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Abstract

Synthesis and detailed characterization of dendrimers that evolve
symmetrically from a linear bifunctional core (2-butyne-1,4-diol) with 3,5-
dihydroxybenzyl alcohol based dendron wedges, are reported. The divergent, layer-
by-layer build-up of the dumbbell shaped dendrimers, is based on simple acid-base
hydrolytic chemistry of bis(dimethylamino)dimethylsilane with OH terminated
molecules. Evaluation of some of the structure-property relationships in these
dendrimers was carried out to obtain a better understanding of their potential
applications. The self-assembly of these dendrimers in THF and water is significantly
influenced by their generation number, the backbone structure and the solvent.
Generations 1-3 dendrimers form aggregates at a higher critical aggregation
concentration (cac) compared to generation 4 in THF. This behavior is related to the
open structure in the lower generations with a linear core becoming important in their
self-assembly, while in generation 4, more globular architecture with more prominent
hydrogen bonding sites, facilitates self-assembly at lower concentrations. In water and
in generations 1 and 2 dendrimers, the inability of more polar solvent to interact with
their backbones, leads to aggregates that are formed by minimizing the repulsive
forces. In generations 3 and 4, the major interaction of the solvent with the dendrimer
is at the periphery which has a higher concentration of polar OH groups, and it does
not interfere significantly with their ability to self-associate. Using these dendrimers
as templates, a simple methodology in which silver nanoparticles are synthesized in
one pot reaction, has been developed. The dendrimer structure provides reactive
peripheral hydroxyl groups as well as a stabilizing acetylenic core/benzene backbone
structure. The shape of the silver metal nanoparticles is strongly influenced by the

dendrimers, and it evolves from spheres to cubes as the generation number increases.



Résumé

Ce master présente la synthese et la caractérisation détaillée de dendrimeres
symétriques constitués d’un noyau bifonctionnel linéaire (2-butyne-1,4-diol) et de
dendrons formés a partir de 1’alcool 3,5-dihydroxybenzylique. La construction
divergente, couche-par-couche de ces dendrimeres en forme d’haltéres est basée sur
une simple hydrolyse acido-basique entre I’aminosilane Me;Si(NMe,), et les
molecules possédant des groupements hydroxyles terminaux.

Certaines propriétés physiques de ces dendrimeres ont été explorées afin de
mieux comprendre leurs applications potentielles. Notamment, nous avons démontré
que l’auto- assemblage de ces dendriméres en agrégats dépend du nombre de
génération, de leur structure et du solvant. En effet, les dendriméres de générations 1 a
3 forment des agrégats a une concentration critique d’agrégation plus élevée que
celle des dendriméres de génération 4 dans le THF. Ce phénoméne est dii a la
structure plutot ouverte des dendriméres de basse génération qui possédent un noyau
linéaire devenant prédominant dans le phénomeéne d’auto-assemblage. Par contre, les
dendrimeres de génération 4 adoptent une architecture plus globulaire qui favorisent
les liaisons hydrogene et facilitent leur auto assemblage a basses concentrations. Dans
I’eau, les dendrimeres générations 1 et 2 forment des agrégats en minimisant leurs
forces répulsives, ce solvant plus polaire ne pouvant que trés peu interagir avec les
noyaux aromatiques constituant les dendrons. Dans le cas des dendrimeres de
générations 3 et 4, le solvant interagit principalement avec les groupes hydroxyles
terminaux présents a plus haute concentration, et ceci n’influence pas de maniére
significative leur capacité a s’auto associer.

Utilisant les propriétés de ces dendrimeres, nous avons développé une
méthodologie en une seule étape simple et efficace de fabrication de nanoparticules
d’argent. La structure des dendrimeres est telle qu’elle permet de fournir des groupes
hydroxyles périphériques mais aussi un noyau et un squelette stabilisateur. La forme
des nanoparticules d’argent, fortement influencée par les dendriméres, évolue de la

sphere au cube avec le nombre de générations des dendriméres.
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1. Hyperbranched Polymers and Dendrimers

Over the past 20 years, the number of compositions and architectures of
macromolecules has grown very rapidly. The ability to easily tune the size, chemistry,
topology and the properties of polymers through chemical synthesis, has led to their
use in a variety of technological applications'™, such as Nylon, Polyethylene, Teflon,
silicone, just to name a few. Today, linear polymers find applications in nearly every
industry and area of life. But the need of more complex architectures for specific
applications has led to the synthesis of hyperbranched polymers, which are a
relatively new class of macromolecules’. They are typically imperfectly branched and
polydisperse systems in terms of molecular weight characteristics and their branching
factors, and are prepared in one-step procedures, mostly by polycondensation of ABy
monomers’ >, If x> 2 and the functionality A reacts only with functionality B of
another molecule, the polymerization of AByx monomers results in highly branched
polymers’. Apart from polycondensation, addition polymerization of monomers that
contain initiating and propagating functionalities in the same molecule'®, ring-opening
polymerization'®, and self-condensing vinyl polymerization'® can be used for the
synthesis of hyperbranched polymers. These procedures lead to uncontrolled
statistical growth, and an irregular architecture with incomplete branching points

dispersed in the structure, as shown in Scheme 1.
B
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Scheme 1: Schematic representation of a hyperbranched polymer constructed by the
homopolymerisation of AB, type monomers'’.
Due to their branched structure, hyperbranched polymers are usually

amorphous materials. Thus, the glass transition temperature, T,, is one of the most
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important thermal properties with respect to their potential applications in the field of
rheology modifiers. Upon heating, amorphous components convert at T, from a
glassy sate to a liquid state. T, of hyperbranched polymers is not only affected by the
chain-end composition but also by the molar mass and the macromolecular
composition'®. It increases with generation number to a limit, above which it remains
nearly constant'®. This increase in T, with generation number reflects a decrease in
chain mobility due to branching. In addition to their thermal properties,
hyperbranched polymers present interesting mechanical and rheological properties.
Their non-entangled state leads to unique mechanical properties, resulting in brittle
dendritic polymers'. This is due to their globular structure, which does not permit the
process of chain extension and orientation. However, intermolecular interactions like
hydrogen bonding and possibly intermolecular crystallization of linear segments,
provide connections between hyperbranched polymers™.

The viscosity behaviour of these macromolecules is quite different from their
linear counterparts. For linear polymers, above a critical molar mass, a drastic
increase in melt viscosity is observed. But hyperbranched polymers show a
continuous slope of 1.1 up to 100,000 a.m.u. with no critical mass limit. Indeed, at
low molar mass, linear polymers consist of random coil chains, and as the molar mass
increases, start to entangle at a critical molecular size, leading to a sharp increase in
melt viscosity. Unlike linear polymers, the lack of chain entanglement of
hyperbranched polymers leads to considerably smaller melt viscosities'*'**!*2.

A variety of hyperbranched polymers are commercially available in large
quantities and at a low cost. Most of the applications of hyperbranched polymers are
based on the absence of chain entanglements, almost globular shape, and the nature
and large number of functional groups within a molecule. Modification of the number
and type of functional groups on hyperbranched polymers is essential to control their
solubility, compatibility, reactivity, adhesion to various surfaces, self-assembly,
chemical recognition, and electrochemical and luminescent properties. In other words,
the large number of functional groups allows for tailoring of their thermal,
rheological, and solution properties, and provides a powerful tool to design
hyperbranched polymers for a wide variety of applications '*'***?°. These advantages
of hyperbranched architecture can be further advanced by the inclusion of

monodisperse nature.
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1.1 Dendrimers
The word dendrimer is derived from the Greek words dendri- (tree branch-
like) and meros (part of). Dendrimers, highly branched and monodisperse
macromolecules, are the recently recognized members of the polymer field, with the
first dendrimer report published in 1980s by the groups of Vogtle 2°, Denkewalter,

2 28 . . . . .
7 and Newkome **. A dendrimer is a three-dimensional monodisperse

Tomalia
polymeric molecule, consisting of three distinct areas, as shown in Scheme 2: the
polyfunctional central core or focal point which represents the center of symmetry;
various well-defined radial-symmetrical layers of repeating units (also called

generations) and the peripheral or terminal surface groups.
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Scheme 2: Description of the dendritic structure®” "

The two most widely known dendrimers are the ones developed by Tomalia

(PAMAM dendrimers)*’ and Fréchet poly(aryl ether)®'.
1.1.2 Synthesis

These highly well-defined macromolecules are obtained by an iterative sequence

of reaction steps”’***>**_ Indeed one can choose between two different strategies to
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synthesize dendrimers: the divergent (inside out) and the convergent (outside in)

routes depending on the need and design for a particular application.

A) Divergent route

Divergent dendritic construction results from sequential monomer addition
beginning from a core and proceeding outward towards the macromolecular surface®*.
The divergent methodology is also called the “inside-out” approach. In 1978, Vogtle
and coworkers®® elaborated the first iterative reaction sequence, using a “divergent”-
type methodology and leading to a simple dendritic structure.

Tomalia®’ used the conventional divergent approach to prepare the well known
poly(amido amine) (PAMAM) dendrimers, produced on a kilogram scale and
distributed commercially now. Synthesis of the PAMAM dendrimers (Scheme 3)
begins from a trifunctional core, ammonia. This core molecule is converted into a
three-armed, B-amino acid ester as intermediate (8) by using a Michael-type addition
of methyl methacrylate. Large excess of ethylenediamine is required for amidation of
the ester to form the first generation PAMAM dendrimer 9. Repetition of this two-
step reaction sequence leads to the growth of the dendrimer. Seventh generation
PAMAM dendrimer has been reported to be prepared following this synthetic
procedure.’® Because they can be produced on a commercial scale, poly(propylene
imine) dendrimers of Meijer et al.’***>® and PAMAM dendrimers have demonstrated
that the divergent route can be a powerful route for synthesizing dendritic
macromolecules. Surface modifications of these two dendrimers led to a variety of

dendrimers synthesized using a divergent route.**
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The divergent methodology presents some disadvantages although it is a
powerful synthetic tool. Divergently built dendrimers might contain structural defects
due to steric congestion as the macromolecule grows in size. An excess of reagent is
often needed to force reaction completion and its removal can become a problem. The
divergent methodology is a quite rigid method. This layer-by-layer protocol makes it
very difficult to build up dendrimers with structurally different dendrons. Also,

reaching high generation numbers can be long and tedious.

B) Convergent route

On the other hand, dendrimers can be prepared by using the convergent
methodology, also called the “outside-in” approach®®. With this synthesis, the
branched polymeric arms (dendrons) are synthesized first, and attached in a final step
to a polyfunctional core molecule. Preparation of the first generation begins by
connecting two peripheral units to one complementary monomer containing a masked
branch site. The protected functional group also called focal group, is then unmasked,
and reacts with half an equivalent of the masked monomer to yield second-generation
dendron. Repetition of this reaction sequence yields dendrons with the desired
generation number. Structurally different dendrons, synthesized separately with
different monomers can be attached to the same polyfunctional core during the final

step of dendrimer formation. First introduced by Neenan & Miller’”®

separately, the
convergent methodology has been widely used to build dendrimers with a variety of
structures. The convergent strategy designed by Hawker and Fréchet’' in the
construction of poly(aryl ether) dendrimers (Scheme 4) has inspired many other
research groups in the field of dendrimer chemistry. Dendrons are built starting from a
first generation benzylic bromide 20. Second generation benzylic alcohol 21 is
prepared by coupling the first generation benzylic bromide with half an equivalent of
3,5-dihydroxybenzyl alcohol in the presence of 18-crown-6 and potassium carbonate.
In order to restore the reactive bromomethyl functionality at focal point of the
growing wedge, the benzyliic alcohol group of the second generation dendron is
converted into benzylic bromide functionality (22). This two-step reaction sequence is
repeated to obtain fourth generation dendron (23). The latter is then converted into its

benzylic bromide analogue 24, and attached to a trifunctional core molecule, 1,1,1-

tris(4’-hydroxyphenyl)ethane 25, to afford dendrimer 26 (Scheme 5).
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Compared to the divergent route, the convergent methodology requires a fewer
number of steps. The convergent strategy allows the synthesis of asymmetric
dendrimers, or dendrimers having mixed structural elements. This approach to create
heterogeneous dendrimers incorporates several “active sites” in one dendrimer to
create multifunctional macromolecular structures. However, the convergent approach
often limits the maximum size of the resulting dendrimers. Large dendritic wedges
may induce steric congestion that may prevent their connection to small core

molecules.

1.1.3 Properties

As described earlier, dendrimers are highly well defined macromolecules and
may be viewed as unique and nanoscale devices. Each architectural component
manifests a specific function, while at the same time defining properties for these
nanostructures as they grow generation by generation. For example the core may be
thought as the molecular information center from which, size, shape, directionality,
and multiplicity are expressed via the covalent connectivity to the outer shells. Within
the interior, one finds the branch-cell amplification region, which defines the type and
volume of interior void space that may be enclosed by the terminal groups as the
dendrimer is grown. The interior composition and volume of these internal cavities
determine the extent and nature of guest-host properties that are possible within a

particular dendrimer family and generation.

Finally, the surface consists of reactive or passive terminal groups that may
perform several functions. Maybe the most exploited property of dendrimers is their
multivalency. Unlike in linear polymers, when the molecular weight and generation of
the dendrimer increase, the terminal units become more closely packed. The highly
congested branching can have interesting effects on its conformation. At low
generations, a dendrimer has a floppy, disc-like structure, but at higher generations, it
adopts a more globular conformation. And this behaviour has a huge impact on their
thermal, mechanical and rheological properties.

Dendrimers are almost exclusively amorphous materials, so the glass
transition temperature T, is one of the most important thermal properties. Van der
berg and Meijer’ found that the T, for dendrimers of generation four or higher is

almost independent of the molecular weight but strongly dependent on the kind of
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functional end groups. In other words, T, of dendrimers, as for hyperbranched
polymers, is independent of the macromolecular architecture or shape, but dependent
on the nature of the chain ends.

Like hyperbranched polymers, the configuration of dendrimers is coined by
the lack of entanglements, and this leads to a particular viscosity behaviour.
Dendrimer solutions have significantly lower viscosity than linear polymers*’. When
the molecular mass of dendrimers increases, their intrinsic viscosity goes through a
maximum at the fourth generation and then begins to decrease®’. This behaviour is
unlike that of linear polymers because for classical polymers the intrinsic viscosity
increases continuously with molecular mass. Hawker and Devonport explained this
behaviour by the globular, almost spherical structure of dendrimers, resulting in an
increase in volume according to V= 4z°/3, while the dendrimers’ mass doubles at
each generation and thus increases exponentially in accordance with My~ 2
(generation-1). As their molecular weights increase, the rheological behaviour of
dendrimers is dominated not by chain entanglement, but by interdigitation or
interpenetration of the globular macromolecules, and this leads to the direct
proportionality between intrinsic viscosity # and viscosity-average molecular weight
M, ! Moreover linear polymers experience a dramatic increase in melt viscosity after
a critical molecular weight. However, as for hyperbranched polymers, dendrimers
show a continuous slope of 1.1 up to 100000 a.m.u with no critical weight limit being
observed. Once more, this behaviour can be explained by the different
macromolecular architecture of linear polymers vs. dendrimers. For low molecular
weights, linear polymers consist of random coil chains, which, as the molecular
weight increases, start to entangle at a critical molecular size, leading to a sharp
increase in melt viscosity. In contrast, the globular, highly branched architecture of
dendrimers seems to prevent chain entanglement, resulting in a continuous slope of
melt viscosity. The properties of dendrimers depend more on the chain length
between the branching points than on the total molecular weight. Therefore,
regardless of the total molecular weight, a dendrimer behaves like a low molecular
weight polymer as long as the chain length between the branching point is less than
the critical molecular weight for chain entanglements'.

The presence of many terminal groups is responsible for the high solubility,
miscibility and for high reactivity of dendrimers*’. The solubility of a dendrimer can

be modulated by these peripheral end groups. Hydrophilic terminal groups can make
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water soluble, a dendrimer with a hydrophobic core™ and hydrophobic peripheral

groups can make a dendrimer with a hydrophilic interior, soluble in oil.

1.1.4 Applications

As mentioned earlier, due to their multistep syntheses, dendrimers have a
uniform well-defined architecture, which can be tailored in terms of properties
according to the desired applications. The possibilities of designing these appealing
macromolecules, for example by choosing specific functional end groups or certain
multifunctional monomers, is a very powerful tool that enables the exploration and
development of a wide variety of applications. Dendrimers can be tailored with
functional building blocks for the creation of self-organizing, so-called self-
assembled, nanostructures. Self-assembling dendrimers are considered to be model
compounds for biological systems as vesicles and micelles'. Newkome et al. raised
the idea of constructing three-dimensional dendrite networks linked by
supramolecular interactions, especially by hydrogen bonding and metal
complexation®*.

Based on this self-assembling nature, the formation of supramolecular
amphiphilic assemblies at the air-water interface in the form of stable Langmuir-

Blogett monolayers has been reported* and can be seen in Scheme 6.
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Scheme 6: Schematic representation of the organization of amphiphilic dendrimers in
a monolayer on the water surface™. (Reproduced by permission of The American

Chemical Society)

Together with the ability of dendrimers to form nanostructures, these surface
characteristics proved to be suitable for dendrimer applications as templating agents

for nanoporous materials, as well as surface-active antibody conjugates with enhanced
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detection capability for biological components®. Wang et al. demonstrated the use of
a novel type of biosensor'®, consisting of dendritic DNA surface layers and mass-
selective piezoelectric transducers, which allows detection and monitoring of

hybridization as shown in Figure 1.
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Figure 1: Schematic drawing showing the hybridization detection at the dendrimer/
quartz-crystal microbalance (QCM) biosensor *_ (Reproduced by permission of The

American Chemical Society)

Self-organization of dendrimers in liquid-crystalline phases has also been
investigated. Liquid crystal polymers are of considerable interest for specific
applications such as electronic components, housings for light-wave conductors, and
filaments. Due to their highly branched, globular structure, dendrimers were first
believed to be amorphous macromolecules. However, various research groups
presented a variety of approaches for the assembly of dendritic architectures showing
liquid-crystalline mesophases.* Moreover, their unique structural features, such as
monodispersity, internal cavities, and well-defined, three-dimensional architecture,
coupled with possibilities to tailor their physical and chemical properties, suggest that
dendrimers may function as synthetic analogues of enzymes, proteins and viruses.
Since several dendrimers possess a low in-vivo toxicity, their applications as
diagnostic imaging contrast agents, gene-therapy vectors, vaccines and drug-delivery
agents have been studied intensively*’. According to chemical structure, flexibility,
and number of branches at junction points, higher generation dendrimers tend to

develop controlled cavities. This characteristic was exploited by Meijer et al.*>. They
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have described experiments in which they had trapped four molecules of Rose Bengal
or eight to ten molecules of p-nitrobenzoic acid in one dendrimer. Figure 2 shows the
principle of encapsulation/release process of guest molecules. Two guests of different
sizes are encapsulated in the dendrimer. Dialysis is a common procedure used to
remove excess guest. Then, the shell is partially perforated, liberating the smaller
guest. Subsequent removal of the shell liberates the larger guests, with recovery of the
starting poly(propylene imine) dendrimer. Success of this study made it very

promising for drug delivery applications.
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Figure 2: Schematic presentation of the principle of encapsulation and shape-

. . . 35
selective liberation.

Archut and co-workers*® developed a method in which boxes could be opened
photochemically. A fourth generation propylene imine dendrimer with 32 terminal
groups was terminated with azobenzene groups. The latter undergoes fully reversible
photoisomerisation reaction. Photochemical modifications of the dendritic surface
cause encapsulation and release of guest molecules.

An important area of research on dendrimers is the preparation of dendrimer-
based catalysts. They consist of catalytic sites coupled with dendritic wedges, which
function as an auxiliary for the enhancement of rate and selectivity. The catalytic sites
can be introduced at the central core and or/ on the surface of the dendritic

. 4 . .
architecture®, as shown in Figure 3.
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a) b)

O = Transition metal catalyst

Figure 3: Transition metal catalyst fragment can be attached at the periphery (a) or at

the core (b).*

For example, Brunner demonstrated the preparation of an enantio- and size-
selective catalyst, which consists of diphenyl-phosphine ligands substituted with
chiral-surface dendritic wedges®’. Chiral catalysts permit the combination of
advantages of homogeneous and heterogeneous catalysis since they could be
employed in a homogeneous catalysis and then removed by means of ultrafiltration’".
To conclude, dendrimers exhibit unique structures and properties, and the large
interdisciplinary research on dendritic polymers has culminated in a remarkable

variety of applications.

1.1.5 Dumbbell Shaped dendrimers

As mentioned above, the globular shape of dendrimers leads to interesting
properties. Star-shaped dendrimers, such as PAMAM, have been widely studied over
the past 20 years. Chemists have begun to develop different designs and shapes of
dendrimers by modulating the central core of these macromolecules. Among them
exist the dumbbell-shaped macromolecules with a bifunctional focal point but they
are much less known and only a few studies have been performed so far’>>. Since the
characteristic properties are shape driven, this is only recently that the interest in these
molecules of particular shape has grown.

Two categories of dumbbell-shaped molecules can be distinguished: the so
called “dumbbell” shaped and the real dumb-bell macromolecules, as shown in

Scheme 7.
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Scheme 7: Description of dumbbell shaped dendrimers

The so called “dumbbell” shaped macromolecules are made of a flexible chain as a

core to which are attached dendrons on its ends. These triblock copolymers show

52,54,55

interesting chemical and physical properties Among these types of

macromolecules exist the bolaamphiphiles.

a) Bolaamphiphiles
Bolaamphiphiles (or bolas) are defined as molecules in which two or more
hydrophilic groups are connected by hydrophobic functionalities’®® (Fuoss and

Edelson, 1951), as described in Scheme 8. Other terms such as bolaform amphiphile®
or arborol®® have been used to describe molecules having this architecture. Since
Fuhrhop and Mathieu®™’ reported the synthesis and self-assembly of several
bolaamphiphiles, other researchers have explored applications of this architecture.
The classical application of bolas is the formation of monolayer membrane (MLM)
vesicles. These vesicles are robust with respect to fusion and flip-flop head groups,

and their membrane may be one-half as thick as a bilayer*” .
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Scheme 8: Schematic drawings of a bolaamphiphile

Synthetic bolaamphiphiles try to reproduce the unusual architecture of monolayered
membranes found in archaebacteria but they don’t use the same building blocks,
which are difficult to synthesize®. The ester bonds found in membrane lipids of most
other organisms are replaced by ether bonds, which let the archaebacteria survive in a
volcanic environment. Usually, the hydrophobic core possesses chiral methine groups
with methyl substituents. They provide stiffness to the membrane by helix formation
within the macrocycles.

Synthetic bolas tend also to form extended planar monolayers on the surface of

water or of smooth solids®® as shown in Scheme 9.
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Scheme 9: Representation of a monolayer lipid membrane of a vesicle with charged
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headgroups . (Reproduced by permission of The American Chemical Society)
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Multilayers may be formed by the combination of two bolas with two cationic or two
anionic headgroups or by combination of a dianionic bola and a cationic polymer or
vice versa. Ultrasonication of aqueous dispersions of bola monolayers leads to
spherical lipid particles made of monolayer lipid membranes (MLMs). Long-chain
bolas produce vesicles. Short-chain, water-soluble bolas give micelles.

Bolas are very useful as coatings of smooth solid materials: one end of the
bolas is covalently attached to the surface of electrodes® (Scheme 9),
polyelectrolytes, or nanoparticles (Figure 4) whereas the other headgroups are used

for the solubilization in water and for interactions with solutes.

cationic neutral

+colloidal
Manganite

Figure 4: Bolas with an electroneutral and a positively charged head group used to
neutralize surface charges of polyelectrolytes or a solvent for hydrophobic

molecules®®™ %

. (Reproduced by permission of The American Chemical Society)
Fluid or rigid monolayers covered with reactive end groups are thus obtained to yield
electron-conducting materials®.

Intra- and Intermolecular arrangements of bola headgroups are used to build
monolayered lipid membranes (MLMs) in bulk aqueous media or on smooth solid
surfaces. For these purposes the width of the bola’s headgroups should be smaller or
about the same as that of the hydrophobic core. The smallest hydrophilic headgroup is
the primary amino group with a diameter of about 0.3 nm and a volume of 0.03 nm*’.
The largest known headgroups were made of a ruthenium-tris(bipyridyl) complex
with a diameter of 1.0 nm and a volume of 1 nm. Larger hydrophilic headgroups are
usually polymeric and transform bolas into copolymers. The width of the hydrophobic

core in known bolas lies between 0.5 and 3 nm. The third dimension or the thickness
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of bolas units, is limited to less than 1 nm. More bulky molecules tend to arrange in
crystals rather than in isolated monolayers. Bolas can be used also for the inclusion of
functional groups into membranes, and the disruption of biological membranes, which
could lead to therapeutic agents®’, as well as catalysts in reactions®.

The bolamphiphiles are not limited to assemblies such as membranes and

vesicles; specific “two-directional” arborols can form gels® "'

, rods and tubules are
formed by a-L-Lysine-o-aminobolaphiles . When polymerizable functionalities are
included either in the head groups or within the hydrophobic spacer, routes to
extended covalently linked domains are opened’. Nontraditional structures (e.g.,
aqueous gels) result when noncovalent forces are coupled with a proper molecular
architecture. The series of two-directional arborols synthesized by Newkome et al.
demonstrate this variation on the theme of self-assembly®. In the proposed model of
the aggregated structure one arborol is stacked with the next; the hydrophobic chains
overlap and the hydrophilic hydroxyl groups are oriented toward the aqueous solution.
Hydrogen bonding between the polar end groups and water results in solid matrix.
This model is supported by the long fiberlike structures seen in electron micrographs
of these assemblages’®. As with micelle formation, there is a minimum spacer length
needed for gelation to occur; for saturated spacer this length is eight methylene
units®.

Use of Fréchet-type wedges has been reported through their attachment to other
materials in order to modify their chemophysical properties. As one early example of

such attachment, Gibsov et al.”>7®

reported the synthesis of dendritic polyethereal
copolymers (Figure 5). Similar linear-dendritic architectures, using “well-defined”
blocks of poly(ethylene oxide), poly(ethylene glycol), polyester and also polystyrene

have been reported.”
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Figure 5: Attachment of Fréchet-type wedges to poly(ethylene oxide).””"

Hirst and co-workers®" ™ have demonstrated that symmetric dendrimers based
on building blocks constructed from L-Lysine form gel-phase materials with
dendritically controlled physical properties. Moreover Suzuki and co-workers® have
investigated new L-Lysine-based, low molecular-weight gelators in which two L-
Lysine derivatives are linked by alkylene spacers. The gelators created a three-
dimensional network by entanglement of self-assembled nanofibers via hydrogen
bonding and van der Waals interactions. The hydrogel-broken temperatures (Tger)
depended on the carbon numbers of the alkylene spacers and showed an odd-even

effect.
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Cho and co-workers have prepared extended amphiphilic dendrons in the
shape of macromolecular dumbbells with identical hydrophilic volume fractions but

with branched second and third generation based amphiphilic dendrons™ (Figure 6).
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Figure 6: Molecular structures of ABA-extended amphiphilic dendrons 1 and 2°°.
(Reproduced by permission of The Royal Society of Chemistry)

Second generation based species are consistent with a 2-D hexagonal columnar
mesophase, while those of the third generation based compounds are consistent with a
micellar cubic mesophase. Thus, compared to linear block copolymers, self-assembly
can be tuned in more detail since, in addition to volume fraction, generation
dependent molecular shape, is an independent parameter to tailor bulk supramolecular

architecture.

b) Dumbbell shaped dendrimers

The real dumbbell-shaped dendrimers consist of dendritic wedges attached
covalently to both ends of a rigid rod segment. Self-assembling molecules based on p-
conjugated rods are receiving increased attention as building blocks for
electrooptically active supramolecular structures, such a discrete bundles, ribbons, and

. 1 84.88
vesicles .
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Lee and co-workers™ have synthesized and investigated the self-assembling
behaviour of dumbbell-shaped molecules consisting of three biphenyls connected
through vinyl linkages as a conjugated rod segment and aliphatic dendritic wedges
with different cross-sections, that is dibranch (1), tetrabranch (2) and hexabranch (3)
(Scheme 10). They self-assemble into discrete bundles of tunable size that organize
into three-dimensional superlattices. The size control of the bundles assembled from
the rod building blocks was determined by the cross-section of the flexible segment

attached to the rod ends.
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Scheme 10: Chemical structure of dumbbell-shaped molecules 1-3°.

Another interesting property in this type of macromolecules is the formation of
helical structures. Again Lee’s group found that dumbbell-shaped molecules based on
dodeca-p-phenylene® and n-hexa-phenylene® rods and bulky dendritic segments self-
assemble into well-defined helical cylinders with the diameter of approximatively the
length of a molecule. The primary driving force responsible for the helical

arrangement of the conjugated rods is believed to be the energy balance between
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repulsive interaction among the adjacent bulky dendritic segments and n- 7 stacking
interactions.

For the molecular dumbbells based on a n-hexa-phenylene rod, the helical
structure transforms into a capsule- like structure on addition of guest molecules
(Scheme 11). This reversible transformation between helical strands and nanocages in
response to the addition of guest molecules is attributed to the intercalation of
aromatic substrates within the rod segments and subsequent packing change of the rod
segments from a twisted to a parallel arrangement to allow more space for guest

molecules.
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Scheme 11: Representation of the reversible transformation of helical fibers into a
spherical capsule’. (Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced

with permission)

This dynamic structural variation triggered by external stimuli may find useful
applications in many areas including the development of responsive supramolecular
materials. Moreover Malenfant and co-workers have studied the redox states of a
series of well-defined hybrid dendrimers based on oligothiophene cores and
poly(benzyl ether) dendrons’'. The oxidation potentials and the electronic transitions
of the neutral, singly oxidized, doubly oxidized states of these hybrid materials have
been determined as a function of oligothiophene conjugation length. The attachment
of poly(benzyl ether) dendritic wedges at both ends of these lengthy oligothiophenes
considerably enhances their solubility. And it has been found that the effect on the

properties of the redox states vary with the oligothiophene length and dendron size.

36



Another group, Miller and co-workers”?

also synthesised polyether
dendrons, generations 1-4, but in this case, they were connected to naphthalene
diimides and rigid rod naphthalene diimide-benzidine oligomers (Scheme 12). The
electrochemical reduction provided anion radicals on each diimide of the rigid rod. It
was also found that larger dendrons slowed the electrochemical reaction, and had

slightly larger effects when the rod was shorter. It was proposed that the bulky

dendrons prevent access of the diimide groups to the electrode.

Scheme 12: Chemical structure of dumbbell-shaped macromolecule

D,-BABAB-D,”.

Dendrimers are aesthetically pleasing and chemically intriguing macromolecules.
This appeal has been, and remains, mostly dictated by their globular structural build-
up. Shape-driven application of dendrimers demand that more studies into non-

spherical dendrimers have to be investigated.

1.1.6 Characterization

Dendrimers that are monodisperse and hyperbranched macromolecules are
characterized by a variety of complimentary techniques. A brief description of some
of these techniques and those that are more relevant to characterize dendrimers

reported in this thesis, is given below.
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A) FT-IR Spectroscopy

Infra-red radiation in the range of 666-4000 cm™ is absorbed by organic
molecules, and is converted into energy of molecular vibrations.
These vibrations, that are of two types, stretching and bending, induce a rhythmical
change in the dipole moment of the molecule to be observed. It is a “fingerprint
technique” that allows to detect characteristic functional groups of the analysed
molecules.

FT-IR technique can also easily detect hydrogen bonds that are generally
formed when H is bonded to a small highly electronegative element (X-H, X = O, N,
F). Hydrogen bonding alters the force constant, shifting the X-H stretching bands to

lower frequencies.

B) Matrix Assisted Laser Desorption Ionization - Time of Flight (MALDI-
TOF) Mass Spectroscopy

Common mass spectrometer apparati measure the mass-to-charge ratio (m/z)
of analyte ions, and require gas-phase ions for a successful analysis. It makes this
technique incompatible with the study of polymers and dendrimers. However, by
mixing a dilute solution of the analyte (dendrimer or hyperbranched polymer) to a
more concentrated matrix solution and using a laser desorption method, analyte ions
can be created. This laser desorption method is assisted by the matrix, hence the
acronym MALDI, has been introduced by Tanaka’® and Hillenkamp.”**

When a sample is irradiated by laser (nitrogen laser light, A = 337 nm), the
matrix crystallises by instant evaporation of the solvent and captures the energy
provided by the laser source. After that, follows the desorption of the analytes,
cationized by protons or metal ions in gas phase (Figure 7). Typical MALDI-TOF
matrices are aromatic organic acids that can readily absorb heat energy. The best
compatibility between the dendritic systems reported in this thesis and organic
matrices was found with dithranol or a—cyano-hydroxy-cinnamic acid. Sodium and
potassium, even found in small amounts in the solution mixture, easily generate large
amounts of Na" and K*. KBr and LiBr (found with dithranol) can also be added to the
matrix solution to generate metal ions. This technique constitutes the most essential

one for dendrimers.
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Figure 7: Ionization using the MALDI technique.

C) Transmission Electron Spectroscopy

The transmission electron microscope (TEM) was used to obtain essential
information on a phenomenon of high interest in this thesis, the formation of
aggregates. The image that can be seen on the screen is the result of differential loss
of electrons from a beam transmitted through a thin-film sample. Electrons from a
source (electron gun) are focused by a condenser lens, passed through the sample, and
then to the objective lens to be finally imaged onto a fluorescent screen, or an image
converter plate. These lenses are electromagnetic coils that focus the electrons as
glass lenses would do with a ray of light. To create images of the specimen, the
electrons are channeled and focused through a series of different lenses. The objective
lens and the intermediate lens are the most important lenses of the TEM. Since
variations in the current passing through the objective lens produce changes in the
focal length, bringing the final magnified image into focus. The role of the

intermediate lens is to produce changes in magniﬁcation.%’97

D) UV-Visible Absorption Spectroscopy

Molecular absorption in the near UV (200-380 nm) and visible (380-780 nm)
region of the spectrum is dependent on the electronic structure of the molecule.
Energy absorbed in the ultraviolet region produces transitions of the valence electrons
in the molecule. Changes in the electronic energy results in the excitation of an
electron from a filled molecular orbital in the ground state (non bonding p or bonding

n-orbital) to the next higher energy orbital (antibonding m* orbital). The relation
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between the absorbance and the concentration of the absorbing species is established
by the Beer-Lambert’s law:

A =¢bc eqn. 2.1
where A4 is the absorbance, ¢ the molar extinction coefficient, b the path length
through the sample and ¢ the concentration of the solute (in mol/L).

UV-visible spectroscopy can be a useful tool to study the turbidity of a solution
%697 Turbidity can be defined as a decrease in the intensity of a beam of light because
of scattering. By analogy to the Beer-Lambert’s law, we can write
I=1Ie™ eqn. 2.2
where [ is the incident light intensity, / the transmitted light intensity, / the length of
the light path and 7 the turbidity coefficient. A connection can be made between the
turbidity and the molecular weight of a solute featuring an ideal single molecular
weight.”®
In summary, measuring the turbidities of solutions of varying concentration
leads to a linear relation in which extrapolation to zero concentration results in
determining the molecular weight inverse. By analogy to this method, it is possible to
determine the critical aggregation concentration (cac) of the dendrimers. The
scattering region of our UV spectra at varying concentrations as the differences in
absorption are dependent on i) concentration, and on ii) formation of aggregates in
solution. Plot of the absorption versus the concentration of the solute can be done at a
chosen wavelength. Above cac, differences in absorption are pronounced leading to a
linear relation when plotting A Vs c. Below cac, differences in absorption are smaller
(only the result of difference in concentration) and lead to a another linear relation of
a much lower slope when plotting A Vs c. Intercept of both linear relations occurs at

cac.

1.2 Goals

The first goal of this thesis was to explore the synthesis of dendrimers with a
shape that is different than typical spheres. Dumb-bell shaped dendrimers, containing
a central linear core with an acetylenic moiety, were thus envisioned being
synthesized by following a procedure that has been well developed in our laboratory.

We planned to elaborate a divergent methodology that was based on simple and
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versatile acid-base hydrolytic chemistry. This requires commercially available
reagents, 2-butyne-1,4-diol, 3,5-dihydroxybenzyl alcohol (the acidic component) and
bis(dimethylamino)dimethylsilane (the basic component). The formation of dendritic
hyperbranched structures was subsequently investigated by the reaction of 2- butyne-
1,4-diol with dimethylsilylamine to form the bifunctional focal point of the dumbbell
shaped dendrimer. Then, repetition of a sequential addition of 3,5-dihydroxybenzyl
alcohol and dimethylsilylamine, under controlled reaction conditions, will lead to the
growth of the dendritic wedges. These dendrimers will be characterized using a
combination of techniques to understand their structure-property relationships, in
particular their self-assembly in different solvents. Finally, dumbbell shaped
dendrimers will be used as templates in a one-step synthesis for the formation of
silver nanoparticles. We will investigate their evolving morphologies by using
complementary techniques. But, in order to understand the importance of metal
particles and the evolving morphology in these nanoparticules, it is essential to

include a brief introduction to metal nanoparticles that is provided in Chapter 2.
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CHAPTER 2

Metal Nanoparticles:

Building Nanodevices by Atom Assembly
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2. Metal Nanoparticles

2.1 Introduction

A metal nanoparticle is a finely dispersed material, characterized by a high
surface area to volume ratio, in the sub-micrometer particles size range'®. Particles
from approximately 5 nm to 100 nm size, just above atomic dimensions, exhibit
physicochemical properties that differ from those of both the constituent atoms or
molecules and the macroscopic material. The differences in composition, structure,
and interactions between the surface atoms or molecules, and those in the interior of a
colloidal particle lead to the unique character of the finely divided material.

The surface plasmon band (SPB) is a strong and broad band observed in
absorption in the UV-visible spectrum for metallic nanoparticles (NPs) bigger than 2
nm'®. These surface plasmon resonance peaks observed in the spectra originate from
the collective oscillation of the conduction electron cloud relative to the ionic
background. For smaller clusters, quantum effects are predominant and no SPB is
observed, and all metals feature this propertylb. However, gold, silver and copper
exhibit very intense SPBs that explains, with the ease of their synthesis and their
robutness, the success of gold and silver NPs in this field. The position, shape and
intensity of the SPB strongly depends on factors such as the dielectric constant of the
surrounding medium, the electronic interactions between the stabilizing ligands and
the nanoparticle, which modify the electron density inside the nanoparticle, and the

size, shape and monodispersity of the NPs'™®,

2.2 Synthesis

There is current interest in the synthesis of nanostructures for next-generation
(opto)electronics®, sensors®, catalysts®, battery electrolytes’ and biomedical
applications’. However, nanomaterials have been used for a very long time and date
back to the 16™ century from the colloidal gold potions reported by Paracelsus'. The
first application for nanoparticles was colored glass, pioneered by Cassius and
Kunchel in the 17" century’. These early applications used nanoparticles with an
extremely large polydispersity. Faraday’s work in the 19t century represents the first

chemical route to nanoparticulate metals, through phosphorus reduction of gold
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chloride mixtures. However, it was not possible to control the diameters of the
nanostructures using these early synthetic approaches.

While gold particles of nanometer size have been formed since Faraday used surface-
active molecules as stabilizers®, templating approaches have come into focus over the
past few years’. In these structures, polymers or preformed surfactant assemblies
control size and shape of inorganic nanocomposites. Metal nanoparticles could be
formed by using a well-established methodology: micelles of molecules, either
surfactants or amphiphilic block copolymers where precursors are solubilized inside a
self-assembled template'®'".

Metal particles in the size range of 1 to 10 nm dispersed in a liquid matrix can
be prepared by chemical reduction of metal salts'”. This reduction of metal salts is
usually done by using NaBH4, H, or hydrazine as reducing agents. In theory, any
metal with a larger standard reduction potential (£°) than the reducing agent is a
candidate for reduction to its metal form.

The presence of surfactant molecules prevents the coagulation and
precipitation of the colloidal particles. It means that the colloidal nanoparticles are
stabilized by surrounding organic ligands. Most of the early work employed
polydispersed organic polymers and ionic species to stabilize colloidal suspensions

(e.g., the Turkevich process'? using sodium citrate (Scheme 13)).

OH

OH

Scheme 13: Chemical structure of sodium citrate

A wide variety of other species have been used to control the growth of metal

nanostructures. Schaak et al.'*

have used polymers such as poly(vinylpyrrolidone)
(PVP, A), polystyrenesulfonic acid) sodium salt (PSS, B), and poly(2-ethyl-2-
oxazoline) (PEO, C) (Scheme 14) to form nanoparticles, including nanoalloy

formation at temperatures of ca. 200°C.
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Scheme 14: Chemical Structure of A) PVP, B) PSS and C) PEO

The PVP architecture has also shown to facilitate the growth of Au@Ag core-shell

1 . 1
nanostructures', as well as Ag nanowires and nanocubes'®.

For the formation of monodisperse nanoclusters of a form useful for applications, a
stabilizing agent should be:
a) chemically unreactive toward the growing nanocluster, forming an unpassivated
nanocluster surface.
b) structurally well-defined (size/shape), which allows controlled growth of the
encapsulated nanocluster.
c) comprised of light elements (organic-based), so its structure doesn’t interfere
with the characterization of the nanocluster, and
d) surface-modifiable, to allow the tunable solubility and selective interactions
with external stimuli.

These requirements'’ are fulfilled through the use of dendritic architectures.
Indeed, dendrimers are not only able to control the diameter of the formed nanocluster
through structural variations (core and periphery), but their solubility and surface
reactivity may also be tuned through the variation of peripheral groups.

PAMAM dendrimers were first applied to form Cu nanoclusters in 1998, as
reported by Crooks'® and then shortly later by Tomalia and co-workers'. Three years
later, the poly(propyleneimine) dendrimer (PPI) was first introduced by Crooks et

21 . . .
al*®*! for Cu” and Pd° nanoclusters formation, as shown in Figure 8.
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Figure 8: Schematic representation of the Dendrimer/Pd*" chemically reduced to
yield dendrimer-encapsulated Pd° nanoparticles®. (Reproduced by permission of The

American Chemical Society)

The earliest examples of dendrimer-encapsulated nanoclusters growth featured
the use of amine-terminated dendrimers, particularly for metal ions (Au, Ag, Cu, Pd,
Pt) that readily form complexes with primary amine ligands. But the size of the
resultant nanostructure is relatively large, with a higher degree of agglomeration®**>.
This is especially the case for hyperbranched polymers that exhibit random structure,
resulting in a much higher polydispersity**.

Surface complexation (inter-dendrimer stabilization) yields nanoparticles/nanoclusters
(nanoparticulate gold, silver, platinum metals®°, iron oxide?’** (Figure 9) and II-VI

semiconductors (e.g., Cds®203h),

Fe(1I) pH 8.5
MezNO | 65°C

£
%g‘g% ¥-Fey0q

magneto-dendrimers

Figure 9: Schematic representation of the stabilization of maghemite nanoparticles by
carboxyl-terminated poly(amidoamine) dendrimer (generation 4.5)*’. (Reproduced by

permission of The American Chemical Society)
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For these structures, dendrimers act as colloidal stabilizers much like linear polymers
or surfactants, resulting in less control over resultant nanocluster size/properties.

Complexation effects also result from varying the solution pH>*

, which affects the
protonation of surface and interior amine groups with pKa values of 7-9 and 3-6,

respectively, as shown in Figure 10. At a pH of 2, the exterior primary amine groups

are preferentially protonated relative to the interior tertiary amines™*".
HoN HZ?‘ M
NH,
HZN\NHHN o 07NHHN /
o’\N Nﬂ ©

Figure 10: Molecular structure of a second generation (G2) amine-terminated
PAMAM dendrimer where the metal ions chelated to the primary amine groups (A)
and G2 hydroxyl-terminated PAMAM dendrimer, with the metal ions chelating to the

interior tertiary amine groups (B).
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Metal ions compete with protons for amine chelation to the interior of the
dendritic structure within highly acidic solutions. Tuning the solution pH for
dendrimers containing primary and tertiary amine groups may lead to either intra-
dendrimer encapsulation, or inter-dendrimer stabilization, with the former resulting in
much smaller diameters and extremely narrow polydispersities for the reduced metal
nanoclusters.

In addition to isolated metal nanoclusters, complex intermetallic species have
also been synthesized through the introduction of more than one metal to the dendritic
structure. As shown in Scheme 15, there exist three routes for the solution-phase
synthesis of bimetallic nanoclusters within a dendrimer’®*’. These methods should
also be amenable for the synthesis of trimetallic nanoclusters for interesting catalytic

applications*.

1. Co-complexation Method

.I.-"'r'
g‘ . M*lﬂ' é% el
- i r - hﬂ'ﬂ‘
” |~
T4 ﬁ‘:- g% EE

2. Sequential Method
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Scheme 15: Schematic representation of the three methods used to generate bimetallic
nanoparticles within a dendritic host™. (Reproduced by permission of The Royal

Society of Chemistry (RSC) on behalf of the Centre National de la Recherche
Scientifique (CNRS))
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2.3 Characterization

Complementary techniques are used to characterize these metal nanoparticles.
The most important and useful ones are transmission electron microscopy (TEM),
UV-Visible absorption spectroscopy (UV-Vis) and X-Ray Powder Diffraction
(XRPD).

Principles of the TEM and UV-Vis techniques are explained in Chapter 1. In
the case of metal nanoparticles, TEM gives information about their size and
morphology, UV-Vis is commonly employed to describe the coordination
environment of encapsulated metal ions.

XRPD is one of the most powerful techniques for analyzing the crystalline
nature of solids. Diffraction experiments require X-ray wavelengths of the order of
the interatomic spacing (0.07-0.2 nm) to produce building interference patterns .
Powder diffraction is performed with a powder diffractometer™. The beam intensity is
measured with a position sensitive detector with a wide angular (20) range of
0°t0120°. The cobalt K, radiation (A = 0.178897 nm) is one of the probing rays used.
The measurements are performed at room temperature. The colloidal particle diameter
along the normal to a plane of reflection can be calculated from the broadening of the
reflection peak according to equation:

g KA
Bcosd

where K is the Scherrer constant which depends on the form of the particle, A is the
wavelength of the X-ray beam, 0 is the diffraction angle, and B is the corrected line
breadth at half-maximum in radians. The diffraction pattern is a fingerprint of each
crystalline substance.

Other techniques can be very helpful for specific analysis such as atomic force
microscopy (AFM), scanning electron microscopy (SEM) and near edge X-ray
absorption fine structure (NEXAFS). A detailed description of Cu **/ nanocomposites
was recently reported by Bubeck et al.**, using near edge X-ray absorption fine
structure (NEXAFS). This study showed that the metal ions interact with both tertiary
amine groups and oxygens from neighbouring carbonyl groups. It was also shown that
the interaction of the metal ion with the dendritic host on the counter ion present.
Counter CI™ ions resulted in a two-fold reduction in Cu®"/ dendrimer complexation

strength relative to SO4> ions. Thus, during complexation of a metal salt with a
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dendrimer, it is possible that the counterions may exist as both free spectator anions

and M ™" -coordinated ligands.

2.4 Applications
2.4.1 Catalysis

The primary application for metallic nanoclusters is
homogeneous/heterogeneous catalysis. Crooks has distinguished the two by referring
to dendrimer-encapsulated nanoclusters (DENs) dissolved to solution as
homogeneous catalysts, and those attached to a support as heterogeneous™.

The dendritic architecture is especially suited for catalytic applications
because the nanoclusters are extremely small (< 5 nm) resulting in extraordinary
surface area, precluding surface saturation through inter-dendrimer interactions. Since
the surface of the dendrimer may be modified with a host of different groups, the
solubility of the dendrimer can be varied for different solvents. The structural and
compositional tunability of the dendritic architecture allows the DENSs to be selective
toward different reactants and products®.

Heterogeneous catalysis using DENs involves immobilizing them on solid
supports such as gold”, silica®, and titania® surfaces, or a polymer matrix*". The
advantage of using dendrimers for this application is that nanoparticles can be
synthesized and dispersed with minimal post-aggregation. Most frequently, surface
chemisorption occurs through the strong interaction of many surfaces with -NH, and

—OH groups, as featured in commercially-available PAMAM and PPI structures.

2.4.2 Carbon Nanotubes

A recent application for dendrimer-encapsulated nanoclusters is for the
controlled growth of carbon nanotubes (CNTs). It has been demonstrated that the
diameters of catalytically grown CNTs can be varied through changing the diameter
and/or nature of the catalytic sites”.

Dai and co-workers®” used dendrimers as carriers for the delivery of catalytic
iron species onto a substrate surface (Scheme 16).After the pyrolysis of the polymeric
matrix, uniformly arranged iron oxide nanoparticles having a narrow size distribution
allowed the synthesis of single-walled nanotubes (SWNTs) with a narrow diameter

distribution.
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Scheme 16: Schematic process for carbon nanotube synthesis by Chemical Vapor
Deposition (CVD) on a catalytic nanoparticle derived from PAMAM dendrimer

template™*. (Reproduced by permission of The American Chemical Society)

2.4.3 Films/ Coatings
Polyelectrolyte-facilitated layer-by-layer (LbL) thin film growth remains an
exciting area of investigation for the design of multifunctional coatings on a variety of
substrates”. Tomalia and co-workers™ used alternating layers of poly(sodium-4-
styrenesulfonate) and Au@PAMAM nanoclusters. Bimetallic multilayer films
consisting of alternating layers of positively charged Au@PAMAM (pH 3) and
negatively-charged Ag@PAMAM (pH 11) was recently reported™.

2.4.4 Quantum Dots

Though quantum dots are thought of as semiconductor nanocrystals>, the
electronic structure of a metal nanocluster is also critically dependent on its size.
Though the size-tunable color of metallic nanoclusters arises from surface plasmon
resonance effects, this phenomenon become significantly reduced for very small
nanoclusters (diameters < 3 nm). Through the use of dendritic stabilizers, it is possible
to form the smallest of metal nanoclusters, within the range where quantum
confinement occurs. Dendrimer-encapsulated Aug nanoclusters were synthesized”’,
emitting light in the blue spectral region with quantum yield of 41%. The high level of
intra-dendritic stabilization was thought to facilitate the pronounced quantum

efficiency, through the isolation of the nanoclusters from quenchers in solution.
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2.4.5 Biomedical Applications

Dendrimers are currently being investigated for a number of biomedical
applications™, most notably drug delivery’’. However, DENs find applications as
antimicrobial and imaging agents. PAMAM dendrimer-based silver complexes and
nanocomposites have been reported® to be effective antimicrobial agents in vitro
against Staphylococcus aureus, Pseudomonas aeruginosa, and Escherichia coli.

Specifically regarding imaging applications, dendrimers containing chelated
Gd *" have been used in MRI studies and dendrimer nanocomposites with gold and
silver have shown promise as cell biomarkers. Balogh and co-workers have reported
that silver®' and gold62 nanocomposites are non-toxic, fluorescent, water soluble, and
stable at biologic pH levels. Characteristics such as size, surface charge, and toxicity

are tunable functions of the surface of the dendrimer templates.

2.5 Importance of Size and Shape of Metal Nanoparticles

The size and shape of noble metal nanocrystals can have a significant
influence on their physical properties. In the last decade, numerous studies concerning
the growth mechanisms of nanocrystals have been investigated®. But controllable
nanocrystallization still has to be understood and predicting the conditions to obtain
nanocrystals of a desired size and shape is highly challenging.”

Numerous theoretical and computational studies have been undertaken to
calculate the characteristic shape of objects at equilibrium over a range of sizes from a
few atoms (clusters) up to 3 nm (nanocrystals)®*. The most widely used model for
shape control of crystals is given by the Gibbs-Curie-Wulff theorem®. Each facet of
the crystal was described by its free surface and interfacial energies and the crystal
shape was the result of the minimization of these energies for a certain volume.
However, the model was valid only at thermal equilibrium, and the resulting shape is

the equilibrium shape of the crystal. A pseudo “ Wulff construction”®

was proposed
and it was based on the fact that the driving parameter was not the equilibrium surface
but the growth rate of each facet. Then, the nucleation stage for the growth of various
shapes plays a significant role to determine the size and shape of the formed
nanocrystals.

As mentioned earlier, noble metals exhibit characteristic surface plasmon

resonance peaks. This surface plasmon resonance was found to be highly sensitive to
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the size and shape of the nanocrystals®’ and this has been demonstrated by
simulations®”>*", Indeed, two methods are needed to indicate changes in the shape of
noble metal nanocrystals: numeric optical simulations of the surface plasmon
calculations by discrete dipolar approximation (DDA) and the chemical method.

In the DDA method, for a finite array of point dipoles, the scattering issue may
be solved exactly, so the only approximation in the DDA is the replacement of the
continuum target by an array of N-point dipoles. When, the object studied is
represented as a simple cubic lattice of N-polarizable point dipoles localized at 7; , i=
1, 2, ...N, each one characterized by a polarizability o, . The dipoles interact with one
another via their electric field. After solving equations and matrices, this method gave
very good theoretical results about scattering and absorption of surface plasmon

670cE88 a5 shown in Figure 11.
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Figure 11: Simulated absorption spectra of copper nanocrystals differing by their
shapes 3 nm cuboctahedron (A), 3 nm decahedron (B), 23 nm flat nanodisks (C), and
1.5 nm (red), 3 nm (green), 5 nm (blue), and 6 nm (black), ellipsoidal particles with
an aspect ratio of 2 (D) *°.( Reproduced by permission of The American Chemical

Society)
The advantages of the DDA approach, compared to the other theoretical

approaches® was that each parameter (size, shape,...) was chose independently from

the others.
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For the chemical method, the oldest technique used was chemical vapour
deposition (CVD)”® and by using this method, it was possible to form clusters in the
range of a few nanometers with the same shape as clusters’ ">,

Soft chemistry was carried out at room temperature in solution in the presence
of various organic molecules, polymers, and/or surfactants as mentioned earlier. This
is now the most widely used technique because it can be scaled to industrial
applications.

Specific adsorptions of polymers’, surfactants™, molecules’, and ions’® on facets of
clusters lead to the formation of nanocrystals with distinct shapes such as cubes,
polyhedra, nanodisks, rods, prisms, plates, and spherical nanocrystals.

At the atomic level Kepler described in 1611 the arrangement of hard spheres
packed in a face-centered cubic (fcc) arrangement, having the maximum density’’.
The densest possible packing of four spheres was a tetrahedron. For fcc materials’®,

the clusters were cubooctahedra (Figure 12 A), decahedra (Figure 12 B), and
icosahedra (Figure 12 C).

Figure 12: Different shapes of clusters: cubooctahedra (A), decahedra (B), icosahedra

(C)** .- Reproduced by permission of The American Chemical Society.

The shape of the primary clusters determined the shape of the crystals. In a recent
review by Pileni””, the formation of different shapes of atomic clusters has been
described. Thus:

- As shown in Figure 13 I, the elongated particles were formed with additional
intermediate (110) planes and were attributed to truncated large decahedra
with 5-fold symmetry”’.

- Nanocubes (Figure 13 II) corresponded to cuboctahedral precursors™.

- Triangular nanocrystals were nanoprisms and nanodisks®' (Figure 13 III).
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Figure 13: Scheme of the growth mechanism from clusters to a given shape of
nanocrystals I) truncated decahedral nanocrystals, II) cubic nanocrystals, III)

nanodisks’’. (Reproduced by permission of The American Chemical Society)

This thesis will focus on silver metal nanoparticles in particular, and a brief

introduction to these is provided below.

2.6 Silver Nanoparticles
Silver metal nanoparticles are of great current interest because of their unique
catalytic, electronic, optical, fungicidal properties, and their potential in designing
materials for metal nanoparticles'"*.
This latter application is strongly dependent on the size and shape of the
nanoparticles. Monodispersed metal colloids are usually formed in the presence of a

protective agent, which can be organic molecule, linear polymer, and surfactant®*,
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During the past few decades, many methods including both chemical and
physical® have been reported in the literature for the synthesis of silver nanoparticles.
These nanostructures of different shapes seem to be particularly interesting to
synthesize and study because bulk silver exhibits the highest electrical and thermal
conductivities among all metals.

Moreover, of the three metals (Ag, Au, Cu) that display plasmon resonance in
the visible spectrum, Ag exhibits the highest efficiency of plasmon excitation™.
Optical excitation of plasmon resonances in nanosized Ag particles is the most
efficient mechanism by which light interacts with matter. A single Ag nanoparticle
interacts with light more efficiently than a particle of the same dimension composed
of any organic or inorganic chromophore. Silver is also the only material whose
plasmon resonance can be tuned to any wavelength in the visible spectrum.

Numerous methods for the synthesis of Ag nanoparticles have been reported in
the literature. Most of the solution-phase synthesis techniques are based on various
modifications of the Lee-Meisel method, which uses AgNO; as the metal source®’.
For Ag nanoparticle suspensions, a common method is the Lee-Meisel method as
mentioned earlier, but this method produces a broad distribution of particle sizes. The
other common method for the synthesis of nanosized Ag particles is the reduction of
AgNO; with NaBH4. Referred to as the Creighton method, this methodology
generally yields about 10 nm size particles with a narrow distribution®®. Due to the
large positive reduction potential of Ag, nanoparticle oxidation is thermodynamically
unfavourable, resulting in stable aqueous and alcoholic suspensions without the aid of
capping ligands. Aggregation can be avoided by the thick electrical double layers that
form around metal nanoparticles in low-ionic-strength suspensions. For high ionic
strength suspensions, capping agents such as self-assembled monolayers®’,

75,85a,b 85¢,88 25,36

surfactants , and dendrimers can be used to protect the

, polymers
particles from aggregation. If the synthesis occurs in the presence of capping agents,
however, anisotropic particles may result due to the differing affinities of the ligands
to the exposed crystal faces. This is sometimes a desired effect and several researchers
have shown that various shapes can be produced by the judicious use of stabilizing
agent>*’. Nanoparticles can be capped with desired molecules after the synthesis to
facilitate their transfer into nonpolar phases or to tailor their surface chemistry.

With these solution-phase synthesis techniques, the major problem is a limited

flexibility of the size of the nanoparticles that can be formed and these methods are
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sold on their ability to produce <10 nm particles. Small particles are desirable in
catalysis, where the emphasis is on surface-to-volume ratio, but larger particles are
often needed for optical applications. Small silver nanoparticles do not interact with
light as efficiently as particles that are in the 50-100 nm range and do so only through
energy absorption. The plasmon resonances in larger Ag nanoparticles have an
important light-scattering component that can be greatly used in applications that
require efficient optical labels, such as chemical assays.

There are also other methods that include high temperature reduction in porous
solid matrices”, vapour-phase condensation of a metal onto a solid support’', laser
ablation of a metal target into a suspending liquid®*, photoreduction of Ag ions” and
electrolysis of a Ag salt solution™. The problem with these methods is a wide size
distribution, lack of particle crystallinity, cost, and the scalability of the production.
The best synthetic method should address all of those problems and also yield
particles with no chemicals that can alter the optical properties and the surface
chemistry of the particle.

As mentioned earlier, control over the size and shape of noble metal

nanoparticles is still challenging. A brief summary of efforts in the area of silver
nanoparticles, is provided below. By using reverse micelles and various experimental
conditions, Pileni and co-workers” were able to obtain silver nanoparticles of
different sizes and shapes with a fcc structure: nanospheres of 5 nm size and
nanoprisms or nanodisks of 30 nm to 120 nm size.
Mixed reverse micelles were formed from an appropriate mixture of Na(AOT) and
Ag(AOT) (AOT: Sodium bis(2-ethylhexyl)sulfosuccinate) and hydrazine was used as
reducing agent’®. Two parameters,w (the ratio of water to total surfactant
concentration) and R ( the ratio of hydrazine to functionalized surfactant
concentration) were varied. Silver nanocrystals with 5 nm average diameter were
produced from reverse micelles (R= 2.4, w=2). At the end of the synthesis, the
nanocrystals were coated with dodecanthiol and extracted from the micelles™.
Dodecanthiol formed a well-packed self-assembled monolayer on the surface of the
silver nanoparticles, attached by covalent S-Ag bonds”’. The electron diffraction
pattern showed the characteristic distances of a fcc structure.

The cluster shapes were retained as decahedral nanocrystals, icosahedrons, and
cubooctahedrons with a fcc structure. The Ag nanoparticles appeared to be highly

crystalline. No transformation such as facets occurred during the growth process and
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exclusively spherical nanocrystals were produced’®. Similar shapes were formed by
using an inert gas aggregate source yielding distributions of silver clusters including
icosahedra in the 1-2 nm size range and both cubooctahedra and icosahedra in the 4-8
nm range”. Whereas decahedra were not formed and were then considered to be
unstable above 3 nm. Using techniques highly diverse from each other, such as
reverse micelles and inert gas evaporation, the resulting silver nanocrystal shape was
similar to the that of the original fcc clusters et the atomic level.

16,75,1 -
N1eT3100 were also produced from reverse micelles. However,

Silver nanodisks
the required concentration of hydrazine is such that a phase transition takes place. The
silver nanodisk size increased with the R value. At R=15, the average nanodisk size
was 30 nm, whereas it was 120 nm at R=39.

Spherical polycrystalline nanoparticles were also formed. There were some
differences in the silver nanodisks produced at various R values: at low R values, the
silver nanodisk edges were not well-defined with very small truncatures as seen in
Figure 14G, and the best fit between experiments and simulations was obtained at a

given aspect ratio and zero truncation. At R= 39, the edges of the silver nanodisks

were straight and there was a distribution of shape as shown in Figure 14H.

Figure 14: TEM images of silver nanodisks at various hydrazine contents””.
(Reproduced by permission of The American Chemical Society)
These structures manifested a significant change in their optical properties'®'. A large
quantity of nanospheres were converted into triangular nanoprisms or nanodisks by

68102 The excitation wavelength seemed to be a key parameter to develop

73,68a,102

photolysis

such photo fragmentation
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In conclusion, the degree of crystallinity and shape of the resulting metal
nanoparticles are two important criteria that determine the suitability of their use in
electrical and optical nanodevices or as catalysts. Thus, the controlled nucleation and
growth of defect-free and specifically shaped nanocrystals is a key challenge in
nanoscience research today.

In this thesis, we aim to develop a methodology to synthesize silver metal
nanoparticles using dendrimers as templates in the role of nanoreactor as well as
nanostabilizers. In addition, efforts related to developing an understanding of size and
shape control of silver metal nanoparticles using these dendrimers as templates will be

presented in Chapter 3.
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3. Synthesis and Self-assembly of Dumbbell Shaped
Dendrimers

3.1 Introduction

As highlighted in Chapter 1, dendrimers that are hyperbranched and
monodisperse macromolecules, are becoming increasingly important in designing
smart and efficient nanomaterials for a variety of applications in medicine, catalysis
and electronics'. A significant effort in the design and syntheses of these globular
architectures has been invested, that has led to inside-out (divergent) or outside-in
(convergent) methodologies®. Many different types of structural variations in these
dendrimers are possible by changing the central core, and it can provide access to
novel type of morphologies upon their aggregation’. We have been investigating the
role of central core, the backbone, and the linking units on the evolving morphology
of the dendrimers, and have established a simple and efficient divergent synthetic
route to such dendritic macromolecules®, based on the acid-base hydrolytic chemistry
of amino-silanes and —stannanes with organic acids’. We were intrigued by the
possibility of developing hyperbranched structures that will evolve using symmetric
growth on either side of a bifunctional linear core, and give rise to dumbbell shape
type dendrimers. Compared with the globular dendrimers, the synthetic elaboration
and a detailed investigation of the properties of the latter class have been much less
explored®.

We report herein a simple divergent synthetic route to dumbbell shaped
dendrimers that are constructed from the bifunctional core, 2-butyne-1,4-diol, and 3,5-
dihydroxybenzyl alcohol (DHBA) as wedges. The synthetic elaboration is based on
the controlled addition of bis(dimethylamino)dimethylsilane (Me,Si(NMe;),) to the
bifunctional core, followed by addition of DHBA. The process is then repeated with
Me,Si(NMe,), and DHBA, in sequence, with amine as the only by-product, and the
purification of dendrimers can be easily achieved by simple extraction into deuterium
oxide. Self-organization of dendrimers through suitable peripheral groups continues to
be an area of much significance, and provides opportunities in designing
nanomaterials for molecular encapsulation and delivery*”®. The dumb-bell shaped
dendrimers, reported here, have suitably placed OH groups for inter-dendrimer

interactions, and we have examined their self-assembly through such interactions in
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THF and water, using UV-Vis spectroscopy and transmission electron microscopy.
Generations 1-3 form aggregates at a higher critical aggregation concentration (cac)
compared to generation 4 in THF. This behavior is related to the open structure in the
lower generations with a linear core becoming important in their self-assembly, while
in generation 4, more globular architecture with more prominent hydrogen bonding

sites, facilitates self-assembly at lower concentrations.

3.2 Results and Discussion

3.2.1 Synthesis of Dumbbell Shaped Dendrimers

Dendrimers were synthesized using a quantitative acid-base hydrolytic
reaction of aminosilanes with molecules containing terminal OH groups’. The choice
of the linear core around which dendrons are built, was based on its rigidity, solubility
and commercial availability, and 2- butyne-1,4-diol was considered to be an ideal
candidate for developing the desired dendrimers. The dendron backbone was chosen
to be 3,5-dihydroxybenzyl alcohol since it has been successfully employed in our
laboratory to synthesize globular dendritic architectures®. For synthesizing the first
generation dendrimer, 1 molar equivalent of 2-butyne-1,4 diol was added dropwise
over a period of 2 h, to an ice-bath cooled solution of 2 equivalents of
bis(dimethylamino)dimethylsilane in THF. The solution was stirred at ice-bath
temperature for additional 6 hours, and then left to warm to room temperature. The
latter was transferred to an addition funnel, and added slowly to a solution of 2
equivalents of DHBA in THF, and stirred overnight. After removal of the solvent in
vacuo, the product was extracted into deuterium oxide D,0. The solution was filtered
and D,O was then removed under vacuum, to afford a light pink powder.
Continuation of this methodology by carrying out reactions under controlled
conditions, led to the synthesis of generation 2-4 dendrimers in very good yields.
Dendrimers were characterized using a combination of 'H- and *C- NMR
spectroscopy, matrix-assisted laser desorption/ionization time of flight (MALDI-TOF)
techniques, FT-IR, and elemental analyses. These data confirmed the identity of these

dendrimers as shown in Scheme 17.
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Scheme 17: Preparation of dumbbell shaped dendrimers, following the acid base

hydrolytic divergent methodology.
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3.2.2 Self-Assembly of Dumbbell Shaped Dendrimers

Self-assembly of dendrimers via intermolecular interactions between peripheral
groups, is a topic of current interest *, and we have also investigated aggregation
behaviour of globular DHBA based dendrimers in solution and at interfaces®. We
were intrigued by the self-assembly behaviour of dendrimers in which the linear core
as well as the evolving shape of the dendrimers could influence their association. In
addition, dendrimer generations 1-4 contain peripheral hydroxyl groups that increase
exponentially from 4 to 32, and are expected to contribute to enhanced inter-
dendrimer interactions as the generation number increases.

The aggregation behaviour of dendrimers was first investigated using UV-Vis
spectroscopy at concentrations of 1 to 10 mg/mL in THF. The dendrimers generally
depict three peaks around 240, 260 and 290 nm at 1 mg/mL (Figure 15 A), which
become broad as the concentrations are increased and the solutions become turbid.
The cac for each generation was calculated by plotting the intensity of scattered light
at a given wavelength against concentration (Figure 15 B), and it was found to be 4.9
mg/mL for generations 1-3. The latter is much higher than the globular DHBA based
dendrimers of generations 1-3, that was calculated to be 3.7 mg/mL (4g). This
suggests that more open structure of dendrimers, constructed around the linear core,
allows more freedom for these molecules. In addition, the central core in these open
structures might also participate in packing via n-m interactions, and these competing
interactions might create an association/dissociation equilibrium which will delay

aggregation.
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Figure 15: (A) UV-Vis absorption spectra of dendrimer generation 1 at
concentrations of 1 to 10 mg/mL in THF, and (B) plot of absorbance vs concentration

of dendrimers 1 in THF at 340 nm.

The generation 4 dendrimer showed a cac of 4.1 mg/mL which was quite
comparable to the DHBA based dendrimers, suggesting clearly that the structure was
becoming more globular at this generation. The aggregation of dendrimers through
participation of terminal OH groups in hydrogen bonding, was also confirmed by FT-
IR that showed a broad peak at approximately 3300 cm™ for the terminal OH groups.
The latter clearly suggested that terminal OH groups in these dendrimers are strongly
hydrogen bonded at concentrations above cac, as below this concentration, a peak at
around 3500 cm’ is commonly observed, which is indicative of the absence of
hydrogen bonds.

Transmission electron microscopy is a useful technique to examine self-
assembly of macromolecules, and can provide essential information related to the
morphology of the resulting aggregates’. We first studied aggregation behaviour of
dendrimers of generations 1-4 in THF at concentrations of 4 and 8 mg mL
(concentrations below and above cac). At 4 mg mL™, a general globular morphology
for the aggregates (Figure 16) was observed for dendrimer generations 1-4. Upon
examining particle size distribution in these aggregates, it was noted that, in general,
dumb-bell dendrimers of generations 2-4 form mostly small aggregates of 5 to 25 nm
in size (Figure 16 B-D). In contrast, the size distribution for generation 1 dendrimer
aggregates was found to range between 30-135 nm (Figure 16 A), whereas the largest
aggregates for those from generation 4, for example, were 55 nm in size. This type of

behavior has also been observed earlier'®, and can be explained by considering that,
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generally, dendrimers of lower generations tend to exist in relative open forms. Their

peripheral OH groups are therefore more easily accessible to interact via hydrogen

bonding with the other surrounding molecules, and lead to the formation of larger

aggregates.
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On the other hand, in higher generation dendrimers with a more spherical
structure, peripheral OH groups can backfold, and become less available for hydrogen
bonding with other molecules. We were also intrigued to notice that small aggregates
in higher generations tend to cluster together to form linear assemblies of about 200
nm in size.

Upon increasing the concentration to 8 mg/mL in THF, it was observed that
the globular shape of dumbbell dendrimer generations 1-4 was generally retained.
However, there were quite significant differences in particle size distribution of the
aggregates with those at 4 mg/mL. For example, generation 1 dendrimer formed
smaller aggregates, with a larger population now in the range of 5-15 nm in size
(Figure 17). This can be explained considering that at much higher concentrations,
large aggregates can collapse, yielding small size clusters.

We also studied aggregation of these dendrimers in a more polar solvent at a
concentration of 4 mg/mL, and aggregation behaviour changed significantly with the
change in the solvent from THF to water. The dumb-bell shaped dendrimers possess a
hydrophobic interior with polar OH groups at the periphery. In smaller generations,
there may be hydrophobic-hydrophilic repulsion between dendrimers which will
enhance their coagulation in water. Water will also compete with interdendritic
hydrogen bonding, and it is expected that much smaller aggregates will emerge. TEM
study was in compliance, and these effects were quite evident especially in generation
1 and 2 dendrimers, which seem to avoid any contact with water, and yield random
assemblies of various confirmations (Figure 18). In addition, the sizes of these

aggregate assemblies were much smaller than in THF at 4 mg/mL
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Self-assembly of dendrimer generations 3 and 4 in water was found to be quite
different from that of first and second generation dendrimers. It suggested that small

aggregates of 5 to 25 nm size are first formed, which then assemble into larger

80



clusters of 55 to 75 nm size (Figure 18 D). This can be explained by considering that
generation 3 and 4 dendrimers start to adopt a more globular structure, and there is
much less hydrophobic interior and hydrophilic exterior contact which reduces

repulsion.

3.3 Conclusions

Symmetric growth of DHBA based dendrons on a linear core has been
successfully carried out to construct dumb-bell shaped dendrimers of generations 1-4.
These dendrimers evolve from a very open structure in lower generations to that
resembling a globular architecture in higher generations. Molecular self-assembly of
these dendrimers is influenced by their backbone structure, as indicated by much
higher critical aggregation concentration of generations 1-3, compared with that of
globular dendrimers counterparts, and generation 4. The influence of solvent in their
self-assembly was studied using THF and water, and in lower generations, the
inability of more polar solvents to interact with their backbones, leads to aggregates
that are formed by minimizing the repulsive forces. In higher generations, the major
interaction of the solvent with the dendrimer is at the periphery which has a higher
concentration of polar OH groups, and it does not interfere significantly with their
ability to self-associate. The influence of the solvent in controlling morphology and
sizes of aggregates, is of interest, as it allows one to tailor their properties for

molecular encapsulation and release.

Addendum:

This chapter has been submitted as a full paper to Canadian Journal of Chemistry for
a special issue dedicated to Professor Robert H. Marchessault. Subsequent to that,
generation 5 and 6 dumbbell shaped dendrimers were also synthesized but their
characterization was impeded by their poor solubility in D,O. It was also noted using
the available data that their structure contained defects of minor nature. This is due to
exponential increase of OH groups at the periphery that cause steric congestion.
Indeed, there are 32 OH peripheral groups in dendrimer generation 4 that need to
react with small diaminosilane, followed by a bulkier monomer 3,5-dihydroxybenzyl

alcohol. Due to incomplete reactions, even a few unreacted OH groups will cause a
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defect in the otherwise monodisperse dendrimers. We are continuing to evaluate the
validity of these arguments, and the synthesis of these dendrimers is currently being

pursued in our laboratory.

3.4 Experimental section

Materials and Measurements

2-butyne-1,4-diol (Aldrich), 3,5-dihydroxybenzyl alcohol (Aldrich), and
bis(dimethylamino)dimethylsilane (Gelest) were used as received. All manipulations
were performed under a nitrogen atmosphere using either standard schlenk line
techniques or an Innovative Technology (Braun) Labmaster MB-150-M dry box. All
solvents were stored wunder nitrogen and used after distillation over
sodium/benzophenone. NMR spectra were measured on a 270 MHz JEOL
spectrometer at ambient temperature. The samples were prepared inside the dry box
using deuterated solvents (Cambridge Isotope laboratories, Inc.), and the chemical
shifts in ppm are reported relative to tetramethylsilane as an internal standard for 'H
and °C spectra. Mass spectra were obtained on a Hewlett Packard 5973 mass
spectrometer, and MALDI-TOF spectra on a Kratos Kompact Maldi 3.v.4.0.0
spectrometer using LiBr/dithranol as the matrix. Elemental analysis were performed
by Laboratoire d’Analyse Elementaire de I’Universit¢ de Montréal. Infrared spectra
were measured on a Bruker IFS-48 Fourier transform infrared spectrometer using a
standard resolution of 4 cm™ for transmission. UV-Visible spectra were recorded in
water on a Hewlett Packard 8453 with a resolution of 2 nm. Transmission electron
microscopy (TEM) measurements were carried out on a JEOL 2000FX microscope

operating at an acceleration voltage of 80 kV.

First generation dumbbell shaped dendrimer [G-1]-(OH)4:

A solution of 2-butyne-1,4-diol (0.200 g, 2.32 mmol) dissolved in 5 mL of dry
THF, was added dropwise to a solution of 2 equivalents of
bis(dimethylamino)dimethylsilane (0.852 mL, 4.65 mmol) in 5 mL of dry THF,
cooled to 0°C. Stirring at ice bath temperature was maintained for additional 6 hours,
and the resulting solution was subsequently warmed to room temperature. The latter
was then added dropwise to a solution of 2 equivalents of DHBA (0.651 g, 4.65
mmol) in 10 ml of dry THF. The resulting solution was stirred overnight, and THF

82



was then removed under vacuum to afford a sticky gel. 2-3 mL of deuterium oxide
D,0 were added to the gel and was stirred for 5-10 minutes. The solution was filtered
and D,O was then removed under vacuum to afford a light pink powder (778 mg,
70%). 'H NMR (270 MHz, D,0-d2): & (ppm) 0.05 (s, 12H, OSiMe,0), 4.11 (s, 4H,
OCH,C), 4.36 (s, 4H, C¢H3-CH,0), 6.18 (s, 2H, C¢H 1 para), 6.30 (t, 4H, CsH,
ortho).>C NMR (68 MHz, D,0-d,): & -1.7, -0.7 (SiCH3), 49.7 (OCH,C ), 63.6 (CsHs-
CH,), 83.6 (OCH,C), 101.9, 106.4, 143.8, 157.1 (C¢H3). FT-IR (KBr, cm™): 3243
(Von), 2896 (VcoH arom.)s 1242 (8si-chs), 1041 (vsio). Mass spectrum (EI-MS) m/z 479.1
(Expected: 478.6). Elemental analysis: C,,H30OgSi,: Caled.: C, 55.21; H, 6.32. Found:
C, 55.36; H, 5.96.

Second generation dumbbell shaped dendrimer [G-2]-(OH)s:

A solution of 1 equivalent of 2-butyne-1,4-diol (50 mg, 0.581 mmol) in 10 mL
of THF, was added to a solution of 2 equivalents of bis(dimethylamino)dimethylsilane
(0.213 mL, 1.161 mmol) in 5 mL of THF, and stirred for 6 hours at ice bath
temperature. The resulting solution was added dropwise over a period of 1h to 2
equivalents of DHBA (163 mg, 1.161 mmol) dissolved in 10 mL of THF. After
stirring overnight, the mixture was then added dropwise (1h) to a solution of 4
equivalents of bis(dimethylamino)dimethylsilane (0.426 mL, 2.323 mmol) in 5 mL of
THF. The resulting solution was added dropwise (1h) to 4 equivalents of DHBA (325
mg, 2.323 mmol) dissolved in 15 mL of THF, and stirred overnight. The removal of
the solvent under vacuum afforded a sticky gel. 4-5 mL of deuterium oxide D,O were
added to the gel and stirred for 5-10 minutes. The solution was filtered and D,O was
then removed under vacuum to afford a light pink powder (455 mg, 62%). '"H NMR
(270 MHz, D,0-d,) 6 0.05 (m, 36H, OSiMe,0), 4.15 (s, 4H, OCH,C), 4.36 (s, 12H,
CsH3-CH,0), 6.18 (s, 6H, C¢H para), 6.30 (m, 12H, C¢H, ortho). °C NMR (68 MHz,
D,0-d»): & (ppm) -1.7, -0.1 (SiCH3), 50.3 (OCH,C), 64.3 (C¢H3-CH>), 83.6 (OCH-C),
102.6, 107.0, 144.5, 157.8 (CsH3). FT-IR (KBr, cm™): 3378 (von), 2962 (Vet arom.),
1262 (3si-crs), 1084, 890 (vsi.0). Mass spectrum (MALDI-TOF) m/z 1261.3 (including
m/z Li", Expected 1263.7).

Third generation dumbbell shaped dendrimer [G-3]-(OH);¢:
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A similar procedure as described above for the second generation was used to
prepare the third generation. A solution of 1 equivalent of 2-butyne-1,4-diol (20 mg,
0.232 mmol) in 10 mL of THF was added to a solution 2 equivalents of
bis(dimethylamino)dimethylsilane (0.085 mL, 0.465 mmol) in 5 ml THF, and stirred
for 6 hours at ice bath temperature. The above mixture was added dropwise (1h) to a
solution of 2 equivalents of DHBA (65,1 mg, 0.465 mmol) in 10 mL of THF, and
stirred overnight at room temperature. It was then added dropwise (1h) to a solution
of 4 equivalents of bis(dimethylamino)dimethylsilane (0.170 mL, 0.929 mmol) in 5
mL of THF, and stirred overnight at room temperature. The latter was added dropwise
(1h) to a solution of 4 equivalents of DHBA (130 mg, 0.929 mmol) in 10 mL of THF,
and after stirring overnight, it was added dropwise (1h) to a solution of 8 equivalents
of bis(dimethylamino)dimethylsilane (0.341 mL, 1.858 mmol) in 5 mL of THF, and
stirred for 14 hours. Finally it was added to a solution of 8 equivalents of DHBA (260
mg, 1.858 mmol) in 15 mL of THF, and stirred overnight. THF was removed under
vacuum to afford a gel. 4-5 mL of deuterium oxide D,O were added to the gel and
was stirred for 5-10 minutes. The solution was filtered and D,O was then removed
under vacuum to afford a light pink powder (402 mg, 61%). 'H NMR (270 MHz,
D,0-d): 6 0.01, 0.05 (m, 84H, OSiMe,0), 4.10 (s, 4H, OCH,C), 4.34 (s, 28H, CcHs-
CH,0), 6.18 (s, 14H, Cg¢H para), 6.30 (m, 28H, C¢H, ortho). *C NMR (68 MHz,
D,0-dy): & (ppm) -1.7, -0.77 (SiCH3), 49.6 (OCH,C), 63.6 (CsHs-CH), 83.5
(OCH,C), 101.8, 106.3, 143.7, 157.0 (CsH3). FT-IR (KBr, cm™): 3378 (von), 2892
(VeH arom.), 1154 (Osi-cuz), 1042, 954 (vsi.o). Mass spectrum (MALDI-TOF) m/z
2837.9 (including m/z Li", Expected 2833.9).

Fourth generation dumbbell shaped dendrimer [G-4]-(OH)3;:

A solution of 1 equivalent of 2-butyne-1,4-diol (20 mg, 0.232 mmol) in 10 mL
of THF, was added to a solution 2 equivalents of bis(dimethylamino)dimethylsilane
(0.085 mL, 0.465 mmol) in 5 ml THF, and stirred for 6 hours at ice bath temperature.
The above mixture was added dropwise (1h) to a solution of 2 equivalents of DHBA
(65,1 mg, 0.465 mmol) in 10 mL of THF, and stirred overnight at room temperature.
It was then added dropwise (lh) to a solution of 4 equivalents of
bis(dimethylamino)dimethylsilane (0.170 mL, 0.929 mmol) in 5 mL of THF, and

stirred overnight at room temperature. The latter was added dropwise (lh) to a
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solution of 4 equivalents of DHBA (130 mg, 0.929 mmol) in 10 mL of THF, and after
stirring overnight, it was added dropwise (1h) to a solution of 8 equivalents of
bis(dimethylamino)dimethylsilane (0.341 mL, 1.858 mmol) in 5 mL of THF, and
stirred for 14 hours. Then it was added to a solution of 8 equivalents of DHBA (260
mg, 1.858 mmol) in 15 mL of THF, and stirred overnight. The resulting solution was
added dropwise to 16 equivalents of bis(dimethylamino)dimethylsilane (0.681 mL,
3.717 mmol) in 10 mL of THF. Stirring was continued overnight at room temperature.
The resulting solution was then added dropwise (1h) to a solution of 16 equivalents of
DHBA (521 mg, 3.717 mmol) in 10 mL of THF. The reaction mixture was stirred for
36 hours at room temperature. Solvent removal under vacuum afforded a sticky gel.
4-5 mL of D,O were added to the gel and was stirred for 5-10 minutes. The solution
was filtered and D,O was then removed under vacuum to afford a pink powder (833
mg, 60%). '"H NMR (270MHz, D,0-d,): & -0.06, 0.00, 0.22 (m, 180H, OSiMe,0),
4.10 (s, 4H, OCH,C), 4.31 (s, 60H, C¢H3-CH,0), 6.15 (s, 30H, C¢H para), 6.25 (m,
60H, CsH, ortho). >C NMR (68 MHz, D,0-d,): & (ppm) -1.54, -1.033, 0.40 (SiCH3),
49.5 (OCH,C), 63.9 (C¢H3-CH,), 83.7 (OCH,C), 100.5, 105.9, 143.1, 158.8 (CsH3).
FT-IR (KBr, cm™): 3379 (von), 2889 (Ve arom)s 1263 (8si-cus), 1042, 970 (vsio).
Mass spectrum (MALDI-TOF) m/z 5978.8 (including m/z Li’, Expected: 5974.3).
Elemental analysis: Cy74H36609,S130: Calcd.: C, 55.14; H, 6.18. Found: C, 55.26; H,
6.31.

Fifth generation dumbbell shaped dendrimer [G-5]-(OH)g4:

A solution of 1 equivalent of 2-butyne-1,4-diol (20 mg, 0.232 mmol) in 10 mL
of THF was added to a solution 2 equivalents of bis(dimethylamino)dimethylsilane
(0.085 mL, 0.465 mmol) in 5 ml THF, and stirred for 6 hours at ice bath temperature.
The above mixture was added dropwise (1 hr) to a solution of 2 equivalents of DHBA
(65,1 mg, 0.465 mmol) in 10 mL of THF, and stirred overnight at room temperature.
It was then added dropwise (1 hr) to a solution of 4 equivalents of
bis(dimethylamino)dimethylsilane (0.170 mL, 0.929 mmol) in 5 mL of THF, and
stirred overnight at room temperature. The latter was added dropwise (1 hr) to a
solution of 4 equivalents of DHBA (130 mg, 0.929 mmol) in 10 mL of THF, and after
stirring overnight, it was added dropwise (1 hr) to a solution of 8 equivalents of

bis(dimethylamino)dimethylsilane (0.341 mL, 1.858 mmol) in 5 mL of THF, and

85



stirred for 14 hours. Then it was added to a solution of 8 equivalents of DHBA (260
mg, 1.858 mmol) in 15 mL of THF, and stirred overnight. The resulting solution was
added dropwise to 16 equivalents of bis(dimethylamino)dimethylsilane (0.681 mL,
3.717 mmol) in 10 mL of THF. Stirring was continued overnight at room temperature.
The resulting solution was then added dropwise (1hr) to a solution of 16 equivalents
of DHBA (521 mg, 3.717 mmol) in 10 mL of THF. The reaction mixture was stirred
for 36 hours at room temperature. The resulting solution was then added dropwise
(1hr) to 32 equivalents of bis(dimethylamino)dimethylsilane (1.363 mL, 7.434 mmol)
in 10 mL of THF and stirred overnight at room temperature. Finally, the resulting
solution was added dropwise to 32 equivalents of DHBA (1.042 g, 7.434 mmol) in 10
mL of THF. The reaction mixture was let to stir for 3 days at room temperature.
Solvent removal under vacuum afforded a sticky gel. 5-6 mL of D,O were added to
the gel and was stirred for 5-10 minutes. The solution was filtered and D,O was then
removed under vacuum to afford a dark pink powder (1.651 g, 58%).

'H NMR (270MHz, D,0-d,): & -0.06, 0.00, 0.22 (m, 20H, OSiMe,0), 4.10 (s, 2H,
OCH,C), 4.31 (s, 10H, C¢H3-CH,0), 6.15 (s, 10H, C¢H para), 6.25 (m, 20H, C¢H,
ortho). FT-IR (KBr, cm™): 3377 (Von), 2958 (Vc-ti arom.)s 1198 (8siciis), 1042, 967 (vsi.
o). Mass spectrum (MALDI-TOF) m/z 12,266.2 (including m/z Li', expected mass
12,255.3).

Sixth generation dumbbell shaped dendrimer [G-6]-(OH)s :

A solution of 1 equivalent of 2-butyne-1,4-diol (20 mg, 0.232 mmol) in 10 mL
of THF was added to a solution 2 equivalents of bis(dimethylamino)dimethylsilane
(0.085 mL, 0.465 mmol) in 5 ml THF, and stirred for 6 hours at ice bath temperature.
The above mixture was added dropwise (1 hr) to a solution of 2 equivalents of DHBA
(65,1 mg, 0.465 mmol) in 10 mL of THF, and stirred overnight at room temperature.
It was then added dropwise (1 hr) to a solution of 4 equivalents of
bis(dimethylamino)dimethylsilane (0.170 mL, 0.929 mmol) in 5 mL of THF, and
stirred overnight at room temperature. The latter was added dropwise (1 hr) to a
solution of 4 equivalents of DHBA (130 mg, 0.929 mmol) in 10 mL of THF, and after
stirring overnight, it was added dropwise (1 hr) to a solution of 8 equivalents of
bis(dimethylamino)dimethylsilane (0.341 mL, 1.858 mmol) in 5 mL of THF, and
stirred for 14 hours. Then it was added to a solution of 8 equivalents of DHBA (260
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mg, 1.858 mmol) in 15 mL of THF, and stirred overnight. The resulting solution was
added dropwise to 16 equivalents of bis(dimethylamino)dimethylsilane (0.681 mL,
3.717 mmol) in 10 mL of THF. Stirring was continued overnight at room temperature.
The resulting solution was then added dropwise to a solution of 16 equivalents of
DHBA (521 mg, 3.717 mmol) in 10 mL of THF. The reaction mixture was stirred for
36 hours at room temperature. The resulting solution was then added dropwise (1hr)
to 32 equivalents of bis(dimethylamino)dimethylsilane (1.363 mL, 7.434 mmol) in 10
mL of THF and stirred overnight at room temperature. The resulting solution was
added dropwise to 32 equivalents of DHBA (1.042 g, 7.434 mmol) in 10 mL of THF.
The reaction mixture was let to stir for 3 days at room temperature. The reaction
mixture was added dropwise to 64 equivalents of bis(dimethylamino)dimethylsilane
(2.726 mL, 0.0148 mol) in 15 mL of THF. Stirring was continued overnight at room
temperature. Finally, the resulting solution was then added dropwise to a solution of
64 equivalents of DHBA (2.084 g, 0.0148 mol) in 30 mL of THF. The reaction
mixture was stirred for 36 hours at room temperature. 5-8 mL of D,O were added to
the gel and was stirred for 10 minutes. The solution was filtered and D,O was then
removed under vacuum to afford a dark pink powder (3.171 g, 55%). 'H NMR
(270MHz, D,0-d,): & -0.06, 0.00, 0.22 (m, 30H, OSiMe,0), 4.10 (s, 2H, OCH,C),
4.31 (s, 15H, C¢H3-CH,0), 6.15 (s, 15H, C¢H para), 6.25 (m, 20H, C¢H, ortho. FT-IR
(KBr, cm'l): 3379 (von), 2963 (VcH arom.), 1193 (Osiccuz), 1052, 965 (vsio). Mass
spectrum (MALDI-TOF) m/z 24,861.8 (including m/z Li", expected mass 24,817.1).
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4. Application of Dumbbell Shaped Dendrimers in the
Synthesis of Silver Nanoparticles

4.1 Introduction

Silver metal nanoparticles continue to arouse intense scientific interest, due to
their potential in designing novel materials for applications in a variety of areas,
including catalysis, optoelectronics, light amplification etc.' As mentioned in Chapter
2, the unique properties of metal particles are associated with their size and shape, and
much effort has recently been devoted, in particular, in developing synthetic
methodologies that could provide control on shapes of silver metal nanoparticles.’
Dendrimers that are hyperbranched and monodisperse in nature,’ are becoming
increasingly important in the synthesis of metal nanoparticles.” These globular
macromolecules have also been used to construct silver nanoparticles, in a typical
procedure that entails addition of a reducing agent to the metal salt in the presence of
stabilizing environment of dendrimers.” We report herein a simple methodology in
which silver nanoparticles are synthesized in one pot reaction, using a dendrimer
structure that combines reactive peripheral hydroxyl groups with a stabilizing acetylenic
core/benzene backbone structure. We demonstrate that the shape of the nanoparticles is
strongly influenced by the dendrimers, and it evolves from spheres to cubes as the
generation number increases.

One of the promising synthetic methodologies to construct silver metal
nanoparticles is based on the so called “polyol” synthesis,” in which an alcohol is
reacted with silver salts in the presence of organic stabilizers. The choice of the
dendrimer for silver metal particle synthesis was made to include reactive and capping
sites in the same ensemble, and in which the internal space around the core changes
with the increase in generation number. The dendrimers shown in Scheme 18, the
structures of which may resemble that of a dumb-bell,” especially so at generations 3
and 4, have both nano-reactor and —stabilizer properties, as they contain phenolic
hydroxyl group reactive sites, as well as internal aryl and alkynyl moieties for particle
stabilization. As explained in the previous chapter, the dendrimers were constructed
from 2-butyn-1,4-diol (BD) core, using simple acid-base hydrolytic chemistry based
divergent methodology,6 in which 3,5-dihydroxybenzyl alcohol (DHBA) was added in

a layer-by-layer fashion around the BD core, linked via Me,Si groups.®

91



4.2 Results and Discussion

Silver metal nanoparticle synthesis was carried out by adopting a methodology
in which silver-acetate is used as the source of metal ions, and the reaction is carried out
in water, without any additional reducing agent.’ For a typical synthesis of silver metal
particles using generation 3 dendrimer, 42 mg (0.015 mmol) of the dendrimer were
added to 12.5 mL (0.01 mol/L) of silver acetate solution in water, and the mixture was
stirred at room temperature. The original slightly pink color changed to yellow-green.
Concentrating the solution on a rotary evaporator at 40°C, led to darkening of the color,
and upon complete removal of the solvent, grayish-black solid was obtained. The
synthesis was repeated several times for consistency, and the yellow-green solutions as

well as the solids were found to be stable for a measured time period of two weeks.
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Scheme 18: Structures of generation 1-3 dendrimers.

The characterization of silver particles was carried out using a combination of
techniques including transmission electron microscopy (TEM), UV-Vis spectroscopy
and X-ray powder diffraction (XRPD). The TEM analysis of the silver particles

synthesized using generation 1 dendrimer indicated the presence of generally spherical
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shape (Figure 19, left), in a variety of sizes with almost 50% of the population in the

size range of 5-15 nm.

A B ¢

Figure 19: TEM image of silver metal particles synthesized using generation 1(A), 2
(B) and 3 (C) dendrimer templates.

When generation 2 dendrimer is employed, it produces a mixture of spherical
and cube shaped particles (Figure 19, centre) in a more homogeneous size range with
75% of the particles in 5-15 nm. Using dendrimer generation 3 leads to a dominant cube
shaped morphology (Figure 19 right), and the particle size increases with more particles
now in the range of 25-45 nm range.

These changes in silver nanoparticle shape, dependent on the dendrimer
generation, were supported by the UV-Vis spectra that showed a broad peak at 415 nm
(Figure 20 A) for generation 1, peaks at 350 and 440 nm for generation 2 (Figure 20
B), a broad peak around 345 nm for the generation 3 and generation 4 dendrimers
(Figures 20 C and 20 D, respectively) and templated silver particles.

The peaks at 415 and 440 nm are associated with spherical shape, and those at
350 and 345 nm with cube shaped nanoparticles.'™'® These results suggest a change in
the shape of silver nanoparticles with the increase in generation number of the silver

particles.
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Figure 20: UV-Vis spectra of silver metal particles synthesized using generation 1
(A), 2 (B), and 3 (C) dendrimers as templates.

The XRPD Bragg pattern of these particles showed the presence of reflection peaks

typical of a fcc structure of silver (Figure 21), at 20 (°) 38 (111), 44 (200), 65 (220), 77
(311) and 82 (222).
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Figure 21: XRPD pattern of silver metal particles synthesized using generation 1(A),
2(B), and 3(C) dendrimers as templates.
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Figure 22: Size distribution graphs for generation 1 (A), 2 (B) and 3 (C) templated

silver particles.

Before an explanation of shape change with generation number is sought, it
may be useful to consider the formation of silver nanoparticles at ambient temperature
without any additional external source of a reducing agent. An understanding of the
latter is not obvious, however, some thoughtful insight can be made for this simple
process (Scheme 19) that lends itself to useful applications, since some dendrimers may
not be stable in the presence of reducing agents employed in metal nanoparticle
syntheses.™* It is expected that silver acetate will react with peripheral phenolic
hydroxide groups of the dendrimers upon mixing, leading to chemisorption of Ag" ions
at their surface. The concentration of these ions will depend on the generation number,
and although it is expected to increase exponentially (in relation to the OH groups that

increase from 4 to 16 in generations 1-3), if all the OH groups react simultaneously, but
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it is still expected to be quite low. Since the synthesis of silver nanoparticles is carried
out at ambient conditions in water without any exclusion of light, the reduction of these
silver ions can get initiated photolytically.11 The extremely low concentration of silver
atoms that results in the initial stages, can also accelerate further reduction of Ag" ions
that will be in relatively much higher concentration, by atom to ion reduction.'? The
corresponding unstable ionic clusters will get reduced in a similar manner much more
quickly, leading to further growth of silver particles. The other possible fate of Ag” ions
post-surface anchoring is the formation of silver oxide in a wet atmosphere. The latter
will be in equilibrium with silver hydroxide under these conditions,”” and these Ag"
ions can react with the dendrimer and get recycled into the process. We did not observe
any evidence of the precipitated or silver oxide nanoparticles in solution during our
characterization of the metal nanoparticles.

1/2 H,0
Ag" + OH =——

Dendrimer)— OH +1/2 Ag,O

T 1/2 H,0

Dendrimer>—01—1 + AgCH;COO —_— Dendrimer)- o Ag'

l hn
Ag
Ag, (M) -— -— Ag
\ /
\ (A8

Scheme 19: dendrimers templation process of silver nanoparticles

+

It is clear that the dendrimer generation plays a role in the evolving structure
of silver metal nanoparticles. An explanation for this may come from understanding the
formation process involved in the build-up to the nanoparticles. It has been postulated
that when the metal ions bind at the surface of the template, the particle formation
generally takes place at the surface of the dendrimers."* It is expected that generations 1
and 2 have a very open structure, while in generation 3 the two arms begin to wrap
around the central acetylenic core, and create a defined internal environment (Scheme

18). Therefore, generation 1, in particular, will not have any additional internal shape
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oriented stabilization architecture that it can provide to the growing silver particles.
Considering that the particle formation takes place dominantly in the exterior, near the
chemisorbed sites, a spherical shape of particles (stabilized through benzene rings as
well as the acetylenic moiety) with minimum surface energy, will evolve. As the
structure evolves to generations 2 and 3, the internal environment starts to get defined,
more so in generation 3, creating internal cavity around the central acetylenic core. The
growing silver particles may obtain more stability by migration into the interior around
the central acetylenic moiety. This will help reduce the surface energy that will be
higher in the cube than a sphere, by an increased size of the particles, as well as by the
pre-organized internal structure of the dendrimers (generation 3). As noted above, size
of the silver particles templated using generation 3 is higher than those from 1 and 2.

It is also possible that the particle formation gets initiated inside the
dendrimers but at a later stage of the growth they migrate to the exterior of the
dendrimers. Further growth of the metal particles while retaining their original shape,
might explain the size of the metal nanoparticles which is larger than the dendrimers.
We are currently exploring the detailed mechanism of metal particle growth using these

dendrimers.

4.3 Conclusions

In conclusion, dendrimers that are built from an acetylenic core and 3,5-
dihydroxybenzyl alcohol as the backbone, have been employed in a dual role of nano-
reactors and —stabilizers, in the synthesis of silver nanoparticles in a one-step synthesis.
The evolving shape of these particles was found to be influenced by the generation
number, and cube shaped silver particles are formed when generation 3 dendrimer is
used as the template. Such a simple chemical control in the shape of metal nanoparticles
is of significance, and may offer potential in tailoring their properties. We are currently

elaborating on the scope of this methodology.

Addendum:

This chapter has been submitted to Chemical communication.
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4.4 Experimental section

Materials and Measurements

Dendrimers generations 1 to 3 were used as made. All manipulations were
performed under air and at room temperature.
Silver acetate (CH3COOAg, 99%) was purchased from Aldrich and was used as-
received without any further purification.
UV-Visible spectra were recorded in water on a Hewlett Packard 8453 with a
resolution of 2 nm. Transmission electron microscopy (TEM) measurements were
carried out on a JEOL 2000FX microscope operating at an acceleration voltage of 80
kV. X-ray powder diffraction (XRPD) experiments were performed using a Siemens
D-5000 diffractometer. It was equipped with a step scanner and a 1.2 kW cobalt tube
(A =1.78897 A) coupled to a silicon detector. The diffraction patterns were acquired
in the reflection mode, for 20 values ranging from 4 to 90 degrees. The X-ray beam

was fixed while the sample holder and the detector was moved to scan the solids.

Dendrimer generation 1 templated silver particles

Generation 1 dendrimer (m= 42 mg, n= 0.088 mmol) was added to 12.5 mL (0.01
mol/L) of silver acetate solution in water, and the mixture was stirred at room
temperature.

The original slightly pink color changed to yellow-green. Concentrating the solution on
a rotary evaporator at 40°C, led to darkening of the color, and upon complete removal
of the solvent, grayish-black solid was obtained. The synthesis was repeated several
times for consistency, and the yellow-green solutions as well as the solids were found to

be stable for a measured time period of two weeks.

Dendrimer generation 2 templated silver particles

Generation 2 dendrimer (m= 42 mg, n= 0.033 mmol) was added to 12.5 mL (0.01
mol/L) of silver acetate solution in water, and the mixture was stirred at room
temperature.

As for generation 1, the original slightly pink color changed to yellow-green.
Concentrating the solution on a rotary evaporator at 40°C, led to darkening of the color,

and upon complete removal of the solvent, grayish-black solid was obtained. The
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synthesis was repeated several times for consistency, and the yellow-green solutions as

well as the solids were found to be stable for a measured time period of two weeks.

Dendrimer generation 3 templated silver particles

Generation 3 dendrimer (m= 42 mg, n= 0.015 mmol) was added to 12.5 mL (0.01
mol/L) of silver acetate solution in water, and the mixture was stirred at room
temperature.

The original slightly pink color changed to yellow-green. Concentrating the solution on
a rotary evaporator at 40°C, led to darkening of the color, and upon complete removal
of the solvent, grayish-black solid was obtained. The synthesis was repeated several
times for consistency, and the yellow-green solutions as well as the solids were found to

be stable for a measured time period of two weeks.
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5.1 Conclusions

This thesis reports the elaboration of a divergent synthetic methodology to
prepare dumbbell shaped dendrimers that evolve from a linear core with dendritic
arms built from 3,5-dihydroxybenzyl alcohol based backbone. The dendrimers build-
up follows a simple and highly versatile acid-base hydrolytic methodology under
controlled reaction conditions, resulting in the synthesis of generation 1-4 dendrimers
in excellent yields. These dendrimers have desired features to self-assemble into
aggregates of various sizes via hydrogen bonding through peripheral OH groups.
During the investigations of their self-assembly, this phenomenon was found to be
dependent upon concentration, as well as the generation number.

These dumbbell shaped dendrimers were then successfully employed in
the one-step synthesis of silver nanoparticles. Their generation number was found to
influence the shape of silver nanoparticles. Generation 3 dendrimer leads to cube
shaped silver particles while in generations 1 and 2, spherical silver particles are
formed. Controlling the shape of metal nanoparticles using a one-step synthetic process
is of significance, and may provide pathways to silver nanoparticles with important and

promising properties.

5.1.1 Dumbbell Shaped Dendrimers

The first goal of this thesis was to develop a divergent synthetic methodology
to dumbbell shaped dendrimers by constructing dendritic wedges around a linear core,
using easily accessible reagents, and under mild reaction conditions. Reaction of 2-
butyne-1,4-diol with diaminosilane Me,Si(NMe,), and subsequently with 3,5-
dihydroxybenzyl alcohol via the acid base hydrolysis chemistry, led to the synthesis
of these dendrimers with the amine as the only by-product. The preparation of
dendrimers requires controlled reactions using slow addition of a reagent to the
desired core in a layer-by-layer dendritic growth. For example, reaction of two
equivalents of Me,Si(NMe,), to 2-butyne-1,4-diol under controlled reaction
conditions resulted in the formation of an aminosilane terminated intermediate.
Addition of the latter to two equivalents of 3,5-dihydroxyl benzyl alcohol led to the
formation of dendrimer generation 1. Dendrimers up to generation 4 featuring 32
peripheral hydroxyl groups were prepared by iteration of this two step procedure.

Continuation of this methodology to construct dumbbell shaped dendrimers of
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generations 5 and 6 leads to defects due to incomplete reactions at the surface due to

steric constraints.

The presence of hydroxyl groups at the periphery of these dumbbell
dendrimers was found to promote their intermolecular association via hydrogen
bonding, leading to their self-assembly into aggregates. This behaviour was found to
depend on the concentration in a solvent such as THF. The critical aggregation
concentration (cac), above which aggregates are formed, was found by analyzing the
turbidity of the solution at different concentrations using UV-Vis absorption
spectroscopy. It was determined to be 4.9 mg/mL for dendrimer generations 1-3.
However fourth generation dendrimer showed a cac of 4.1 mg/mL which was quite
comparable to the spherical DHBA based dendrimers studied earlier in our group,
suggesting clearly that the structure was becoming more globular at the latter
generation. The evolution of the size of these aggregates was followed by using

transmission electron microscopy.

5.1.2 Applications in Synthesizing Silver Nanoparticles

The potential of dumbbell shaped dendrimers in synthesizing silver metal
nanoparticles using a simple one-step methodology was examined. Silver metal particle
synthesis was carried out in water due to the solubility of silver acetate reagent and
these dendrimers by adopting a methodology in which silver acetate is used as the
source of metal ions. The TEM pictures of generation 1 templated silver particles
indicated the presence of generally spherical shape in a size range of 5-15 nm. When
generation 2 dendrimer is employed, it leads to a mixture of spherical and cube shaped
particles of 5-15 nm size range. Using dendrimer generation 3 gives a dominant cube
shaped morphology with more particles now in the range of 25-45 nm range. The
XRPD Bragg pattern of these particles showed the presence of reflection peaks typical
of a fcc structure of silver. Therefore, the shape of these particles was found to be
dependent on the generation number. Tailoring the shape of silver metal nanoparticles
by dendrimers is important, and offers significant potential in developing silver metal

nanoparticles with desired properties.
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5.2 Future Outlook

- Synthesis of higher generations (5-6) needs to be further explored, as well as the

role of steric congestion in controlling the build-up of defect free structure of

dendrimers.

- It will be interesting to examine the role of the length of the central core molecule on
the evolving and overall morphology of these dendrimers. In this regard, the focal point
of the dumbbell shaped dendrimers can be lengthened by using hexa-2,4-diyne-1,6-diol,
octa-2,4,6-triyne-1,8-diol,...It will also be of interest to compare their self-assembly

with that of dendrimers reported here in this thesis.

- The self-assembly of dumbbell dendrimers on flat surfaces such as silicon wafers is
also very important, and it should be explored, and compared with the behavior of

globular DHBA based dendrimers.

- Understanding the mechanism of formation and predicting the conditions for
obtaining metal nanoparticles of a desired size and shape is highly challenging. The
method developed in this thesis is simple and very useful in which dendrimers of
generations 1-3 provide the desired stabilizing environment for the growing metal
particles. It would be interesting to investigate further their physical properties and also
study the evolution of the morphology of the silver nanoparticles by employing higher

generations of dendrimers.

-In order to properly account for the effect of light in the production of Ag
nanoparticles, control synthesis of Ag nanoparticles in the absence of light, as well as

under high radiation conditions should be investigated.

-Finally, this one-step synthesis of silver nanoparticles could be applied to obtain gold
or copper nanoparticles by using the appropriate metal salts and the dumbbell shaped
dendrimers. The study of their structure-property relationships could then be compared

to those of silver nanoparticles.
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