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Abstract: The ability to construct size- and shape-controllable architectures using nanoparticles as building
blocks is essential for the exploration of nanoparticle-structured properties. This paper reports findings of
an investigation of a mediator-template strategy for the size-controllable assembly of nanoparticles. This
strategy explores multidentate thioether ligands as molecular mediators and tetraalkylammonium-capped
gold nanoparticles (5 nm) as templates toward the preparation of size-controllable and monodispersed
spherical assemblies (∼20-300-nm diameters). The combination of the mediation force of the multidentate
thioether and the hydrophobic force of the tetraalkylammonium template establishes the interparticle linkage
and stability. The morphological properties of the spherical assemblies have been characterized using
TEM, AFM, and SAXS techniques. The finding of the soft-hard nature of the nanoparticle assemblies and
their interactions with contacting substrates could form the basis of a new strategy for manipulating nanoscale
linkages between nanoparticle assemblies, soldering nanoelectronics, and constructing nanosensor devices.
The intriguing light scattering and optical absorption properties in response to assembly, disassembly,
sizing, and interparticle spacing parameters have been characterized by dynamic light scattering and
spectrophotometric measurements. The discovery of the controlled disassembly into individual nanoparticles
and the size regulation by a third capping component could form the basis for applications in controlled
drug delivery. The fundamental basis for the mediator-template strategy as a versatile assembly technique
is further discussed in terms of experimental and theoretical correlations of the morphological and optical
properties.

Introduction

Many areas of nanotechnology involve the use of nanopar-
ticle-based materials in applications such as sensors, catalysis,
and information storage. These applications require the ability
to assemble nanoparticles into an ensemble with controllable
size, shape, and interparticle spatial properties so that the unique
nanoscale properties can be effectively exploited.1 The abilities
to synthesize nanoparticles and to assemble nanoparticles in
controllable sizes and shapes are therefore increasingly impor-
tant.2 Many existing approaches have explored place-exchang-
ing,3 stepwise assembling,4-7 DNA linking,8-10 hydrogen

bonding,11,12 polymer-based molecular recognition,13 or multi-
dentate thioethers14,15to mediate the assembly of nanoparticles.
While a variety of assembly methods have been demonstrated,
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the ability to precisely control size, shape, and interparticle
spatial properties is rarely reported because of the lack of
molecular-level understanding of the interparticle interactions
and reactivities.

We have recently demonstrated molecularly mediated thin
film assemblies11,16and multidentate thioether-mediated spheri-
cal assemblies of monolayer-capped nanoparticles.14,15 The
molecular mediation involved hydrogen bonding or covalent
bonding in the thin film assembly case and coordination bonding
in the spherical assembly case. The key element in our approach
is a mediator-template strategy for the assembly of nanopar-
ticles. The understanding of molecular driving forces exerted
by molecular linkers or multidentate thioethers as mediators and
monolayer- or surfactant-capping molecules as templating agents
could lead to a general assembly strategy toward abilities in
size, shape, and spatial control. Consider, for example, a system
in which multidentate thioethers, Me4-nSi(CH2SMe)n (2), are
used as mediators and tetraalkylammonium bromides,
[CH3(CH2)m]4N+Br- (1), as templating agents. Scheme 1
illustrates the general concept of the2-mediated assembly of
1-capped gold nanoparticles (1/Au), which involves the inter-
particle linkage by a combination of bridging (2) and templating
(1).

Using this mediator-template strategy for the assembly of
1-capped gold nanoparticles via multidentate thioether mediators
(e.g., tetra[(methylthio)methyl]silane, Si(CH2SCH3)4, and me-
thyltris[(methylthio)methyl]silane, MeSi(CH2SCH3)3),14,15 our
initial findings revealed the formation of nanoparticle assemblies
with spherical shape and controllable size. It is interesting that
the spherical shaping nature resembles other assemblies of
nanoparticles derived from different strategies such as the use
of polymer- or dendrimer-based molecular recognition
ligands.13-15,17-18 In contrast, our approach using thioether-based
ligands is grounded in the basic thioether-gold coordination
chemistry,14,15 which has been documented in other reports of
the preparation of gold nanoparticles capped with monodentate

dialkyl thioethers and terminal-functionalized thioether.19 The
finding of the size-controllable spherical assemblies of nano-
particles mediated by multidentate thioether ligands has little
or no precedent. This mediator-template combination is simple
and effective. The mediation force exploits the coordination
reactivity of2 to Au, which can be manipulated by the number
of thioether groups on2, whereas the templating force exerted
by the surfactant reactivity of1 generates geometric effect to
the assembly, which is dependent on its chain length and
structure. The fundamental basis of our mediator-template
assembly strategy may be related to the well-documented
surfactant-based micelle theory,20 in which the assembly of
surfactants could form ensembles with different sizes and shapes
depending on its chain length and concentration. The surfactant-
based micelle theory predicts that spheres usually prevail when
the relative geometric ratio (R) of surfactant versus packing
structure,

is below a critical value, whereV is the volume of the surfactant
molecule,R0 the optimum surface area per surfactant, andl the
length of the surfactant molecule.R < 1/3 favors spherical
aggregates, whereasR > 1/2 favors cylindrical aggregates. The
investigation of whether this theoretical basis applies to our
mediator-template assembly of nanoparticles should be very
interesting for developing abilities in controlling size, shape,
and interparticle spatial properties.

One potential application of the nanoparticle-structured
assembly is the development of sensing array, drug delivery,
or information storage materials in chemical/biological environ-
ments via electronic, optical, and magnetic signaling transducers.
The nanostructure sequesters chemical or biological molecules
into the interior or surface with spongelike access or specific
binding properties, which could alter and modify the electrical
or optical properties of the nanoscale materials.21,22 This type
of nanostructured properties is a result of the predominance of
interfacial phenomena at the nanoscale dimension, which have
been documented by excellent examples1 showing the impor-
tance of size, shape, and interparticle spatial properties. In this
report, we will show results of systematic characteriza-
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Scheme 1. Schematic Illustrations of the Mediation-Template Strategy for 2-Mediated Assembly of 1-Capped Gold Nanoparticles (1/Au)
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tions of the mediator-template assembly of nanoparticles
toward size-controllable nanostructures. We will also describe
interesting morphological and optical properties of the nano-
particle assemblies which could potentially be exploited for
optical sensing applications.

Experimental Section

Chemicals.Hydrogen tetracholoroaurate (HAuCl4, 99%), tetraoc-
tylammonium bromide (1, 99%), decanethiol (3, 96%), sodium boro-
hydride (NaBH4, 99%), toluene (Tl, 99.8%), hexane (Hx, 99.9%), and
ethanol (EtOH, 99.9%) were purchased from Aldrich and used as
received. Water was purified with a Millipore Milli-Q water system.

Multidentate thioethers (2) were synthesized in the laboratory.23 The
tridentate thioether MeSi(CH2SMe)3 (TE3) was synthesized as described
in the literature, and the tetrathioether Si(CH2SMe)4 (TE4) was prepared
similarly, starting from SiCl4 and LiCH2SMe.23 The coordination
chemistry of2 toward various transition-metal ions has been investi-
gated.23,24Unless otherwise noted, most examples reported in this work
involved the use of TE3 as the2-mediator.

Synthesis of Gold Nanoparticles.Gold nanoparticles capped with
tetraoctylammonium bromide (1) monolayer shells were synthesized
according to the two-phase protocol.25 In a typical synthesis, tetraoc-
tylammonium bromide (0.55 g) was used as a phase-transfer reagent
and was dissolved to 32 mL of toluene (31 mM). After stirring for 15
min, an aqueous solution (20 mL) of HAuCl4 (0.077 g, 9.5 mM) was
added under stirring. The AuCl4

- ions were completely transferred from
the aqueous solution to toluene within 15 min. After stirring for 30
min, the organic phase was separated, and the aqueous phase was
discarded. With the remaining toluene solution, a 5-fold excess of
aqueous reducing agent, NaBH4, was added dropwise into the solution
under stirring. The solution turned from orange-red to a deep red color.
The reaction was then allowed to continue under stirring at room
temperature for 24 h. The aqueous phase was removed and the Tl
solution was treated with drying agent to remove trace water. The
resulting Tl solution contained1-capped gold nanoparticles (1/Au) as
well as excess1 (∼31 mM). Using this method, we have obtained Au
nanoparticles with core sizes ranging from 4.8 to 6.4 nm and standard
deviations in the range of(0.5-1.0 nm.

Assembly of Nanoparticles.The assembly of mediators (2) and
nanoparticles (1/Au) were carried out under controlled conditions
depending on the specific measurement or characterization. For
example, in using the UV-visible method to monitor the reaction, a
quartz cuvette with a path length of 1 cm was used as the reaction
vessel. Initial concentrations of gold nanoparticles were determined from
the absorbance and were estimated using the average diameter of the
particles. A molar absorptivity (εAu) of 1.1× 107 M-1‚cm-1 was used
for 1/Au of ∼5-nm core diameter.26 Diluted solutions of1/Au in toluene
were utilized (∼0.1 µM). An aliquot of a stock solution of 500µM of
2 in toluene was quantitatively added into the nanoparticle solution

using a micropipet. The solution was quickly homogenized by purging
(for ∼2 s) before the measurement. Similar preparation procedures were
used for other measurements or characterizations, but the actual
experimental conditions varied slightly in terms of the average size
and concentration of the nanoparticles and the structure and concentra-
tion of the mediators.

Instrumentation. UV-visible (UV-vis) spectra were acquired with
an HP 8453 spectrophotometer. The spectra were collected over the
range of 200-1100 nm.

Transmission electron microscopy (TEM) was performed on Hitachi
H-7000 Microscope (100 kV). TEM samples were taken from the
reaction solutions and diluted∼1:10 in toluene. The solution was then
drop cast onto carbon-coated Cu grids and dried in less than 1 min.

Dynamic light scattering (DLS) experiments were carried out using
a commercial Brookhaven Instrument Inc. laser light scattering
spectrometer equipped with a solid-state laser operating at 532 nm.
The detailed descriptions on the instrumentation have been reported
elsewhere.27 The 1/Au concentrations used were a tenth of the
concentration used for spectrophotometric measurement, with the2 to
1/Au ratios remaining similar. DLS measures the intensity-intensity
time correlation functionG(2)(Γ) by means of a BI-9000 AT multi-
channel digital correlator:G(2)(Γ) ) A(1 + b|g(1)(τ)|2) whereA, b, and
|g(1)(τ)| are, respectively, the background, a coherence factor, and the
normalized electric field time correlation function. The field correlation
function|g(1)(τ)| was analyzed by the constrained regularized CONTIN
method27 to yield information on the distribution of the characteristic
line width (Γ) from |g(1)(τ)| ) ∫G(Γ)e-ΓτdΓ. The normalized distribution
function of the characteristic line width,G(Γ), so obtained can be used
to determine an average apparent translational diffusion coefficientDapp:
Dapp) Γ/q2. The hydrodynamic radiusRh is related toD via the Stokes-
Einstein equation:Rh ) kT/(6πηD) wherek is the Boltzmann constant
and η is the viscosity of the solvent at temperatureT. From DLS
measurements, we can obtain the particle-size distribution in solution
from a plot ofΓG(Γ) versusRh.

Small-angle X-ray scattering (SAXS) experiments were performed
at the X10A Exxon Beam Line, National Synchrotron Light Source
(NSLS) at Brookhaven National Laboratory (BNL). The incident beam
wavelength (λ) was tuned at 1.1 Å. A MAR CCD detector was used as
the detection system. Samples were introduced into glass capillaries
with a 2-mm diameter at room temperature. The concentrations of
nanoparticles were∼10× of those used for the spectrophotometric
measurements.

A Multimode NanoScope IIIa (Digital Instruments), equipped with
an E scanner (maximum scan size: 16µm), was utilized for atomic
force microscopic (AFM) imaging. The capability of TappingMode
(TM) AFM allows imaging at minimum disruption of the nanostruc-
tures. Standard silicon tapping cantilevers (Nanosensors) were used with
a force constant of 40 N/m (TESP). The probe has nominal tip radius
of curvature of∼10 nm. The instrument was calibrated by imaging
standard calibration gratings. All images were acquired in tapping mode.
Solution samples of the nanoparticle assemblies were cast onto freshly
cleaved mica or freshly cleaved HOPG (highly ordered pyrolytic
graphite) sheets, followed by solvent evaporation at ambient condition.

X-ray photoelectron spectroscopy (XPS) measurements were made
using a Physical Electronics Quantum 2000 Scanning ESCA Micro-
probe. Monochromatic Al KR X-rays (1486.7 eV) were used as source
for excitation. The percentages of individual elements were determined
from the relative composition analysis of the peak areas of the bands.

Results and Discussion

The description and discussion of our results are divided into
two sections. In the first section, we describe the formation and
morphological properties of spherical assemblies derived from
the mediator-template assembly of1/Au. The morphological
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properties were characterized using TEM, AFM, and SAXS
techniques. In the second section, we focus on the assessment
of the optical properties of the nanoparticle assemblies in
response to processes such as assembly and disassembly and
parameters such as size and interparticle spatial properties. The
optical properties were characterized by measurements of
dynamic light scattering and surface plasmon resonance absorp-
tion.

1. Morphological Properties.One of the unique properties
for the multidentate thioether-mediated assembly of1-capped
gold nanoparticles is the formation of spherical assemblies of
the nanoparticles in solutions.14,15The size and monodispersity
of such spherical assemblies can be fine-tuned by a combination
of structural and experimental parameters and have been
characterized by an array of techniques, including TEM, AFM,
and SAXS, which are detailed in the following subsections.

1.1 TEM. When a mediator agent (2) was added into a
toluene solution of1/Au, the solution displayed a gradual color
change from red to purple. Accompanying the change in optical
properties, which will be detailed in a later section, nanoparticle
assemblies with intriguing morphological properties were
revealed by TEM characterization of samples from the solution.
Figure 1 shows a representative set of TEM micrographs for
2-mediated1/Au assemblies, which were sampled from two
assembling solutions with different2 to 1/Au concentration
ratios ([2]/[1/Au] ) r), that is, 660 (A) and 200 (B).

The combination of1 and2 led to the formation of spherical
assemblies of1/Au with relatively high monodispersity. The
average diameters of the assemblies are dependent onr, as
shown by the determined diameters of 64( 14 nm forr ≈ 660
and 104 ( 18 nm for r ≈ 200. The initial nanoparticle
assemblies were soluble, as evidenced by the fact that the blue
or purple color of the solution was stable for a period of 1-5
h to 5-10 days before precipitation occurred, depending on the
size of the nanoparticle assemblies. For example, a solution of
∼200-nm-sized assemblies prepared at a lowr (1-10) precipi-
tated from solution in∼2 h. In contrast, a solution of 80-nm-
sized assemblies prepared from a highr (∼500) stayed in the
solution for∼3 days. In addition to size effect, the solubility is
associated with the hydrophobic interactions between the solvent
(Tl) and the surface organic layer of the nanoparticle assemblies.
The assemblies also showed reversible precipitation-redisper-
sion propensity. For example, larger assemblies could be
redispersed in Tl solution for hours, whereas smaller assemblies
could be easily redispersed for days. The multiple precipitation-
redispersion cycles also allowed us to remove excess reactants
or byproducts introduced into the nanoparticle or assembling
solution. The cleaned nanoparticle assemblies were also stable
in solutions, though they tended to precipitate faster than before
cleaning. Figure 2 shows a representative TEM micrograph for
a sample obtained after cleaning treatment (1×) of the assembly
solution (r ) 10). The spherical assemblies display remarkably
high monodispersity with an average diameter of 212( 9 nm.
Ordered domains and interconnected necklacelike morphologies

Figure 1. TEM micrographs showing the2-mediated assemblies of1/Au obtained from two different ratios, (A)r ≈ 660 ([1/Au] ) 0.1 µM, [2] ) 66 µM),
and (B) r ≈ 200 ([1/Au] ) 0.1 µM, [2] ) 20 µM). Insets: enlarged views of the indicated assemblies. The corresponding size distributions, 64( 14 nm
(A) and 104( 18 nm (B), are based on 30 counts of the assemblies in each case. (1/Au ) 5.1 ( 0.9 nm).
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can also be identified in the TEM image for these spherical
assemblies.

Figure 3 shows a representative TEM micrograph for2-medi-
ated1/Au assemblies derived from three additionalr values (100
(A), 25 (B), and 10 (C)). These three samples showed similar
spherical assemblies with diameters of 133( 10 (A), 176( 7
(B), and 195( 11 (C) nm.

A close examination of these assemblies reveals additional
details about the morphologies. Figure 4 compares TEM micro-
graphs for the nanoparticle assemblies before and after the
precipitation-redispersion cycle. It is evident that the removal
of the excess1 and other reagents did not destabilize the spher-
ical assemblies. In contrast, the spherical assemblies appeared
more monodispersed and the nanoparticles seemed to be more
densely packed. The precipitation-redispersion cycle led to an
apparent increase of∼10% in average size with a more dense
packing feature. In comparison with the average size (164 nm)
and size distribution ((12 nm) for the same nanoparticle
assemblies before the cleaning treatment (e.g.,r ≈ 25) (Figure

4A), the spherical assemblies display an increased size (176
nm) and a higher monodispersity ((7 nm) (Figure 4B).

Figure 2. TEM micrograph for a sample obtained after cleaning treatment (1×) of the 2-mediated assemblies of1/Au (r ) 10). The corresponding size
distribution (212( 9 nm) is based on 400 counts of the assemblies. (1/Au )5.3 ( 1.0 nm).

Figure 3. TEM micrographs for samples obtained from solutions of2-mediated assemblies of1/Au (r ) 100 (A), 25 (B), and 10 (C)) after 1× cleaning
treatment. Each micrograph has the same scale bar. The corresponding size distributions, 133( 10 nm (A), 176( 7 nm (B), and 195( 11 nm (C), are based
on 30 counts of the assemblies in each case. (1/Au ) 5.3 ( 1.0 nm).

Figure 4. TEM micrographs comparing2-mediated assemblies of1/Au (r
) 25) before (A) and after (B) precipitation-dispersion cycles (two times).
Size distributions: 166( 12 (A) and 176( 7 (B) nm. (1/Au ) 5.3 ( 1.0
nm).
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The visibility of individual particles along the periphery of
the spherical assembly before the cleaning treatment, in contrast
to the poor visibility for those after the cleaning treatment,
indicates that the spherical assembly before the treatment was
likely softer than that after the treatment. The soft nature was
supported by the spreading of the particles at the surface-contact
area. In fact, the observation of a semisphere and the presence
of a wetting layer surrounding the spherical assembly before
the cleaning treatment (Figure 5A) supports the notion that the
spherical assembly before the cleaning treatment is relatively
soft and has a tendency to partially spread on the substrate
surface.

The excess1 could also have helped the spreading via
favorable wetting propensity. A rough estimate shows that the
assembly size could be about 20% smaller than what the TEM
image showed for the assemblies before the cleaning treatment.
After the cleaning treatment, the difference in size determined
by TEM from the actual size is likely insignificant because of
the decreased softness. These assessments will be examined later
by AFM studies of the spherical assemblies cast on flat surfaces.

We believe that the strong interparticle linkage and stability
are provided by a combination of the mediation force of2 and
the hydrophobic force of1. As an additional piece of evidence
to support the strong interparticle interactions, the carbon black
was added into the nanoparticle assembly solution to test the
viability of breaking the interparticle linkage by the large
surface-area carbon surfaces. In a related system in the presence
of 1 but in the absence of2, we found that aggregates of particles
were easily dispersed on the hydrophobic carbon with large
surface areas.28 However, the results for the2-mediated as-
semblies of 1/Au (Figure 5B) showed that the spherical
assemblies remained intact in the presence of carbon. Therefore,
the experiment supports our assessment that there exist strong
interparticle linkages due to both mediator and template
molecules.

1.2. AFM. The spherical assemblies of nanoparticles were
further examined using AFM by casting the assembly solution
onto a flat substrate such as mica and HOPG. Figure 6 shows
a typical set of AFM images for2-mediated1/Au assemblies
of two different sizes on mica substrates. The nanoparticle
assemblies were subjected to cleaning treatment before
casting.

One important observation is that the spherical assemblies
retained their spherical morphology on mica surface. This
observation is supported not only by the spherical outlines but
also by the height data from the cross-sectional analysis. The
average heights of the individual assemblies, 150 nm (A) and
40 nm (B), are largely consistent with TEM data described in
the previous section. The nature of the interaction between the
spherical assembly and mica must be weak in view of the
hydrophilic character of mica surface and the hydrophobic
character of1/Au nanoparticles and their assemblies. The
spherical assembly on mica does not wet the surface and thus
retains its shape.

In contrast, the spherical assemblies cast on HOPG revealed
a mixture of morphological characters as shown by the different
sizes of assemblies and a fluidlike spreading of particles on the
surface. This observation is also supported by the cross-sectional
height data (Figure 7), which reveal average heights of the
surface features, 30 (A) and 10 nm (B), the magnitudes of which
are much smaller than those observed for the same nanoparticle
assemblies on mica surface (Figure 6). The nature of the
interaction between the spherical assembly and HOPG must
be relatively strong in view of the hydrophobic character of
HOPG surface and the hydrophobic character of1-capped Au
nanoparticles and their assemblies. The spherical assembly
wets HOPG, and thus the particles tend to spread over the
surface.

Similar morphological properties have also been observed
for spherical assemblies that were not subjected to any cleaning
treatment. A set of AFM images for2 (TE4)-mediated spherical
assemblies of nanoparticles cast on mica and HOPG are shown
in Figure 8. On mica (A), the spherical islands with heights of
30-80 nm were observed, reflecting closely the sizes deter-
mined by TEM. On HOPG (B), the partial melting over the
substrate surface leads to merging between two or three spherical
islands. The average height of the monolayer,∼3.5 nm, closely
matches the nanoparticle size.

The unusual partial spreading of nanoparticles over the
contacted surface is indicative of the soft nature of the outmost
layer around the spherical assembly. This phenomenon could
form the basis of a new strategy for manipulating nanoscale
linkage between individual assemblies of nanoparticles or
nanoscale soldering between small electrode gaps and construct-
ing nanosensor devices.

1.3. SAXS. Small-angle X-ray scattering (SAXS) is a
powerful technique for studying structural features of colloidal
size materials.17,25gWe used SAXS to examine our nanoparticle
assemblies to gain further understanding of the interparticle
spatial properties. The measurement was performed under in-
situ condition, that is, during the formation of nanoparticle
assembly in the solution. Figure 9 shows a representative set
of SAXS data for the2-mediated assembly of1/Au. For
achieving reliable SAXS signals, the nanoparticle concentrations
(1.0µM) were∼10× higher than the usual concentrations. The
r values were, however, kept the same as under the usual
condition. The scattered intensity of the samples are plotted
versus theq value, with q ≡ [(4πn/λ0)/sin(θ/2)] being the
magnitude of the scattering factor, andn, λ0, andθ being the
refractive index of the vacuum, the wavelength of incident X-ray
beam, and the scattering angle, respectively.

(28) Maye, M. M.; Luo, J.; Han, L.; Kariuki, N. N.; Zhong, C. J.Gold Bull.
2003, 36, 75-82.

Figure 5. (A) TEM micrograph showing the side view for a spherical
assembly from2-mediated assemblies of1/Au (r ) 100) without cleaning
treatment. The sphere is located on the edge of carbon-coated grid. (1/Au
) 5.3 ( 1.0 nm). (B) TEM micrograph for a sample obtained from the
same assemblies dispersed in carbon black. Carbon black was added 0.5 h
after the addition of2 to 1/Au. (1/Au ) 5.3 ( 1.0 nm).
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There are two important pieces of information. First, three
scattering patterns (a, b, and c) display obvious maxima atq ≈
0.8 nm-1 (qmax). Second, the patterns exhibit an observable shift
for qmax, which increases withr. The latter reflects the change
in interparticle distances. The interparticle center-to-center
distances (d) can be derived from the SAXS diffraction patterns,
which is expressed in eq 1

The calculateddAu values are listed in Table 1. On the basis of
the average diameter (6.4( 0.8 nm) for the1/Au used in the
SAXS experiment, we obtained an average value of∼2 nm for
the interparticle edge-to-edge distance. This value is slightly
larger than the length scale expected for the molecule2 (∼0.5
nm) plus two Au-S coordination bonds (∼0.5 nm). While the
exact origin for this difference will be further probed, we believe
that the2-1 combination responsible for the mediator-template
assembly played an important role in dictating the overall

interparticle distance. The results for pure1/Au sample (d)
showed noqmax, suggesting that it is the introduction of2 which
initiated the assembly of nanoparticles.

The subtle decrease of the edge-to-edge distance (dedge-to-edge)
with increasingr is suggestive of the dependence of packing
density on the assembly size. As the average size of the
nanoparticle assemblies increases, the interparticle edge-to-edge
distances increases from 1.5 to 2.3 nm. The packing density is
actually decreased. On the basis of the SAXS data, the
interparticle distance was between the expected molecular
lengths of1 and2.

The composition analysis of the nanoparticle assemblies using
XPS technique provided another piece of supporting evidence.
We analyzed a sample prepared usingr ) 300 and five times
of cleaning treatment. We detected the expected elements such
as Au (19.1 ((0.4)%), S (0.9 ((0.3)%), C (77.91 ((0.8)%),
and Si for the mediator, and N (1.7 ((0.5)%) and Br for the
template (Si and Br were detected in separate analyses). On

Figure 6. AFM images of2-mediated assemblies of1/Au (after 1× cleaning treatment) cast on a mica surface.r ) 25 (A) and 600 (B). A cross-sectional
view for the line drawn and a 3D view for the indicated particles are included for each case. (1/Au ) 5.3 ( 1.0 nm).

Figure 7. AFM images of2-mediated assemblies of1/Au (after cleaning treatment) cast on HOPG surface.r ) 25 (A) and 600 (B). (1/Au ) 5.3( 1.0 nm).
A cross-sectional view for the line drawn and a 3D view for the indicated particles are included for each case.

d ) 2π/qmax (1)
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the basis of the average N% and S% detected, the value 1.85
was obtained for the relative N-to-S ratio, which translates to
approximately six molecules of1 for every molecule of2. In
comparison, a feeding ratio (r) of 300 for the nanoparticle
assembly would translate to approximately one1 for every two
2. The difference of these two relative ratios is indicative of
the thermodynamic competition of the template and the mediator
molecules responsible in the nanoparticle assembly. The pre-
dominance of1 in the assembly is consistent with the conclusion

of our recent study of the reaction enthalpy, which is quite close
to the cohesive energy of hydrocarbons via van der Waals
interactions.

2. Optical Properties.The nanoparticle assemblies displayed
interesting optical properties that are highly responsive to
changes in assembly size, chemical environment, and molecular
structures. Such responsive optical properties could find ap-
plications in areas such as sensors and biosensors. This section
entails the characterizations of the optical properties using
dynamic light scattering and absorption spectrophotometric
techniques.

2.1. Light Scattering and Optical Absorption in Response
to Assembly Size Evolution.Figure 10 shows a representative
set of DLS data obtained for2-mediated assembly of1/Au. The
diameter of the spherical assembly is plotted against time at
four different concentrations of2. This set of data provides
dynamic information on the controlled growth of spherical
assemblies in the solution. The size was determined from the

Figure 8. AFM images of2-mediated assemblies of1/Au cast on mica (A) and HOPG (B). (1/Au ) 3.7 ( 1.4 nm,2 ) TE4). A cross-sectional view for
the line drawn and a 3D view for the indicated particles are included for each case.

Figure 9. SAXS data for the2-mediated assembly of1/Au in solutions at
three different concentration ratios (r ) 2.5 (a), 10 (b), and 400 (c)). Curve
d is for 1/Au solution. Insert: a magnified view of the peak region. (1/Au
) 6.4 ( 0.8 nm).

Table 1. SAXS Data and Corresponding Interparticle Distancesa

r q (nm-1) d (d ) 2π/q) dedge-to-edge

0
2.5 0.72 8.7 nm 2.3 nm

10 0.74 8.4 nm 2.0 nm
400 0.79 7.9 nm 1.5 nm

a (1/Au: 6.4 ( 0.8 nm).

Figure 10. (A) 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 (B (a, blue)), 0.32 (2 (b, red)) 1.25 (( (c, pink)), 25.0µM (1 (d,
black)). The data are fitted withd ) d0[1 - exp[-(kt)n]. (B) A plot of
ΓG(Γ) versusRh from CONTIN analysis for the isolated (I) and the
assembled1/Au (II) at [2] )0.16µM. (1/Au ) 5.1 ( 0.9 nm). Curve II in
B is for data corresponding to curve a (∼2400 s) in A.
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hydrodynamic radii of the assemblies on the basis of CONTIN
analysis of the characteristic line width (Γ).27,29

There are three important findings here. First, the trend for
the increase in the assembly size (D) with time can be fitted to
a modified model of crystallization and growth16c where the
critical growth exponent is close to 1. This finding is indicative
of lower growth dimensionality, consistent with the spherical
shape. Second, the final size of the nanoparticle assemblies
increases with decreasing concentration of the mediator, which
is consistent with TEM and UV-vis data. Finally, the spherical
assemblies are highly monodispersed, as evidenced by the
sharpness of the peak in the plot ofΓG(Γ) versusRh (e.g., Figure
10B). DLS was previously utilized to monitor the assembly of
gold nanoparticles in the presence of DNA.30

In contrast to the light scattering, the optical absorption of
Au nanoparticles and assemblies is associated with the surface
plasmon (SP) resonance band. The origin of the SP band is the
coherent excitation of free conduction electrons because of
polarization of the electrons induced by the electrical field of
incident light.31,32 A change in absorbance or wavelength of
the SP band provides a measure of particle size, shape, and
aggregation or elongation properties. Figure 11 shows a typical
set of spectra for the evolution of the SP band in response to
the addition of2 to a solution of1/Au ([1/Au] )0.1µM) under
different values ofr (25 (A), 50 (B), 100 (C), and 600 (D)).

The gradual spectral evolution of the SP band is accompanied
by color change of the nanoparticle solution from red to purple
or blue. 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. The display
of the isosbestic point at 560 nm is indicative of the involvement
of two major species (i.e., Au nanoparticles and nanoparticle
assemblies) in the reaction solution. In comparison with the SP
band at 520 nm observed for1/Au, the extent of this red shift
is inversely related to the concentration of2, as evidenced by
the shift from 580 to 780 nm with the decrease ofr. The ratio
of ∼600 translates to an excess of2 for a full monolayer

encapsulation on the 5-nm Au core. The ratio of∼1 corresponds
to ∼1 molecule of 2 per nanoparticle. The nanoparticle
assemblies derived from low concentrations of2 (e.g., Figure
3C) eventually precipitated after 1-2 days, whereas those
obtained from higher concentrations (e.g., Figure 1A) remained
soluble for weeks. The average diameter of the spherical
assemblies, as determined by TEM, is linearly related to the
wavelength of the SP band associated with the nanoparticle
assemblies. The DLS data has already revealed that the average
diameter decreases with increasingr. Therefore, there is
correlation between the change in morphological properties and
the change in SP optical properties.

2.2. Light Scattering and Optical Absorption in Response
to Nanoparticle Disassembly.Both DLS and UV-vis data
exhibited remarkable responses to the disassembly of2-1/Au
assemblies upon addition of molecules with a stronger affinity
to gold than2 or 1. Decanethiol (3) was used as such a molecule
that can replace the ligand capped on nanoparticles or assemblies
via exchange reaction (e.g.,2, 1). This process involved the
replacement of2 bound to Au by3 and was dependent on the
relative concentrations of3, 2, and1/Au. Thiols exhibit higher
binding affinity to gold than thioethers. Figure 12A shows a
typical set of DLS data illustrating the change of light scattering
in the assembly/disassembly processes. Indeed, the increasing
trend for the assembly size was reversed by the addition of thiol.
A TEM micrograph from a sample taken during the disassembly
process is included to illustrate the presence of individual
nanoparticles along the peripheral areas of the spherical as-
sembly as a result of the disassembly.

Similar responses have also been observed for the absorbance
of the SP bands associated with the individual nanoparticles
(520 nm) and the nanoparticle assemblies (650 nm). Figure 12B
shows a typical set of absorption data of SP band at both 520
and 650 nm to illustrate their responses to the disassembly
process. In Figure 12B,3 was added after both SP bands reached
a constant value. The reversal of the SP absorption for these
assemblies upon addition of3 to the reaction solution is evident
for both SP bands. This finding is significant because it suggests
that the nanoparticles in the spherical assembly are held together
by relatively weak interactions and can be disassembled into
individual nanoparticles by3.

When a relatively low concentration of3 ([2] ≈ [3]) was
added into the assembling solution during its early stage, for

(29) (a) Liu, T.; Diemann, E.; Li, H. L.; Dress, A. W. M.; Muller, A.Nature
2003, 426, 59-62. (b) Provencher, S. W.Comput. Phys. Commun. 1982,
27, 229-242.

(30) (a) Storhoff, J. J.; Lazarides, A. A.; Mucic, R. C.; Mirkin, C. A.; Letsinger,
R. L.; Schatz, G. C.J. Am. Chem. Soc.2000, 122, 4640-4650.

(31) (a) Link, S.; El-Sayed, M. A.Int. ReV. Phys. Chem.2000, 19, 409-453.
(b) Papavassiliou, G. C.Prog. Solid State Chem.1979, 12, 185-271.

(32) Ung, T.; Liz-Marzan, L.; Mulvaney, P.J. Phys. Chem. B2001, 105, 3441-
3452.

Figure 11. UV-vis spectral evolution for the2-mediated assembly of1/Au ([1/Au] ) 0.1 µM,) with different r of 1 (A), 50 (B), 100 (C), 600 (D). (1/Au
) 5.1 ( 0.9 nm). The spectral evolutions were recorded within the time frame of 30 min, and the arrows shown in the graphs indicate the directions of the
spectral evolution versus time.
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example,∼10 min, the change of the absorbance was clearly
leveled off to a relatively constant value, suggesting that the
assembly process was effectively stopped (Figure 12C). In this
case, the small-sized spherical assemblies were essentially
converted to3-capped spherical assemblies of2-1/Au, so that
no further growth of the assembly can occur. Such assemblies
were in fact stable for days. This finding is intriguing because
it demonstrates the viability of regulating the size of the spherical
assemblies by a third capping component.

2.3. Optical Absorption in Response to Precipitation-
Dispersion Cycle. Since the spherical assemblies undergo
changes both in size and packing density during the precipita-
tion-redispersion treatment, we further examined its effect on
the SP band. Figure 13A shows the changes of the SP bands in
response to the precipitation-redispersion cycle (PPT-RDS).
While each precipitation process led to a decrease of the
absorbance (dashed), each redispersion brought the absorbance
back (dotted) with an insignificant change in spectral charac-
teristic. In terms of spectral shape and absorbance, no significant
change was observed even after multiple precipitation-disper-
sion cycles.

The excess of1 (∼31 mM) in the solution of nanoparticle
assemblies can be removed via precipitation or centrifugation

through which the1-containing Tl layer is discarded and fresh
Tl was added. Such cleaning treatment (CT) can undergo many
dispersion-redispersion cycles in fresh solvent which not only
purifies effectively the assemblies but also allows processing
of the assemblies without significant destruction. Figure 13B
shows a set of spectral data for a solution of2-1/Au after
multiple CT cycles. Indeed, the spectral characteristics showed
little change in response to the cycle. After an initial∼20%
change, the absorbance value also exhibited little change after
at least eight cycles. Clearly, the nanoparticle assemblies were
stable in the absence of1 in the solution.

To better understand the correlation of the optical properties
with size and interparticle spatial properties of the nanoparticle
assembly, the spectral simulation was performed based on Mie
theory.31,32 In Mie theory (eq 2),31

the extinction coefficientγ is related to volume concentration
of the particles (NV, N: the number of spheres per unit volume;
V: the volume of each sphere) for nanoparticles or the
assembled nanoparticles, which is inversely proportional to the

Figure 12. Optical data showing the assembly and the disassembly upon addition of2 or 3 (3: decanethiol) into the solution. (A) DLS data showing the
assembly upon addition of2 at r ) 25 (b), and the disassembly upon addition of3 ([3] ) 10 µM) (2). Insert: TEM micrograph for a sample taken during
the disassembly process. (B and C) Temporal dependence of SP band absorbance at 520 nm (2) and 780 nm (b) for a solution of1/Au (0.1 µM) upon
addition of2 followed by addition of3 (6 µM (B) and ∼1 µM (C)). (1/Au ) 5.1 ( 0.9 nm).

Figure 13. UV-vis spectra for2-mediated assembly of1/Au in response to PPT-RDS cycles (A) and CT cycles (B). (A) A sample obtained fromr ≈ 25;
solid line: before precipitation; dashed line: the solution after partial precipitation; dotted line: the redispersed solution. Insert: the absorbance at 760 nm
in the PPT-PDS cycles (R: redispersed assemblies; P: the solution after partial precipitation for∼6, ∼15,∼8, and∼6 h). (B) Samples obtained atr ≈ 10
(I) and≈ 600 (II). Solid line: before precipitation; dashed line: the redispersed assemblies after the first CT. Insert: the absorbance at 590 and 790 nm vs
CT cycles. (1/Au ) 5.3 ( 1.0 nm).

γ
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)
18πεR

3/2

λ
× ε2

(ε1 + 2εR)2 + ε2
2
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edge-to-edge distance (dedge-to-edge) of nanoparticles in the
spherical assembly, and the dielectric medium constant (εR). ε1

and ε2 are the real and complex part of Au, andλ is
thewavelength of light in a vacuum in eq 2. In a modified Mie
theory (eq 3),32

R is the reflectance at normal incidence which is related to the
effective dielectric function (εav) for the metal nanoparticles.
The variatesR, ψ, and ú are related toεav, thickness of the
nanoparticle ensemble (d), andλ. εav is related to theε1, ε2, εR,
and the volume fraction of the particles (φ). Briefly, the light
transmissionTfilm is related toφ, d, and εR. The theoretical
analysis of the SP band data was recently shown to provide
useful insights into the interparticle properties.33 Figure 14 shows
the spectral simulation based on the spectrophotometric data
of SP bands shown in Figure 13B(II). In general, the band
position and absorbance can be simulated well, but the simulated
bandwidth is usually narrower than the experimental data.
Similar results have also been obtained using the modified Mie
theory. The simulation results are shown in Table 2.

The simulation results are quite consistent with both modified
and unmodified Mie theories in terms of the general trend of
the parameters. The dielectric medium constant is increased by
a factor of ∼5 from individual nanoparticles to spherical
assemblies. This increase reflects the difference in interparticle
dielectric medium properties between Au and2-1/Au. The
interparticle structure for the latter consists of both mediator
and template molecules in close distances, which is expected
to exhibit a higher dielectric medium constant. In addition, the

decrease in the volume concentration (NV) or thickness of the
nanoparticle ensemble (d) likely reflects the changes of inter-
particle spacing, intersphere spacing, and size of the spherical
assemblies. The assessment of the relative contributions of these
parameters is part of our ongoing investigation.

Conclusions

In conclusion, we have shown that the mediator-template
strategy is an effective route for the assembly of nanoparticles
into size-controllable spheres. While this strategy is demon-
strated for multidentate thioether-mediated assembly of tetraoc-
tylammonium-capped gold nanoparticles, its utility is entirely
general for the assembly of nanoparticles in a variety of systems,
depending on the chemical or structural nature of the mediators
and templates. The high monodispersity of the spherical
assemblies and the viability of forming ordered morphologies
are unprecedented. The subtle decrease of interparticle distance
with increasing the assembly size is suggestive of the depen-
dence of the packing density on the assembly size and the
mediator-template interaction. The spherical assemblies can
be processed effectively by precipitation and redispersion
leading to improved monodispersity and higher packing density.
The interparticle linkage and stability are provided by a
combination of the mediation force of the multidentate thioether
and the hydrophobic force of the tetraalkylammonium bromide
template. The discovery of the soft-hard nature of the nano-
particle assemblies and their interactions with contacting
substrates could form the basis of a new strategy for manipulat-
ing nanoscale linkages between nanoparticles assemblies,
soldering nanoelectronics, and constructing nanosensor devices.

The findings of the responsive optical properties of the
nanoparticle assemblies to several chemical, morphological, and
structural parameters in assembly, disassembly, sizing, and
interparticle spacing may open new opportunities for both
fundamental and practical explorations. The light scattering and
surface plasmon resonance absorption are important for assess-
ing the size-controllability, the interparticle spatial properties,
and the interparticle interactions in the assembly/disassembly
processes. The discovery of the disassembly into individual
nanoparticles and the size regulation by a third capping
component could form the basis for applications in controlled
drug delivery. Furthermore, the experimental and theoretical
correlations of the morphological and optical properties support
the fundamental basis for the mediator-template strategy as a
general and versatile assembly technique.
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Figure 14. The SP bands simulated on the basis of Mie theory for Au
nanoparticles (dotted line) and spherical assemblies (solid line).

Table 2. Simulation Results for the SP Bands

based on Mie theory based on modified Mie theorya

SP (Aunm) SP (T E3−A unm) SP (Aunm) SP(T E3−A unm)

system NVb εR NVb εR d b εR d b εR

Aunm 7.6 2.0 60 1.8
TE3-Aunm 1.6 3.5 0.3 10.2 10.1 3.3 0.3 10.1
TE3-Aunm

c 1.1 3.5 0.2 10.2 7.5 3.3 0.3 10.2

a φ remains largely constant.b In arbitrary unit.c After cleaning treatment.

Tfilm )
(1 - R)2 + 4Rsin2 ψ

R2 exp(-Rd) + exp(Rd) - 2Rcos(ú + 2ψ)
(3)
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