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Recently, molecularly bridged nanoparticle aggregates[1] have
been attracting growing interest as a result of their collective
electronic, optical, and magnetic properties being distinctly
different from a corresponding collection of individual nano-
particles (NPs) or the extended solid. The 2D/3D control over
the spatial arrangement of NPs is primarily based on the thiol-
amphilic nature[1b,e] of metal NPs, hydrogen-bonding inter-
actions,[1a] the highly specific recognition interaction of
antigens/antibodies, and specific base-pairing interactions[1f]

between DNA and its complementary strand.[1c,d] In addition,
by careful linker-molecule design, spatially and symmetrically
well-defined NP aggregates have been reported.[2] Such
aggregated nanostructures can also be constructed on a solid
support.[3] A remaining question is whether atoms can also
™glue∫ NPs together?

A monolayer of iodine atoms has been known to form
spontaneously on immersing a bulk-gold surface in dilute
iodide solution.[4] Herein, we demonstrate that such chemi-
sorption also takes place on tiny citrate-stabilized gold NPs.
As a result of electron donation, these gold NPs undergo
fusion and fragmentation in solution. Also, iodine adsorption
on NPs displaces citrate ions from the surface of the NPs and
lowers the surface potential, as a result, increasing van der
Waals attractive forces between these I-coated gold NPs drive
the formation of aggregates in a controlled manner both in
solution and on solid support.

The idea that iodide spontaneously chemisorbed on gold
NPs was supported by electrochemistry and optical spectra.
Using the strategy of Natan and co-workers,[5] we can prepare
highly reproducible NPs submonolayers on 3-aminopropyl-
trimethoxysilane (APTMS) modified ITO (indium±tin oxide)
substrate. The gold NPs submonolayers are rather robust,
resistant of electrochemical scanning in the potential range
0±1.5 V (Figure 1a, curve 1). Interestingly, after the NPs
submonolayers are immersed into aqueous 1 mm KI solution
for several minutes, the submonolayers exhibited character-
istic voltammetry of desorption and oxidation of iodine to

iodate (a five-electron process; Figure 1a, curve 2), which is
extremely similar to the results obtained with bulk gold.[4]

Thus, it is thought that these APTMS-tethered gold NPs
behave in the same way as bulk gold, and a similar
chemisorptive process of iodide should take place. The
coulometric analysis indicated that a monolayer of adsorbed
iodine formed on the exposed surface of the immobilized gold
NPs, which is again consistent with the case for bulk gold. This
result is also supported by spectral studies. Immersion of gold
NP submonolayers in dilute KI leads to gold-surface plasmon-
band damping and a red-shift of the peak position (Figure 1b:
curve 1)[6] relative to the original gold plasmon band (Fig-
ure 1b: dotted line), which indicates iodine adsorbsion on
these immobilized NPs (see below). Similar spectral respons-
es were also observed for interactions between iodide and
free solution-state gold NPs (Figure 1c), which is indicative of
similar iodine chemisorptive events on these not-immobilized
gold NPs. For confirmation of this result, a control experiment
for KCl addition to colloidal Au was performed (Figure 1d);
it is clear that no second absorbance band appearance even
after 100 mL of 0.2m KCl was added. Previous studies[7] have
shown that the interaction of chloride with gold nanoparticles
is the result of salt effects. The distinctly different optical
responses for KI addition show that iodine interaction must
follow a different mechanism. The only reasonable explan-
ation is that a chemisorptive process takes place.

It is expected that the adsorbed iodine on the gold NPs
would displace the stabilizing citrate ions, neutralize surface
charge, lower ™z potential∫, thus, paving way for gold-NP
aggregation and fusion. This speculation was supported by the
optical spectra and transmission electron microscopy (TEM).
When controlled amounts of 0.2m KI were added to ruby-
colored colloidal-Au suspension[8] at room temperature, color
changes were observed within several minutes.[9] The spectral
changes are shown in Figure 1c. It is clearly seen that the
absorbance is highly dependent on the quantity of KI added.
The native-surface plasmon band at 520 nm weakens and an
absorption band in the red/infrared region (lmax ca. 760 nm)
appears and becomes more intense with increasing addition
of KI solution. The weakening of the plasmon band is
attributed to damping effects,[6] whereas the new band
indicates aggregation[10a] and/or changes in the shape[10b] of
gold NPs.

TEM[11] results correlate with the KI addition-dependent
spectroscopic observations as shown in Figure 2. The native
gold NPs are monodispersed, nearly spherical in shape, with
an average diameter of 12 nm, and well separated (see
Supporting Information). When a small amount of KI was
added, the TEM image shows the presence of NP aggregates,
each consisting of hundreds of individual NPs that are in close
contact (Figure 2a±c). These individual NPs of aggregates are
predominantly spherical with a diameter of 20±30 nm. How-
ever, in some domains we found some gold NPs smaller than
the original spherical gold NPs (Figure 2c). We attribute
these changes in the dimensions of the gold NPs to energetic
injection, and the energy source is electron injection by the
reductive chemisorption of iodide ions[3] (I��e�!I(adsorbed)þ
e�). Similar energetic-injection-induced fusion,[12] fragmenta-
tion,[13] and dissolution[14] of NPs has been described. Upon
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increasing the KI addition, the aggregation becomes more
extensive (Figure 2d,e). Excess KI addition (� 50 mL) leads
to a decrease of both absorption bands, and the whole broad
absorption band is extended into infrared region.[15] Under
these conditions, many nanocrystals with various geometries
could be seen in the TEM (Figure 2 f). Comparison of the
optical response with the corresponding TEM morphology
reveals that the appearance of the broad absorbance band is
actually mirrored by the appearance of the anisometric
nanocrystals.[10b] Previous studies indicate that collective
optical, electronic properties[1±3] are dictated by aggregate

size,[10a] particle shape,[10b] inter-
particle distance,[10a, 16] and damp-
ing effects.[6] Here, optical spectra
and TEM, support the idea that
coupling aggregation and damp-
ing effects dictate optical respons-
es in low KI concentration and
anisometric nanocrystal shape de-
termines the optical responses in
high KI concentration.

It is clearly noted from TEM
that iodine-induced gold-NP ag-
gregation is different from that
described in reference [1]. It re-
sembles photoinduced conver-
sion[17] of silver nanospheres into
nanoprisms, where an energetic
injection process was also in-
volved. In our system, the energy
source is the electron injection
which results from iodide reduc-
tion. Such electron-transfer proc-
esses are not unusual, and it has
been indicated in C60-mediated
aggregation.[18] Based on these
experimental results and the pre-
vious studies,[17,18] an iodine chem-
isorption-induced aggregating/fus-
ing mechanism is given in Fig-
ure 3. The chemisorbed iodine
atoms on NPs would neutralize
NP surface charge, and as a result,
increase the van der Waals attrac-
tive forces among these iodine-
coated NPs which would lead to
aggregate generation. The iodine
atoms might be still associated
with these NP aggregates to keep
structural stability. The fusion/
fragmentation is at the expense
of the original gold NPs, this
situation is supported by the pres-
ence of an isosbestic point in
Figure 1c. Excess KI addition re-
sults in nearly complete fusion of
the gold NPs. The fusing process is
similar to Ostwald ripening (i.e.
particle growth through the ex-

change of ™monomer∫ between particles), and KI addition
enhances the rate of the Ostwald ripening process. Thus, small
amounts of a water-soluble gold-iodide/iodine might exist.

Strong interaction of iodides and gold NPs is reminiscent
of the strategy of Willner and co-workers [3a, 10a] for the
fabrication of surface-bound nanostructured assemblies on
solid supports. Interestingly, repeated treatment of APTMS-
modified ITO with citrate-stabilized colloidal Au and 1 mm

KI results in similar nanostructure generation, which is shown
by spectral observations (Figure 1b). The above discussion
demonstrates that the immersion of primary gold NPs

Figure 1. a) Cyclic voltammograms in 0.5m H2SO4 of NP submonolayers on APTMS-modified ITO be-
fore (1) and after (2) iodine adsorption. Scan rate is 50 mVs�1. b) Absorbance spectra monitoring of
the construction of iodine-bound ITO-surface-bound-NP nanostructured assemblies. The stepwise deri-
vatizing cycles with Au colloid and 1 mm KI are labeled beside curves. The doted line shows the ab-
sorbance of NP submonolayers on APTMS-modified ITO. c) UV/Vis absorption changes of colloidal Au
(1 mL, 3.88 nm) upon addition of different amounts of aqueous 0.2m KI solutions. d) UV/Vis absorp-
tion changes of colloidal Au (1 mL, 3.88 nm) upon addition of different amounts of aqueous 0.2m KCl
solutions.
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submonolayers into dilute KI leads to iodine-atom-mono-
layer formation on these immobilized NPs (Figure 1b,
curve 1). This adsorbed iodine lowers the surface charge of
the immobilized NPs significantly, as a result, additional gold
NPs can be ™glued∫ together upon immersing them in Au
colloid. Formation of a second NP layer is demonstrated by
the decrease of the plasmon absorbance and the appearance
of second coupled plasmon absorbance band arising from the
close contact of NPs (curve 2).[3,10a] As the treating times are
increased, the coupled-band strengthens (curves 3±6), which
indicates that the coupling interactions become longer-
range.[3, 10a] Previously, fabrication of surface-bound nano-
structures was based on electrostatic or covalent interactions,
whereas van der Waals attractive forces could be the driving
forces for the surface-bound nanostructure formation in this
study.

In conclusion, this study demonstrates for the first time
that iodine chemisorption takes place on gold NPs. Compared
with previous aggregating studies,[1, 2] both aggregation and
fusion/fragmentation of NPs were observed by TEM upon KI
addition. We propose that the physical origin of the fusion/
fragmentation of gold NPs is energetic injection, which fits
with these previous studies.[12±14,17] The driving force of
aggregation should be van der Waals attractive force. It is
found that I-linked surface-bound-NP nanostructure can be
fabricated by a layer-by-layer deposition techniques. This
observation shows that crosslinkers are not confined to oligo-
cations.[3, 10a] It is expected that this study might be instructive
for testing the relationship between collective optical re-
sponses of metal NPs[1±3] and individual NPs, and could find
application in nanoscale electronics and photonics.

Experimental Section
Reagents: analytical grade [HAuCl4]¥3H2O, trisodium citrate, KI, and
KCl were all purchased from commercial vendors (Aldrich) and used
as received. Solutions were prepared from ultrapure water purified
with Milli-Q plus system (Millipore Co.), its resistivity was over
18 MWcm.

Instrumentation: all electrochemical experiments were carried
out on Autolab PGSTAT30 potentiostat (Utrecht, Netherlands) in a
conventional one-compartment cell. The cell was housed in a
homemade Faraday cage to reduce stray electrical noise. The
electrochemical measurements were performed using standard
three-electrode systems. A Ag/AgCl electrode was used as the
reference electrode, a Pt foil as the counter electrode, and the O-rings
with 6 mm inner diameter were used to seal the ITO slides for all
electrochemical experiments (geometry area is ca. 0.283 cm2). Optical
spectra were acquired using Cary 500 UV-visible NTR spectrometer
(Varian, USA). TEM samples were examined by using JEOL 2010
transmission electron microscopy operated at 200 kV.

Synthesis of 3.88 nm colloidal Au: Typically, aqueous solutions of
[HAuCl4] (� 0.5 mL 1%) were diluted (to 70 mL), then the mixed
solutions were heated to nearly boiling. Afterwards, aqueous
trisodium citrate solutions (� 1.3 mL) were injected into the stirring
system. The color changes were noted within several minutes, and a
ruby-colored solution was obtained finally. The concentration of gold
NPs was calculated to be � 3.88 nm by assuming an average 12 nm
diameter for all NPs.
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Figure 2. Representative morphological changes of TEM micrographs
for colloid Au (1 mL, 3.88 nm) upon addition of different amounts of
0.2m KI solutions: 6 mL (a±c), 18 mL (d±e), 60 mL (f). Inset of (f) top:
electron diffraction pattern analysis. The spot array, diagnostic of a
hexagonal structure, is from the [111] orientation of the largest cubic
platelet lying flat on the substrate with the top facet perpendicular to
the electron beam, bottom: enlargement.

Figure 3. Schematic aggregating/fusing mechanism of gold NPs upon
KI addition.
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Ruthenium Metallodendrimers

Dendritic Stars by Ring-Opening-Metathesis
Polymerization from Ruthenium±Carbene
Initiators
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Georges Bravic, Jean-Claude Blais, and Didier Astruc*

Dendrimers are a rich and appealing field of polymer
chemistry.[1] Organic polymerization from dendritic initiators
also offers a route to highly branched polymers, and indeed
these have been obtained, amongst other methods, by atom
transfer radical polymerization (ATRP), anionic polymer-
ization at a focal point of dendrons,[2] and cationic polymer-
ization of styrene using star-shaped initiators.[3] Our goal was
to synthesize dendritic stars by polymerization at the branch
termini of a core. Therefore, we investigated the synthesis of
new stable ruthenium±carbene[4±8] dendrimers[9,10] that would
be able to catalyze subsequently the ring-opening-metathesis
polymerization (ROMP) of norbornene.[11] Only a few
metal±carbene dendrimers are known: these are tetra-
branched ruthenium catalysts recently reported by the groups
of Hoveyda,[4] van Koten,[5] and Verdonck.[6]

Herein, we report: a) the synthesis of new ruthenium±
carbene complexes containing a chelating diphosphane, b) by
modeling a dendritic branch, the reversible dimerization of
these complexes in concentrated solutions, c) the extension of
this synthetic route to three generations of dendritic ruthe-
nium±carbene complexes, d) the ROMP reactions of the
latter with norbornene to form metallodendritic stars, and
e) the remarkable dendritic effects on the dimerization and
polymerization reactions.

We designed a system that should be stable enough to
support the dendritic structure and yet be reactive enough for
ROMP. Therefore, we selected a chelating diphosphane-
ruthenium-carbene framework. The strategy is based on
recent breakthroughs. Hoveyda[4] modified the Grubbs cata-
lyst [RuCl2(PCy3)2](CHPh)][7, 10] (Cy¼ cyclohexyl) by intro-
ducing an isopropoxy substituent at the ortho position of the
benzylidene ligand such that the hemilabile chelating ether
ligand replaces one phosphane. We chose the PPh3 version of
this system as the PPh3 group can be substituted by a chelating
diphosphane unit containing a dendritic branch. Hofmann
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