catalysis, drug
delivery, microelectronics, and medical diagnostics.1-2 However,
the ability to assemble them with controllable dimensions and spatial
properties is still very limited. Most existing approaches to the
preparation of capped nanoparticles (e.g., two-phase synthesis3,4

and place-exchanging5) explore the strong affinity of thiol groups
to gold or silver surfaces. Recent reports have begun to demonstrate
the capability of disulfide6 and thioether7 monolayer encapsulation
on gold nanoparticles. While the thiol- or disulfide-based chemistry
is often exploited in approaches toward nanoparticle assembly (e.g.,
stepwise assembling,8-10 place-exchanging,5 and exchanging-cross-
linking11), the exploration of thioether-based coordination chemistry
for similar purposes is, to our knowledge, unprecedented. There is
a difference in metal-binding strength between thiols and thioethers,
and the design of molecular assemblies containing multidentate
thioethers could lead to unique morphologies while providing
chemical reversibility. The ability to tailor framework dimension,
binding strength, and assembly reversibility or processibility may
be highly desirable in many applications such as controlled drug
release, catalysis, and electron or energy storage.

We present herein a novel route toward the spherical assembly
of gold nanoparticles using a tetradentate thioether, the tetra-
[(methylthio)methyl]silane Si(CH2SCH3)4 (TTE), as an interparticle
linking agent. We note that the formation of other thin film and
spherical assemblies of nanoparticles has been observed using thiol-
based methodologies.12-14 The novelty of our approach compared
to existing strategies8-14 is the viability of multidentate thioethers
to link nanoparticles and produce spherical assemblies that can be
readily assembled and disassembled.

Gold nanoparticles capped with a tetraoctylammonium bromide
monolayer (3.7( 1.4 nm, TOA+Br--Aunm) and with a decanethio-
late monolayer (5.3( 0.3 nm, DT-Aunm) were synthesized by the
two-phased protocol3-4,15 and the thermally activated processing
route,16 respectively. The particles were all thoroughly cleaned and
stored in toluene solution. Si(CH2SMe)4 was prepared similarly to
the synthesis of MeSi(CH2SMe)3,17a but starting from SiCl4 and
LiCH2SMe. The binding ability of MeSi(CH2SMe)3 and Si(CH2-
SMe)4 to other metal ions has recently been demonstrated.17b

Upon addition of TTE to a TOA+Br--Aunm solution, we detected
an evolution of the SP resonance band, which is related to size,
shape, and aggregation properties.1-2 Figure 1A shows a typical
set of UV-vis spectra. The decrease in absorbance of the SP band
at 520 nm and a new band (shoulder) growing at∼650 nm were

evident. The gradual spectral evolution was accompanied by a color
change from red to purple. This colorimetric feature was charac-
teristic of nanoparticle aggregation in the solution. The solution
was stable for 1-2 days before precipitation of black powders was
observable, indicating that the nanoparticle aggregates eventually
became too large to remain in solution. Curve c in Figure 1B shows
a representative spectrum for the solution of TTE-Aunm after
addition of DT. It is evident that both absorbance and wavelength
are largely reversed, demonstrating that the TTE-linked assembly
can be disassembled via replacement of TTE by DT.

Two control experiments provide additional insight into the
correlation of spectral evolution and reactivity. First, the colorimetic
change was not detectable in the reaction of DT-Aunm with TTE,
an observation that suggests the stronger binding of thiolates relative
to thioethers that precludes the exchange between DT and TTE.
Second, the colorimetric change was not detectable using a
monodentate thioether (e.g., butyrylsulfide, BS) for the reaction
with TOA-Aunm, except for a slight decrease in the 520 nm
absorbance, a result that implies that while monothioether binding
may occur, sites for cross-linking are not available.

The TTE-mediated exchanging and cross-linking of the nano-
particles and the resulting aggregate morphology were characterized
by transmission electron microscopy (TEM). The reaction product
was collected by casting a drop of the solution onto a carbon-coated
Cu-grid, or onto a flat substrate such as mica or HOPG. Figure 2
shows a representative TEM micrograph. The morphology of the
TTE-assembled nanoparticles is remarkable in terms of the shape.
The nanoparticles form a 3D assembly with a spherical outline.
The individually isolated character for the nanoparticles is evident
(see enlarged view). The measured diameter of the spheres based
on four samples is in the range of 30-80 nm. Both isolated and
chainlike connected spherical assemblies were observed.
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Figure 1. UV-vis spectra. (A) Temporal evolution upon addition of TTE
to TOA-Aunm/toluene after (a) 0, (b) 5, (c) 20, and (d) 40 min. TTE/Aunm

ratio: ∼50 ([TTE] ) 29 µM, [Aunm] ) 0.6 µM). (B) Spectral changes of
a TOA-Aunm/toluene solution (a) after addition of TTE (10 min, b), and
followed by addition of DT (∼1 h, c). TTE/Aunm: ∼50. [DT] ) 7 µM.
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Figure 3 shows a typical set of AFM images of an assembly
cast on mica (A) and on HOPG (B). On mica (A), the topographical
feature is characterized by the presence of spherical islands of
various sizes. Since thexy data are affected by tip-sample
convolution,18 the spherical sizes appear larger than the TEM-
determined actual sizes. However, the correspondingz-scale data
(i.e., height) of 30-80 nm reflect more closely the true sizes
determined by TEM. Interestingly, the spherical islands seem to
be partially melted over the substrate surface on HOPG, forming a
monolayer of nanoparticles surrounding the spheres, which in many
cases leads to merging between two or three spherical islands. The
average height of the monolayer,∼3.5 nm, closely matches the
nanoparticle size. We believe that this interesting feature is due to
differences of substrate surfaces and their interaction with the
hydrophobic spheres. Mica does not wet the sphere that thus forms
a spherical island. HOPG wets the sphere and has the propensity
of increasing the contact area. The unusual partial spreading of
nanoparticles over the contacted surface is indicative of the soft
nature of the outmost layer around the spherical assembly, which
could form the basis of a new pathway for manipulating nanoscale
linkage between individual assemblies of nanoparticles.

Scheme 1 illustrates the above observations by showing the
assembling and disassembling processes in an idealized fashion.
Since the size of TTE is slightly short for its contact simultaneously
with more than two nanoparticles, the particles are linked by TTE
mostly at interfacial sites between two neighboring nanoparticles.
The spherical assembly process is likely to start with one particle
and proceed in a layer-by-layer fashion to grow spherically. While
the spherical shape is comparable with those derived by thiol or
polymer chemistry,12-14 the fact that it can be disassembled and
partially melted on a hydrophobic surface demonstrates a novel
spherical assembly. An in-depth investigation of kinetic factors of

the assembling process (e.g., concentrations of Aunm and TTE)
and structural effects (e.g., chain length tridentate, thioethers (e.g.,
MeSi(CH2SMe)3) and steric bulk (e.g., Si(CH2SBut)4)) and a survey
of potential technological applications are in progress.
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Figure 2. TEM micrograph for a sample of TTE-Aunm nanoparticles cast
on carbon-coated Cu-grid. Left: A magnified view of the indicated sphere.

Figure 3. AFM images of TTE-Aunm nanoparticles cast on mica (A) and
HOPG (B). Inset: Cross-section line of the feature shown.

Scheme 1. Schematic Illustrations for the TTE-mediated
Assembling of TOA-Aunm Particles into a Spherical Assembly, and
the Thiol-Initiated Disassembling Process
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