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The ability to assemble nanoparticles with controllable sizes and
shapes is increasingly important because many frontier areas of
research such as sensors, catalysis, medical diagnostics, information
storage, and quantum computation require the precise control of
array architecture and component miniaturization. Most existing
approaches explore the strong affinity of thiols to gold or silver
(e.g., monolayer-capping via two-phase synthesis,1 place-exchang-
ing,2 stepwise assembling,3-6 DNA linking,7-9 or hydrogen-
bonding10,11) and the use of disulfides12 and thioethers13 as capping
agents as well. Polymers functionalized with molecular recognition
groups,14 thioacetate groups,15 and tetradentate thioether ligands16

have recently been used to mediate the formation of spherical or
related assemblies of gold nanoparticles. While these approaches
have shown remarkable capabilities in assembling nanoparticles into
functional nanostructures, the ability to control their size and shape
has not been fully realized. Here, we report a novel mediator-
template route that explores the molecular driving forces exerted
by the tridentate thioether MeSi(CH2SMe)3 (2)17 as a mediator and
tetraoctylammonium bromide [CH3(CH2)7]4N+Br- (1) as a tem-
plating agent toward the unprecedented size-controlled formation
of spherical assemblies of gold nanoparticles. A simple combination
of molecular driving forces is exploited in this mediator-template
strategy, which is demonstrated for the2-mediated assembly of
1-capped gold nanoparticles (abbreviated as1/Au). There are two
important forces controlling this process. The first is the mediation
force as a result of the coordination ability of2 to Au, which can
be manipulated by the number of thioether groups on2. We have
recently demonstrated this viability for forming spherical assemblies
of ∼60 nm diameter with a tetrathioether.16 The second is the
templating effect exerted by the surfactant reactivity of1. Surfactant-
based micellar templating effects are well-documented for aqueous
solutions,18 where the shape formation (spheres, rods, etc.) depends
on the structure and the concentration of surfactants. Theory18

predicts that spheres usually prevail when the relative geometric
ratio of surfactant versus packing structure is below a critical value.

Gold nanoparticles capped with tetraoctylammonium bromide
and the tridentate ligand2 were used to demonstrate the formation
of spherical assemblies via the mediator-template route.1/Au
particles with an average core size of 5.1 ((0.9) nm were
synthesized according to Schiffrin’s protocol19 and were stored in
the reaction solution (toluene) containing1 (∼25 mM). As shown
in Figure 1, the combination of1 and 2 led to the formation of
spherical assemblies of Au nanoparticles of relatively high mono-
dispersity. The size of the spherical assemblies is dependent on
the relative ratio of2 versus1/Au (r). The crystallinity of the

individual nanocrystals is shown by the HRTEM (insert); the close-
packed ordering of the assembled nanocrystals can be resolved
along the edges of the spheres (Figure 1b). Spheres of different
sizes such as 48.0( 11.2 (r ≈ 2000), 63.3( 9.0 (r ≈ 660), 103.5
( 15.8 (r ≈ 200), 151.6( 16.6 (r ≈ 10), and 198.4( 18.5 (r ≈
1) nm have been obtained. The formation process of the different
spherical sizes involved a gradual color change of the gold
nanoparticles from red to purple or blue, as evidenced by the
spectral evolution of the surface plasmon (SP) resonance band
(Figure 2). In comparison with the SP band at 520 nm observed
for 1/Au, the extent of this red shift is inversely related to the
concentration of2. The SP band wavelength showed a shift from
580 to 780 nm as a result of the decrease ofr. In the case of a ratio
of ∼2000, there is an excess of2 to make a full monolayer
encapsulation on the 5.1-nm sized nanoparticle core, in comparison
to the estimate from a model calculation (200-300 molecules of2
per nanoparticle). Conversely, the lower concentration corresponds
to r ≈ 1 (ca. one molecule of2 per nanoparticle). The spectral
envelope of the SP band apparently consists of two overlapping
bands. At the lower concentration of2, these two bands are clearly
resolved at 520 and 780 nm, and an isosbestic point is displayed at
560 nm indicative of the involvement of two major species in the
reaction solution (see Supporting Information). The final product
at low concentrations of2 eventually precipitated after 1-2 days,
but remained soluble for many weeks whenr ≈ 2000 was used.

The range of sizes (30-200 nm) of spherical assemblies that
can be produced simply by varying the concentration of2 is
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Figure 1. TEM micrographs showing the spherical assemblies obtained
from two different [2]:[1/Au] ratios: (a, left)r ≈ 660 ([1/Au] ) 0.1 µM,
[2] ) 66 µM). (b, right) r ≈ 200 ([1/Au] ) 0.1 µM, [2] ) 20 µM). Both
images have the same scale bar. Insert: HRTEM of an individual1/Au
nanoparticle.
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remarkable. A plot of the average diameter of the spheres versus
concentration of2 (Figure 2e) shows that the size increases
exponentially with decreasing concentration.

Dynamic light scattering (DLS) measurements performed in situ
provided further evidence for the controlled growth of spherical
assemblies in solution. The diameter of the spherical assembly is
plotted against the reaction time at four different concentrations of
2 (Figure 3). The size was determined from the hydrodynamic radii
of the assemblies based on CONTIN analysis of the characteristic
line width (Γ).20,21There are three important findings in these data
sets. First, the increase of spherical diameter (D) with time can be
fitted to a modified theoretical model of crystallization and growth22

where the critical growth exponent is close to 1, which is indicative
of lower growth dimensionality, consistent with the spherical shape.
The rate constant increases with concentration of the mediator
(Figure 3a-d). Second, the final size of the nanoparticle assemblies
increases with decreasing concentration of ligand, which is
consistent with UV-vis and TEM data. The reversal of these
assemblies upon addition of a thiol (e.g., decanethiol) to the reaction
solution was also observed (Supporting Information). Finally, the
spherical assemblies are highly monodispersed, as evidenced by
the sharpness of the peak in a plot ofΓG(Γ) versusRh (e.g., Figure
3e). These findings provided further evidence supporting the2-based
mediation mechanism for the size controllability. We note that DLS
was previously utilized to monitor the assembly of gold nanopar-
ticles in the presence of DNA.23 Our DLS data thus demonstrate
for the first time size-controllability of nanoparticle assembly
processes.

The number of thioether groups in2 was also found to impact
the assembly of nanoparticles, including their size and subtle
differences in reaction kinetics. There was no indication of any
assembly process when a bidentate ligand was used. The use of

bulkier thioethers Me4-nSi(CH2SBut)n (n ) 3 and 4) did not produce
any significant assembly either.

In conclusion, we have demonstrated for the first time the ability
to control the size of nanoparticle assemblies via a novel mediation-
template strategy. A combination of the ligand mediation, the
surfactant templating,18 and their relative concentrations served as
the driving forces to determine the spherical formation in control-
lable sizes. We are currently correlating these control factors and
manipulating the structures of1 and2 in terms of chain length and
number of ligands for the control of both size and shape (e.g., rods,
cubes, etc.) of the nanoparticle assemblies.
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Figure 2. SP band for1/Au in toluene (0.1µM, dashed line) and the final
spectra upon addition of2 (200 (a), 20 (b), 0.8 (c), and 0.08µM (d); r ≈
2000 (a), 200 (b), 10 (c), and 1 (d)). TEM micrographs of individual spheres
for the corresponding samples are included as inserts (all have the same
scale bar). A plot of the spherical diameter (D) vs [2] is included (d), which
can be fitted byy ) ae-bx + ce-dx (a ) 1.13× 102, b ) 6.0 × 10-2, c )
6.59× 10, d ) 1.60× 10-3).

Figure 3. (a-d) DLS data for the evolution of spherical size as a function
of time for a series of2 concentrations: ([1/Au] ) 0.0072µM, and [2] )
0.16 (a), 0.32 (b), 1.25 (c), 25.0µM (d)). The data are fitted withd ) d0[1
- exp[-(kt)n]. (e) A plot of ΓG(Γ) versusRh from CONTIN analysis for
the isolated (I) and the assembled1/Au (II).
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