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Abstract

In this review, we present the summary of preliminary results of our recent investigations on the synthesis,
stabilization and characterization of functional metallic nanoclusters and their assembly in various physicochemical
environments. These investigations are based on the “meatball-spaghetti” strategy, devised in our laboratory, we are
investigating silicon based nanoreactors (spaghetti) for generation and stabilization of nano-objects (meatballs). In
the first part, a one pot, highly efficient reduction of silver acetate to stable nanosized silver particles is described.
This new strategy involves utilization of poly(methylhydro)siloxane as reducing and stabilizing agent and permits
routine formation of stable 2 nm size silver particles in common organic solvents at room temperature. The role
of physicochemical and morphological property profile of polysiloxanes in nucleation, growth and stabilization
processes is also discussed. The ligand exchange studies of nanosilver pools in grafting the surface properties
of silver particles is also presented. In the second part, cyclic and cubic siloxanes templates are used for the
generation of miceller network in presence of polyethylene glycol units. The miceller network is used for the room
temperature reduction of Ag and Pd metal salts to metal colloids, in organic solvents, by “polyol like process”.
The cases are presented, which demonstrate that network not only acts as a reducing agent, but as a stabilizer as
well. Electron microscopy studies show non-aggregated metal nanoparticles with narrow size distributions, which
are evenly trapped in micelles.
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Introduction

Nanosized materials are of significant importance
due to the uncommon chemical and physical properties
associated with their size regime. Driven by the curiosity
and potential of such materials for future applications,
last two decades have seen a spur of activity in this
area of research."? The synthetic strategies for such
materials, can be grouped in two groups generally
referred as “top-down” and “bottom-up” methods. It
has been recognized that bottom-up synthetic routes
are more dependable and successful in controlling the
matter at nanoscale but the studies of factors such as
pre- and/or post- synthetic stability, size, morphology
and dimensional control are still not mature.** To
investigate these issues, along with monomeric surfactant
stabilizers macromolecules based stabilization has also
been investigated intensively.”® Such stabilizers are
envisioned to provide not only the stability but also the
morphological and reactivity control at nanosize regime.
In general, macromolecule (dendrimer, linear polymer
and co-polymer) based stabilization of nanomaterials is
achieved through co-ordinating functionalities present
in such macromolecules. In this area of research,
notable contributions from various research groups have
shed light on the array of size-related electronic, optical
and catalytic properties of “nanoobject-macromolecule”
constructs.”™®

Recent investigations in our laboratory’! have
been driven by the need to generate functionally
active nanoclusters, which are stabilized by very weak
coordinative environments leading to functionalizable,
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active and reactive nano-objects. These studies are
inspired by our hypothesis that stabilization of active
nanoclusters can be achieved by the “meatball-spaghetti”
analogy. In this model, preparation of functional nano-
objects (nanoclusters) is viewed as the preparation
of “meatball-spaghetti” dish. This analogy is based
on the premise that the aggregation of the meatballs
(nanoclusters) can be prevented if enough spaghetti
(flexible polymeric structures) is present to physically
wrap the meatballs during the formation process. Due
to very weak surface passivation imparted by stabilizing
agent, such type of nanoclusters are expected to show
superior activity and selectivity over the nanoparticles
passivated by strong coordinating ligands. The
fundamental difference of this strategy from other polymer-

stabilized systems is that, in this hypothesis the polymer
does not contain the coordinating ligands, which can
strongly passivate the nanocluster surface. Moreover, the
substituents of the polymer are used to induce the reduction
of metal salts avoiding utilization of any external reducing
agent.

Based on the “meatball-spaghetti” strategy, we are
investigating silicon based nanoreactors (spaghetti) for
generation and stabilization of nano-objects (meatballs).
In this review, we present the summary of preliminary
results (Scheme 1) of our recent investigations on
the synthesis, stabilization and characterization of
functional metallic nanoclusters and their assembly
in various physicochemical environments. The results
are divided in three sections on the basis of stabilizing
structures (nanoreactors).
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new avenues to silicon based macromolecules and nanoparticle mediated catalysis.

Chauhan et al.

Nanoengineering of Metallic Solutions



Acta Chim. Slov. 2005, 52, 361-370

Scheme 1. Synthetic strategies to functional nanoclusters.
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Scheme 2. “meatball-spaghetti” strategy to stable nanosized
silver particles.

works prompted us to investigate the possibility if
polymeric hydrosilanes such as poly(methylhydro)silo
xane (PMHS) can act as reducing as well as stabilizing
agents fulfilling the role of spaghetti as proposed in
our model.

Recently, utilizing polyhydrosiloxanes we have
described a versatile method and first example of
polyhydrosiloxane induced generation and stabilization
of functionalizable monodisperse silver nanoparticles
(Scheme 2)."°

Hydropolysiloxane As Nanoreactors

In the context of metal catalyzed hydrosilylation
of alkenes, hydrosilanes have been implicated as
reducing agents of Pt, Pd, Ru and Rh metal complexes
to corresponding nano-sized metallic particles.'? These
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Figure 1. TEM image of the centrifuged reaction mixture of resulting silver nanonecklaces and and their conversion to nanocrystals
(Reprinted with the permission from ref. 10, copyright, 2004, American Chemical Society).

bonds via intermediate formation of hypercoordinated
silicon species.”” The formation and stabilization process
of polysiloxane-modified silver nanoparticles was traced
by the UV-visible absorption method. TEM analysis
demonstrated that indeed silver particles were formed.
The average particle size was found to be 2 nm with a
standard deviation of 0.6 nm. Due to the stability of these
particles, without any other stabilizing agent present, we
infer that polysiloxane raps around the particles and
prevents them from further agglomeration. This method
enables routine formation of stable nanosilver reservoirs
avoiding particle aggregation during the storage as well
as nucleation and growth process.

a) Exchange Reactions With Amine (Nanoparticle
Functionalization)

After optimization of reaction conditions, the role
of PMHS and catalyst TOA was examined in detail,
since both can also function as a stabilizing agent for
nanoparticles. Reactions with varying amounts of TOA
were performed. Surprisingly, individual nanoparticles
as observed in the case of catalytic amounts of TOA were
self-assembled in the form of nanosized necklaces, when
two equivalent of TOA was used. Particle size analysis
of the individual nanoparticles showed the particles to
be rather monodispersed in two to three nanometer
size regime. The ring diameter analysis showed that
there were three types of necklaces (15-18 nm; 19-22
nm; and 23-26 nm) present in the reaction mixture.
The calculated length of the PMHS (n=33-35) used
in this reduction process is approximately 12-13 nm.
Incidentally, one or two to three polysiloxanes strands
arranged in a spherical form can lead to the formation
of such spheres. The existence of the pearl-necklace
aggregates suggests that the reduced silver particles
even in the presence of other stabilizing agents are in
interaction with polysiloxane leading to new type of
nanoarchitectures.

In order to validate this hypothesis, under identical
reaction conditions and molar ratio’s of AgOAc and

PMHS, excess of TOA (6 equivalent to AgOAc) was
used. The reaction was significantly faster and within
one hour reduction was complete. TEM analysis of
the reaction mixture showed the formation of self-
assembled individual nanoparticles in 3 nm size regimes
and complete disappearance of nanosized necklaces was
observed (Figure 1). This result indicates that, when
enough coordinating (stabilizing) agents are present
PMHS is completely dissociated from the nanoparticle
periphery and surfactant stabilized nanoparticles
are obtained. Further validity for this line of thought
was obtained from the following experiment: In a
separate experiment, when solution showing necklace
morphology was incubated with excess of TOA,
necklace morphology disappeared completely and
almost identical TEM image (as in case of 6 equivalent
to AgOAc amine) showing self-assembly of individual
nanoclusters was obtained."

b) Exchange Reaction in Presence of Collagen
(Nanoparticle Functionalization)

The purpose of this study was to explore the
possible application of such a facile exchange reaction
in presence of biological molecules. We examined the
exchange reactions in presence of collagen. Collagen
is valued in medical applications for its superior
biocompatibility, biodegradability, and weak antigenicity
relative to other polymers used as biomaterials.' It has
been used in resorbable surgical sutures, hemostatic
agents, and wound dressings for many years and
nucleating silver nanoparticles with a collagen matrix
could lead to many potential medical applications."

Preliminary EM studies of the incubation of
“PMHS-silver nanoparticle conjugates” with collagen,
showed attachment of silver nanoparticles with collagen
for all ratios of collagen: silver nanoparticles. Using
a molar ratio of 2.5:1 collagen: silver particles, the
incorporation of silver nanoparticles resulted in a tightly
packed organization of the collagen-silver copolymers
(Figure 2). Interestingly, when the ratio was increased to
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Figure 2. TEM image of the centrifuged reaction mixture silver nanoparticles incubated with collagen type 1.

favor silver (a ratio of 0.31:1), the fibrils were not closely
packed, yet the numbers of associated nanoparticles
were nearly perfectly aligned with the fibril.

These preliminary results suggest that by altering
the molar ratio of the components, it is possible to
regulate the mesh size of the collagen fibers, yet retain
the silver in nanometer size regime. Detailed studies
are underway in our laboratory and will be disclosed
in due time.

Inorganic/Organic Hybrid
Nanoreactors

Our success with polysiloxane induced reduction
and stabilization process inspired us to investigate
inorganic-organic (10) hybrid structures for nanoreactor
applications. In recent years, IO hybrid composites have
acquired a great interest for stabilization and controlling
the morphology of nano-sized metal particles and as
precursors for their self-assemblies.'® Inorganic-Organic
hybrids appear as a creative alternative for obtaining
new multifunctional materials of unusual features."’

Cyclic siloxanes are hydrophobic entities. By
attaching hydrophilic organic moieties like polyethylene
glycol (PEG) to such moieties, hybrid networks can
be formed which can self-assemble into micelles. We
envisage that such micellar networks can be used as
nanoreactors for metal and semiconductor particle
formation and stabilization. In this part, we present
preliminary results of this approach by devising cyclic
silicon oligomers substituted with polyethylene glycol to
create nanoreactors, which act as reducing agents, and
as templates to control the size, stability, and solubility
of metal nanoparticles.'!

In our synthetic strategy, the first task was the
generation of covalently attached hydrophilic tail
(polyethylene glycol) to hydrophobic core (siloxanes).

The synthesis of such a system was accomplished by
the “Chauhan-Boudjouk alcoholysis” procedure, which
provided a one step access to selective formation of
PEG-substituted cyclic siloxanes.'® The reaction of
tetraethylcyclotetrasiloxane 1 and polyethylene glycol
(Mw~400) was examined in presence of Wilkinson’s
catalyst RhCI(PPh,), in benzene under positive pressure
of argon as shown in scheme 3. The reaction mixture
was heated at 65 °C and periodically monitored by IR,
'H, and ®Si NMR. After 30h of the reaction, complete
consumption of 1 and formation of polyethylene glycol
substituted siloxane 2 was observed in near quantitative
yield (Scheme 3). The detailed analysis of the product
was carried out by spectroscopic and microscopic
techniques."

The *Si NMR and Transmission Electron
Microscopy (TEM) analysis of the product 2 is shown
in figure 3. *Si NMR of starting siloxane 1 shows four
peaks centered at —30 ppm arising from O-SiMeH-O-
units. After glycolysis, the Si NMR analysis of resulting
product 2 showed peaks centered at —56 to —-57 ppm
reflecting the change in electronic environment of Si-
units due to the formation of new SiMe-OCH,CH,O-
moieties. As is evident from *Si NMR (Figure 3)
no residual signals due to Si-H bonds were observed
indicating complete consumption of the Si-H bonds. The
IR spectral analysis also confirmed the disappreance of
the characteristic bands due to Si-H bonds."

The morphology of the generated polymers was
investigated by Transmission Electron Microscopy
(TEM) technique. Polymer 2 (0.2 mmol) was diluted
in 20 ml of benzene. After stirring for 10 min. in order
to get a homogenous mixture, one drop of the solution
was dropped on a formvar carbon-coated copper grid
and the solvent was allowed to evaporate in open air.
The TEM micrographs showed a well-defined micellar
network (Figure 3).
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Scheme 3. Synthetic Route to PEG-substituted Cyclic Siloxanes.

The PEG-substituted siloxane polymers were
further used for the reduction of metal salts to metal
nanoparticles. We envision that such polyethyleneglycol
substituted siloxane based macromolecules can not
only act as the reducing agent for metal salts to metal
nanoparticles, but they can also stabilize these metallic
nanoparticles and create well defined self assembled
networks loaded with metal colloids. The silver acetate
was reacted with polymer 2 (0.377 g, 0.2 mmol) in
toluene and progress of the reaction was monitored by

UV-vis spectroscopy and TEM. After 45 min of addition
of polymer to silver acetate suspension in toluene, the
solution color changed to light yellow. During a period
of four hours, the solution color changed to yellow and
then to brown. UV-vis spectrum of the solution showed
a peak at 428, which is a characteristic feature of silver
nanoparticles (Figure 4)." To our surprise, unlike known
harsh conditions for polyol reduction process™ of metal
salts, the reduction took place under very mild reaction
conditions in four hours."
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Figure 3. ¥Si-NMR and TEM images of PEG-substituted siloxane 2 (Reprinted with the permission from ref. 11, copyright, 2005, American

Chemical Society).
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Figure 4. TEM, Particle Size and UV-vis Analysis of Ag Nanoparticles (Reprinted with the permission from ref. 11, copyright, 2005,

American Chemical Society).

Palladium acetate solution is light yellow and shows
a peak around ~400 nm in UV spectrum. For about
one hour, after addition of polymer 2 to the palladium
acetate solution, the color remained almost unchanged.
After 2h of continuous stirring at room temperature,
color of the reaction mixture started to change to brown.
This was the first evidence of reduction of palladium
acetate. During a period of four hours, the solution color
changed to brown and finally turned black, which was a
strong evidence of palladium nanoparticle formation.
At this point, UV spectrum was taken and it showed
a featureless absorption, a characteristic of palladium
nanoparticles (Figure 5).

The TEM images showed formation of metal
particles with narrow size distributions, which were
stabilized by siloxane network as no other stabilizer
was added (Figure 5). Particle size distribution analysis
showed silver and palladium nanoparticles with an

average size range of ~5 nm. The nanoparticle solutions
of silver and palladium were found to be quite stable,
signifying the role of siloxane-polyethyleneglycol
networks as effective stabilizing agents.

These studies indicate towards the potential of
this methodology for generation of spherical metallic
nanoparticles in various size regimes from the same
nanoreactor (polymer). The resulting hybrids can
be regarded as processable reservoirs of nanosized
metal, which inherit the profitable solution behavior
of silicon based polymers and the catalytic activity of
metal colloids. The studies are underway to examine
the catalytic activities of these nanoparticles.

The structural features of the polymers play an
important role in the reduction process. To verify this
observation, in a separate experiment reaction of silver
and palladium acetate was examined in presence of
only poly(ethylene)glycol. Under identical reaction
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Figure 5. TEM, Particle Size and UV-vis Analysis of Pd- Nanoparticles (Reprinted with the permission from ref. 11, copyright, 2005,

American Chemical Society).
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conditions and molar ratio’s (as in case of polymer 2)
formation of nanoparticles was not observed even after
continuous stirring for several hours. These preliminary
experiments indicate that substitution of glycol units to a
cyclosiloxane core and formation of a micellar network
plays an important role in reduction of metal salts by
polyol like process.

Tris(trimethoxysilylpropyl)
isocynurate Grafted “Pd”-
nanoclusters

In this approach, siloxane oligomers containing
isocynurate functionality are envisioned to act as
reducing agents, as well as templates to control the size,
stability, and solubility of nanoparticles. Herein, we
describe a new synthetic strategy and first examples of
one pot synthesis of palladium nanoparticles achieved
by tris(trimethoxysilylpropyl) isocynurate induced
reduction of Pd(OAc), and present comparative studies
of their stabilization. We also provide the evidence that
this strategy enables a tight control over the chemical
nature of encapsulated Pd nanoparticles.

In a typical experiment, Pd(OAc),, TTPI were
dissolved in 50 ml of benzene (Scheme 4). The color
of the reaction mixture turned black after 15-20
minutes of heating at 70 °C, indicating the conversion
of Pd(OAc), to Pd nanoclusters. The color change was
corroborated by UV-vis analysis of reaction mixture.
After 4h of reaction, peak at 397-399 nm, which was
indicative of Pd(OAc),, completely disappeared and a
featureless absorption was observed. The color changes
and absorption spectra correlates well with the UV-vis
spectra of “Pd” colloids simulated by Creighton and co-
workers."" At this stage, one drop of the reaction mixture
was analyzed by Transmission Electron Microscopy
(TEM). Indeed formation of rather monodisperse Pd-
nanoparticles was observed. A representative TEM
micrograph of the crude reaction mixture is showed
in Scheme 4.

Si(OMe)s

1T L

(MeO 3SI\/\/ Y

Pd(OAc), +

OMe 3

4h | Benzene, 70 °C

Scheme 4. Synthetic Scheme for Generation of Nanoparticles.

The particles were stable for several weeks without
any other added stabilizing agent indicating that TTPI
not only plays an important role as reducing agent but
also as a stabilizing agent. Efforts are underway to study
the mechanism of formation in detail.

Conclusions and Future Perspective

All the three strategies described in this article lead
to metallic particles of various sizes and morphologies.
Though, the catalytic and physical properties of these
materials are not the scope of this review but we have
shown that polysiloxane-metallic nanoconjugates
really act as potent catalysts for various processes such
as silaesterification, hydrosilylation and reduction
reactions of conjugated alkenes. A large body of work
still remains to be carried out in order to understand
detailed mechanistic pathways of reduction reactions,
and also the determination of the influence of
polysiloxane structures on the shape and size of
resulting metal nanoparticles. Another aspect of silicone
structures, which we are exploring in our laboratory,
is the investigations of the parameters, under which
chemical processes can be performed and controlled
inside the siloxane networks and cavities in a desired
and predefined manner.
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Povzetek

Predstavljamo povzetek preliminarnih rezultatov nasih nedavnih raziskav o sintezi, stabilizaciji in karakterizaciji
funkcionalnih kovinskih nano-klastrov in njihovo vklju¢evanje v razli¢na fizikalno-kemic¢na okolja. Te raziskave
bazirajo na tako imenovani “Spageti-z-mesnimi-kroglicami” (“meatball-spaghetti”) strategiji, ki smo jo razvili v
nasem laboratoriju. Gre za nanoreaktorje na osnovi silicija (Spageti), ki pomagajo pri tvorbi in stabilizaciji nano
delcev (mesne kroglice). V prvem delu opisujemo zelo u¢inkovito redukcijo srebrovega acetata za pripravo stabilnih
srebrovih delcev nanovelikosti. Ta nova strategija vkljucuje uporabo poli(metilhidro)siloksana kot reducirnega
sredstva in stabilizatorja in omogoca tvorbo stabilnih 2 nm velikih srebrovih delcev, v pogostih organskih topilih
in pri sobni temperaturi. Opisujemo vlogo fizikalno-kemicnih in morfoloskih lastnosti polisiloksanov v tvorbi,
rasti in stabilizaciji delcev. V drugem delu so cikli¢ne in kubi¢ne siloksanske Sablone uporabljene za nastanek
micelnih tvorb v prisotnosti polietilenskih glikolnih enot. Micelne tvorbe so uporabljene za redukcijo srebrovih in
paladijevih kovinskih soli v kovinske koloide v organskih topilih pri sobni temperaturi. Predstavljamo primere, ki
jasno kazejo, da mreZa nima vloge le kot reducent, pa¢ pa tudi kot stabilizator. Studije z elektronskim mikroskopom
kazejo neagregirane kovinske delce z ozko distribucijo velikosti, ki so enakomerno ujeti v micele.
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