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Abstract

In this thesis, 3,5-Dihydroxybenzylalcohol (DHBA) based dendrimers of
generations 0-5 (G0-GS5) were used as templates in the construction of hybrid silica
networks via a simple sol-gel condensation methodology. Two types silane reagent
Si(NMe;)s and CISi(NEt;); were used to react with the periphery situated hydroxyl
groups in these dendrimers, followed by hydrolysis and polycondensation, leading to
highly cross-linked, porous silica based hybrid materials. The removal of dendrimer
templates was achieved via in situ or acid hydrolysis. In situ removal of dendrimer
templates was carried out as the use of CISi(NEt,)s, while in the case of Si(NMe;)4, the
dendrimers were subsequently removed upon treatment with HCI. The detailed studies of
silica network structures and surface morphology before and after removal of dendrimers
and salt were carried out using techniques including solid-state NMR, FT-IR
spectroscopies, transmission electron microscopy (TEM), and nitrogen adsorption (BET),
showing that the aggregation of DHBA based dendrimers controls the evolution of the
network structure and their pore sizes. The resulting dendrimer templated silica networks
were found to be water repellant on their surfaces with a hydrophilic interior.

The application of silica networks synthesized using DHBA based dendrimers as
templates was successfully demonstrated in tailoring the preparation of silver metal
nanoparticles. Due to the internal and external environment of the silica networks, G1-3
silica networks wet slowly with aqueous silver acetate, resulting in chemisorption of
silver ions with internal silanol groups, and followed by the growth of silver oxide
nanoparticles as higher local water content around silver ions inside the networks. G4
silica networks with residual of dendrimer templates mixed with aqueous silver acetate
solution. Silver ions that were chemisorbed with silanol groups were reduced
photolytically to silver metal under a stabilizing dendrimer environment, leading to the

formation of silver metal nanoparticles exclusively.
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Résumé

Au cours de ce master, des réseaux hybrides de silice ont été synthétisés par
simple condensation sol-gel et a 1’aide de dendriméres de générations 0 a 5 (GO-GS5),
dont le squelette a été formé a partir de I’alcool 3,5-dihydroxybenzylique. Deux types de
réactifs, Si(NMe,)s et CISi(NEt;)s;, ont ét¢ employés de maniere a réagir avec les
groupements hydroxyles terminaux de ces dendriméres. Puis, par hydrolyse et
polycondensation, des réseaux de silice trés réticulés et poreux ont pu étre produits. La
suppression des dendrimeéres a été réalisée in situ ou par hydrolyse acide.En effet,
I’élimination des dendrimeres a lieu dans le cas du réactif CISi(NEt,);, tandis qu’avec
Si(NMe,)s, un traitement avec I’acide chlorhydrique HCI a été nécessaire. Une étude
détaillée des réseaux de silice, c’est-a-dire leur morphologie avant et apres I’élimination
des dendriméres et les sels, a ét¢é menée en utilisant diverses techniques telles que la
RMN a I’état solide, la spectroscopie FT-IR, la microscopie ¢électronique a transmission
(TEM) et la technique d’adsorption d’azote (BET). Les résultats de la technique BET ont
par ailleurs montré que I’agrégation des dendrimeres précédant la syntheése sol-gel
contrdle 1’évolution de la structure du réseau et la taille de leurs pores. De plus, ces
réseaux de silice ont été observés comme rejetant les molécules d’eau a leur surface et
étant constitué d’un intérieur hydrophile.

Enfin, il a été démontré avec succes que ces réseaux de silice pouvaient étre
appliqués a la préparation de nanoparticules d’argent. DG a leur environnement
hydrophobe, les réseaux de silice G1-3 réagissent treés lentement avec I’acétate d’argent
aqueux, engendrant la chimisorption des ions argent a I’intérieur hydrophile des réseaux.
Localement, les molécules d’eau se trouvent en quantité plus importante autour des ions
argent permettant ainsi la formation et la croissance des nanoparticules d’argent a
I’intérieur des réseaux. En ce qui concerne les réseaux de silice G4, contenant des
dendrimeres résiduels, ils réagissent vite avec ’acétate d’argent contenu en solution
aqueuse. Ensuite, les ions argent qui sont chimisorbés a I’intérieur de ces réseaux sont
réduits par photolyse en métal d’argent dans un environnement stabilisant qu’est celui

des dendrimeres. Ceci conduit exclusivement a la formation de nanoparticules d’argent.
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Chapter 1: Introduction to Silica Based

Networks



Silicon is the second most abundant element in the earth’s crust [1]. In nature
silicon combines with oxygen and forms a multitude of silicate minerals. Despite the
intensive studies on silicon dioxide (silica) over years, it is still attracting much research
interest in different fields [2]. A great number of natural materials, which possess cavities,
cages, or tunnels, such as zeolites [3], are not only of high academic interest but also of
intense practical value because they exhibit well-defined host-guest chemistry [4].
Among these porous solids, silica based networks, with tailor-made pore sizes and
shapes, exhibit a distinguished importance, being the most studied systems in which
many applications such as drying agents, adsorbents, and storage systems [5] could be
carried out based on molecular recognition. Silica based networks present a great variety
of possible structures because of the flexibility of tetracoordinated Si, and easy control of
the sol-gel process (hydrolysis and condensation reactions). Much effort was devoted to
creating these zeolite-like materials, and led to the discovery of the first novel
mesoporous silica networks of M41S family, such as MCM-41, which were obtained by
Mobil in 1992 [6]. Soon after this discovery, significant research effort has been
extended to achieve control over physical characteristics of mesoporous silica, including
pore size and morphology, by incorporating a broad range of organic and inorganic
materials as templates. These templates may be defined as a central structure around
which a silica network develops in such a way that removal of the template creates a
cavity with morphological features related to those of the template [7]. These
morphological features could be affected by the association of the template with silica
matrix, such as interactions between template and silica matrix, and the relative size of

template used to construct the silica matrix.

1.1 Sol-Gel Process

In sol-gel chemistry, the term “sol” means the suspension of colloidal particles in
solution. These colloidal particles are nanometer-sized solid particles and could
interconnect with one another in three dimensions to form a gel, the rigid network with

pores and polymeric chains [8]. The sol-gel process generally starts with alcoholic



solution of monomeric, metal or semimetal alkoxide precursors such as tetracthyl
orthosilicate (TEOS, Si(OEt)s). This reaction is divided into two steps: hydrolysis of
alkoxide precursors to form hydroxyl groups, followed by polycondensation of the
hydroxyl groups to form a three-dimensional network (gel). The hydrolysis step involves
mixing of alkoxide precursor, such as Si(OR)s, where R is CHj3, C,Hs, or C3H7, with

water.

Hydrolysis:

SI(OCH3)4 + 4H20 e SI(OH)4 + 4CH3OH

Scheme 1. 1. Hydrolysis of tetramethylorthosilicate (TMOS).

Si-O-Si bonds are formed by the condensation of the resulting silanol Si(OH)s. The
continuation of this condensation process (polycondensation) results in

three-dimensional silica particles.

Condensation:
2 Si(OH), — (OH);Si-O-Si(OH); + H,0
Scheme 1. 2. Condensation of silanol to form Si-O-Si bond.
Polycondensation:
HO
.Si "oH
HO
HO\ o or \ é HO
.SiTTTS — > HO\ O\' /O\S -0 Si—OH
HO /7 \ _SI’ 1 1
OHHO OH RoTEL L 4 Mo
OH
HO-gj~OH s
| HO OH
HO

Scheme 1. 3. Polycondensation to form silica networks.



The sol is produced when sufficient interconnected Si-O-Si bonds are formed
through hydrolysis and polycondensation reactions. The size of the sol particles depends
on the specific experimental conditions, generally with diameters of 1-100 nm [9]. The
sol can evolve in different ways according to the reactions of steps that follow. According

to Brinker’s study [10], an overview of the sol-gel process is shown below (Figure 1.1).

Aerogel

»
a): Solvent extraction
b): Solvent evaporation
b
Y Xerogel

Figure 1. 1. Overview of the sol-gel process (adapted from [11]).

The sol colloidal is linked together to form a three dimensional, liquid-filled gel
in gelation step. Different properties of materials are obtained depending on sol particle
transformation to a gel, which can be initiated by several methods including gelation of a
solution of colloid particles, hypercritical drying, or aging and drying under ambient
atmosphere. These methods affect the structural properties of gels by the removal of
solvent, solvent extraction (hypercritical drying) preserves the original 3D structure and
produces low density networks (termed aerogel, which can have pore volumes 98% and

densities as low as 80 kg/m’ [12, 13] ), while solvent evaporation (drying under ambient



atmosphere) results in the structural collapse of networks, creating a higher density
monolith material (termed xerogel). If heated to high temperatures, this porous xerogel
can form the dense ceramic. If the sol solution is coated on a solid substrate, followed by
subsequent gelation and solvent evaporation, the xerogel film will be formed. Dense
films are formed by heating at high temperatures.

The term gel usually applies to either xerogel or aerogel and is defined as dried
when the physically adsorbed water is completely removed. This interconnected, rigid
network has submicrometer pores and polymeric chains with average length greater than
a micrometer. Flory [14] discussed the diversity of this combination and suggested four
kinds of categories: (1) well-ordered lamellar structures; (2) covalent polymeric networks,
completely disordered; (3) polymer networks formed by physical aggregation, mainly
disordered; and (4) particular disordered structures.

Sol-gel process has long been used for the powderless processing of glasses and
ceramics [15]. The first sol-gel processing of silica materials into ceramics and glass was
studied by Ebelmen [16, 17] and Graham [12], as early as in the mid-1800s. They
observed that under acidic conditions tetraethyl orthosilicate (TEOS), Si(OC;Hs)a,
hydrolyzed to form glass like SiO, material. From then on, lots of studies were carried
out to investigate the synthesis of a variety materials by sol-gel processing [8, 15]. It has
been widely used in the synthesis of multicomponent and nanophase materials by
controlling the structure of a material on a nanometer scale, from the earliest stages of
processing, resulting in higher purity and greater homogeneity [8, 15]. Because it can be
carried out at much lower temperatures than traditional methods, materials formed by
this sol-gel process show attractive properties such as structures with large open spaces
of porosity, controllable hydrophobicity, chemical capacity for modification or
encapsulation of various components [18].

One of the major advances of sol-gel processing is undoubtedly the synthesis of
organic-inorganic hybrid materials. The combined properties of organic and inorganic
components in unique composite materials contributed to promising applications in many
fields, from the earliest painting materials to innovative advanced materials for
applications in optics, electronics, ionics, mechanics, membranes, protective coatings,

catalysis, sensors, biology, and others [19]. The mild chemistry involved in the sol-gel



process makes the preparation of organic-inorganic hybrids materials easily achievable,
and resulting in nanocomposite materials with unique properties, which the traditional
macroscale composites and conventional materials do not have. The preparation,
characterization, and applications of organic/inorganic hybrid materials have rapidly
become a fast expanding area of research in materials science [20]. The organic moieties
can be introduced into hybrid networks through strong covalent chemical bonds or by the
weak interactions such as van der Waals and hydrogen bonds. Wen [20] summarised
these techniques to include more than seven kinds of synthetic strategies incorporating
various starting inorganic and organics: organoalkoxysilanes as precursors to form
=Si-C- bond [21-24]; the co-condensation of functionalized oligomers or polymers with
metal alkoxides [25-27]; in situ formation of inorganic particles within a polymer matrix
[28-30]; or organics are simply impregnated or entrapped within inorganic matrixes as
guests [31, 32]. The first two methods include covalent connectivity between organic and
inorganic components (Scheme 1.4). In the others, there are no covalent bonds formed
between organic and inorganic components, the organics are just entrapped inside the
pores of inorganic materials formed by polycondensation process. Formation of

organic-silica hybrid network materials by the sol-gel process is shown in Scheme 1.4.
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1.2 Synthesis of Silica Networks Using Templates

In the organic-inorganic hybrid silica materials, the removal of organic
components (or some inorganics) (which could be termed as templates) can form silica
networks with porous internal environment. This organized, highly cross-linked silica
network material with a desired porous internal environment and large specific surface
area, aroused intense scientific interest for a variety of applications including selective
catalysis, drug delivery [33, 34], adsorption [35, 36], and host-guest chemistry [37, 38].
These periodic ordered structures might be microporous (<2 nm), mesoporous (2-50 nm),
or macroporous (>50 nm) [37]. Such systems that can provide complementarity in terms
of size and shape between the network host and incoming guest will lead to pathways for
predicting and controlling their release profile [33, 39, 40]. Numerous methods to
achieve this goal have been used in the past that have employed natural (Figure 1.2) [41]
or synthetic inorganic or organic templates to create pores with controlled structural
features. The inorganic templates include zeolites, mesoporous molecular sieves, and
silica gel [37], as well as lots of organics such as surfactants, polymers, dendrimers, and

other colloidal particles [6, 42-44].

Figure 1. 2. Scanning electron micrograph of a silica microskeleton formed by biomineralization in

a single-celled organism [41].



1.2.1 Surfactant-Templated Synthesis of Silica Networks

Surfactants (term comes from “surface active agent”) are bifunctional molecules
that consist of a hydrophilic (water soluble) head group and a hydrophobic (water
insoluble) tail. The hydrophobic tail usually consists of hydrocarbon or fluorocarbon
chains, while the hydrophilic head consists of a polar group such as -OH, -COOH, -NH;",
—PO4(CH2)2NH3+, etc. This amphiphilic nature of surfactants is responsible for their
association behavior in solution, forming surpramolecular arrays (micelles, bilayers,
vesicles, etc.) which depend on the surfactant concentration [45]: surfactants are present
as free molecules in solution at very low concentration. As the concentration increases,
after higher than the critical micelle concentration (cmc), the individual surfactant
molecules form small, spherical aggregates, called micelles. Continued increase in
concentration forms cylindrical micelles and then hexagonal arrays, cubic, and even
lamellar phase at very high concentration (Figure 1.3). Different surfactants with a
variety of sizes, shapes, and charges have been used as templates to synthesize silica
networks. Based on the head group chemistry and charges, surfactants mainly include
three types of molecules: anionic (negative charges in the hydrophilic head, such as
CuH2n+10S0s3, n=12, 14, 16, 18) [46], cationic (positive charges in the hydrophilic head,
such as alkylammonium salts, C,H2,:+1(C2Hs)sN, n=12, 14, 16, 18) [46], and nonionic
(the hydrophilic group is not charged, including primary amines [47] C,HzniNHa,
EO-PO-EO polymers [44], etc).

The development of porous silica networks has currently attracted a lot of interest,
since the studies related to using surfactants as templates were first reported in the early
1990’s by Mobil Oil [48] and Kuroda’s group [49, 50]. The number of research papers,
which focus on the mesostructured silica networks, has increased tremendously during
the last decade [44]. This class of periodic mesoporous silica networks are well-known
as the M41S phase, including three representatives such as MCM-41, MCM-48,
MCM-50 [6, 48, 51] (Figure 1.3).



Figure 1. 3. Structures of mesoporous M41S networks: a) hexagonal (MCM-41, space group p6mm),
b) cubic (MCM-48, space group Ia3d), and c) lamellar (MCM-50, space group p2) [51].

The methodology to synthesize mesoporous silica networks is to employ simple
organosilicate compounds, such as tetramethyl orthosilicate (TMOS) and tetraethyl
orthosilicate (TEOS), as the silica precursors. The formation of mesostructured silica
networks is carried out by using supramolecular aggregates of ionic surfactants as
templates. These ionic surfactants are self-assembled to form ordered mesostructured
composites during the condensation process, then followed by the removal of surfactants,
leading to the formation of mesostructured silica networks. These kinds of materials can
be controlled with regard to symmetry, pore size (pore diameters within the range of 2-10
nm), and exhibit amorphous pore wall with very large specific surface area. Figure 1.4

gives a schematic representation of this methodology [5].
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Figure 1. 4. Representative of the synthetic procedure of silica networks by using surfactants as
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Two main classes of surfactants are used as templates in the preparation of
mesoporous silica networks: ionic and nonionic [3, 44, 45, 51]. The cationic surfactants
are commonly used in this field. For example, C,H2,+;(CH;3);N'X cationic surfactants
were employed as templates to prepare hexagonal (space group p6m) [52], cubic (space
group la3d) [53], and lamellar (space group p2) mesoporous silica networks. The
nonionic surfactants containing polyoxyethylene chains, such as block copolymers
polyoxyethylene —polyoxypropylene -polyoxyethylene (referred to as EO-PO-EQO), have
also been used as templates in the preparation of mesoporous silica networks with both
hexagonal and cubic geometries as well [44].

Two different mechanisms are involved in the formation process of silica
networks: liquid-crystal templating (LCT) [54] and cooperative liquid-crystal templating
[55]. In LCT, a lyotropic liquid-crystal is formed by self-assembly before silica precursor
is added. At low concentration, the surfactant undergoes cooperative self-assembly with
the silica source, developing a liquid-crystal phase with hexagonal, cubic, or laminar

arrangement (Figure 1.5) [51].
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mechanism [51].

It is important to understand the interactions between templates and silica
precursors, and several mechanisms have been proposed in this regard. Huo et al [46, 56,
57] suggested four different routes that can explain the formation of ionic
surfactant-templated mesostructures during the preparation of surfactant-templated silica
networks. They are based on electrostatic interactions taking place at different pH values.
The overall procedure that takes place is as follows (Figure 1.6): a) (S'T) (in the basic
solution, silicate anions (I") combine with cationic surfactant (S")), b) (S'XT") (if pH is
acidic, protonated silicate (I") combines with cationic surfactants (S") after the addition
of inorganic ions X', such as CI', Br'); ¢) (ST') (in acidic condition, protonated silicate (I")
interacts with anionic surfactants (S7)), and d) (SM'T) (in a basic solution, the addition
of metal ions M", leads to the combination of silicate anions (I') with anionic surfactants
(SY)). In the case when the nonionic surfactants are used, the model of ¢) (S°1%) [47, 58]
or the ion pair ) (S°)(IX)° [59] (under acid conditions, inorganic ions X such as Cl" and
Br are needed), can be presented due to the formation of hydrogen bonds or dipolar

interaction between surfactant and silica species.
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Figure 1. 6. Schematic representation of the mechanisms proposed for the formation of mesoporous

silica networks using surfactants as templates [51].

1.2.2 Polymer-Templated Synthesis of Silica Networks

The synthesis of silica networks with controlled porosity can also be carried out
by using polymers as templates. The subsequent removal of polymer templates results in
the desired porosity in silica networks. Polymeric templates provide vast opportunities in

the pore size and pore structure tailoring of silica networks, leading to fibers, continuous
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films, rods, mesoporous-macroporous membranes, monoliths, spheres, etc [60].
Amphiphilic block copolymers are excellent templates in building the structure of silica
networks, as well as diblock or triblock coplymers [3]. The varied morphologies of
amphiphilic block copolymers gives different structures such as body-centered cubic
(BCC), hexagonally ordered cylinders (HEX), gyroid (Ia3d), hexagonally pinhole layers
(HPL), modulated lamellae (MLAM), lamellae (LAM), cylindrical micelles (CYL), and
spherical micelles (MIC)(Figure 1.7) [61].

Figure 1. 7. Main morphologies of amphiphilic block copolymers [61].

The remarkable contribution to polymer-templated silica networks has been made
by Stucky and co-workers [62], who synthesized highly ordered mesoporous silica
network using commercially available nonionic alkyl poly(ethylene oxide) (PEO) and
poly(alkylene oxide) block copolymers as templates. In the presence of

PEO,-PPO,-PEO, (poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide)),
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the cubic (such as SBA-11,16 [63]), 3D (such as SBA-12) or 2D hexagonal (such as
SBA-15 [60, 64]), and lamellar mesoporous silica structures can be prepared. Large EO
segments promote the formation of lamellar silica networks, while low EO segments
favor cubic silica structures. The subsequent studies related to triblock-copolymer
templating was followed by many other groups [63-65], and led to more mild reaction
conditions such as moderately acidic or acid-free condition. Other kinds of polymers

were also employed as templates in the synthesis of mesoporous silica networks [66-68].

1.2.3 Dendrimer-Templated Synthesis of Silica Networks

Dendrimers are  monodisperse, highly  branched, three-dimensional
macromolecules with a multivalent core, as well as terminal function units at the
periphery (Figure 1.8). After an iterative sequence of reactions, the successive generation
of dendrimers are obtained, presenting different sizes, shapes, and terminal units of the
branches which can be efficiently controlled [69-71]. Because of the well-defined
structure as well as a definite number of peripheral groups, dendrimers offer numerous
advantages for a variety of applications. For example, their internal cavities can be
loaded with guest molecules for drug delivery purposes [72-74]. Functionalization of the
periphery or the internal backbone with transition metals can result in highly efficient
and easily recoverable catalysts [75, 76]. Incorporated dendrimers within silica can allow
production of supported catalysts [77], chromatographic supports [78], or porous

membranes [79].
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Figure 1. 8. Representative dendrimer structure [80].

Due to the unique architecture of a dendrimer there are many possibilities for size
and shape control of the final organic-inorganic hybrid materials. The applications of
dendrimers are expanded now to the fields of sol-gel synthesis of network materials, such
as micro- and mesoporous silica networks [81-84] and nanomaterials [84-86].
Dendrimers are employed as organic templates to form hybrid nanomaterials with
specific properties. The removal of these dendrimer templates could lead to the formation
of nanoporous silica networks with specific nanoporous cavities, which are dependent on
the individual dendrimer’s specific architecture and the reaction conditions, with the pore
size range from few to hundred nanometers.

A variety of dendrimers has been employed as organic templates in the synthesis
of nanoporous materials [84, 87-93]. Among hybrid organic-inorganic materials,

dendrimer based xerogels have potential applications as catalysts, supports, and porous
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membranes [90]. Carbosilane dendrimers were first used to prepare hybrid
organic-inorganic networks by Michalcayk and co-workers [92]. They designed and
synthesized different types of dendrimer, which comprise a number of flexible radial
arms terminating in trialkoxysilane groups with an atomic, linear or cyclic core (the first
generation dendrimers, termed star molecule) (Figure 1.9). Low surface area network
materials (star gel) were formed by the hydrolysis and condensation of these terminated
groups of Si(OR)s, which can also co-network with tetraalkoxysilanes, in the same way
as tetraalkoxysilanes do in the conventional sol-gel process. The condensation procedure
can occur by inter- and intra-molecular process. The degree of condensation in these gels
was measured by solid-state *Si NMR. In here the “7™ notation for RSiO; centers
replaces the conventional “Q"™ notation for SiO4 tetrahedra. The terminal dendritic
silicons with one, two, and three Si-O-Si linkages are designated T 1, T’ , and 7’ [94]. The

results showed that more than 66% of silicon atoms were T°, with equal amount of "

and fully condensed T°.
. Si(OR) RO);Si
CENN it 3 (RO)s L\. | fSiOR)
Sl\j —S\|.(%gl
: \
(RO)3Si Si(OR)s
(RO)3Si Si(OR)3
A Ao SR
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(RO)3Si/\/SLO./SI,O Si7
Si(OR)s Si(OR)s

Figure 1. 9. Representative structures of star molecules, the first generation of silicon containing

dendrimers [92].

The inter-molecular and intra-molecular mechanisms for the condensation

reaction were also shown by Corriu and co-workers [89], who tried to use the second
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generation carbosilane dendrimer with trimethoxysilyl-terminated groups to make hybrid
xerogels, getting a higher surface area of up to 684 m’g™". Tilley and co-workers [90, 91]
reported the synthesis of second and third generation carbosilane dendrimer-based
xerogels (Figure 1.10). The relatively high surface area materials were prepared by the
acid-catalyzed hydrolysis of second and third generation dendrimers with alkoxysilyl
terminated groups in THF solution. The results show that the total surface area and pore
volume increase with generation number (surface area: 325 m’g” for X-G2 and 490
m°g” for X-G3, pore volume: 0.21 ccg” for X-G2 and 0.33 ccg™' for X-G3, respectively).
The degree of condensation from the data of *Si NMR for both gels was approximately
68%. Further investigations, which were carried out by changing the reaction conditions,
such as using nonpolar solvents or high drying temperatures, indicates that the
considerable collapse could be avoided, allowing the synthesis of remarkable high

surface area mesoporous, dendrimer-based materials (600-1300 ng'l).
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Figure 1. 10. Representative of carbosilane dendrimer (a) of G3’-(OEt) o3 and the TEM images of (b)
X-G2’ and of (c) X-G3°[90].

Caminade and Majoral [84, 87] studied the applications of phosphorus-containing
dendrimers in the field of materials science. A large amount of phosphorus dendrimers
with various types of end groups, cores, and different generations were studied for
constructing hybrid organic-inorganic materials. Different size of dendrons, bearing the
Si(OEt); at the core and occupying various types of end groups, were reacted with
Si(OEt)s through sol-gel process. Varieties of dendron-silica xerogels were obtained by
the hydrolysis and polycondensation. Some of them show mesoporosity with a narrow

pore size distribution. The removal of phosphorus dendrimers from the hybrid solid by
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heating gives a highly porous material, which could be expected to use as absorbents or
insulating materials.

The most common dendrimers which are used in the construction of
nanomaterials are amine dendrimers [83, 85, 86, 95-102], such as poly(propylene imine)
(PPI) and poly(amido amine) (PAMAM) dendrimers with amine-terminated groups
which could contribute to dendrimer aggregation by forming hydrogen bonds. A great
number of studies were carried out in the formation of these kinds of dendrimer-silica
materials. Wright’s group [85, 86] have studied the formation of silica-amine dendrimer
nanocomposites. The self-assembly of PP and PAMAM dendrimer templates contribute
to the size control of the silica networks (Figure 1.11). The primary amine moieties act as
the acid-base catalyst in which deprotonated residues (base) accept a proton from silicic
acid, forming a reactive silanolate group and protonated residues (acid). The positively
charged patches on the surface of the dendrimers interact electrostatically with silanolate
or growing negatively charged silica species leading to silica precipitation on the
dendrimer surface. The whole process is controlled through charge stablization of the
growing spheres in solution. With neutralized surface formed through interactions of
cations with the growing negative charges on silica surface, the electrostatic repulsion is
decreased, thus, permitting the particles to agglomerate and grow to significantly larger

size.
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Figure 1. 11. Chemical structures of G-5 PPI dendrimer (a) and G-5 PAMAM dendrimer (b) and
SEM micrographs of silica nanoparticles formed by (a) G4 PPI and (b) G4 PAMAM dendrimers
[85].

To obtain covalently cross-linked, three-dimensional nanodomained
dendrimer-based networks, Dvornic et al [83, 102] functionalized hydrophilic PAMAM
dendrimers with hydrophobic organosilicons (OS), such as alkoxysilanes, to form a new
family of radially layered copolymeric PAMAMOS dendrimers. The hydrolysis and
polycondensation of these PAMAMOS dendrimers formed three-dimensional, covalently
bonded, nanostructured networks containing well-defined shapes and sizes of
intermeshed hydrophilic and hydrophobic nanosopic domains of PAMAM dendrimers
and OS domains (Figure 1.12). The properties of these networks depend on different

parameters including compositions and structures of different type of organosilicon
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reagent, the generation number of PAMAM dendrimers, and processing procedures.
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Figure 1. 12. Alkoxysilyl functionalized PAMAM dendrimers and the mechanism of hydrolysis and

condensation reactions [102].

The conventional removal of dendrimer templates by calcination, a process
leading to decomposition of dendrimer structures at high temperature, leaves cavities in
amorphous silica networks to produce nanoporous materials [81, 82, 84]. For example,
Larsen et al [81] used the G-4 PAMAM amine dendrimers as templates to synthesize
amorphous silica gels from tetracthyl orthosilicate (TEOS) via the sol-gel method. The
removal of dendrimers by calcination produced cavities in silica networks, which were
characterized by X-ray diffraction and nitrogen adsorption method. Pakkanen et a/ [100]
prepared amorphous silica material through neutral templating route by using
amine-terminated templates based on hydrogen-bonding interactions between neutral
amines and neutral inorganic precursors. TEOS was added slowly into the solution of
three kinds of template dendrimer core molecules: tris(2-aminoethyl)amine (1), low
molecular weight polyamidoamine-type dendrimer (2), and low molecular weight
dendrimer derived from pentaerythritol (3) (Figure 1.13) to prepare silica materials. The
templates were removed by calcination at different temperatures. These silica networks
were characterized by nitrogen absorption, X-ray diffraction, and TGA measurement.

Figure 1.14 shows the synthetic procedure for silica networks using dendrimers as
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templates.
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1.3 Characterization

Silica hybrid networks are characterized using a combination of techniques
including solid-state *°Si & BC NMR and FT-IR spectroscopes, as well as nitrogen
absorption-desorption, TEM, and X-ray diffraction, etc [103]. These techniques provide
information related to silica network morphological features. A brief introduction to these

measurement techniques is provided below.

1.3.1 Solid-State ’Si & *C {IH} Nuclear Magnetic Resonance (NMR)

Silica materials have been intensively studied using solid-state *Si NMR [104,
105]. The type of Si-O-Si links in sol-gel materials can be easily determined by this
technique. A tetrahedrally bonded silica network will be formed if four silicon alkoxide
react completely after hydrolysis, otherwise, either incomplete hydrolysis or
polycondensation resulting in not-fully-formed-silica network. The latter can be observed
in the isotropic chemical shifts of high-resolution solid-state *’Si spectra. The various
type of silicate structures have been characterized using the symbols of “Q”
(Q=Si(011)4), “T”(T= Si(Oy2)3R), and “D” (D= Si(0;.2)2R2) [106]. For silica networks
containing oxygen and organic groups “R”, “Q” represents quaternary oxygen, “T”
represents three oxygens and one organic group “R”, “D” represents two oxygens and
two organic groups “R” (Figure 1.15). The corresponding isotropic chemical shifts range
for ?Si NMR resonances of various silicate structures were compiled by Glaser et al

[106], and a list is presented in (Table 1.1).
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Figure 1. 15. Possible silicate structures in the silica-based networks: R, alkyl group or H; X,
quaternary Si. Modified from reference [106].

Table 1. 1. ?Si chemical shift (-5, ppm) for silicate structures synthesized from the sol-gel process

[106].

Q4 Q3 Q2 Ql QO T3 T2 D2 Dl

107-110 90-100 83-88  78-83  66-74  65-66  55-56 19 12
109.3 99.8 90.6 75-85  55-66 56 19-23 8-9
99-10 99 &9 62-64  53-57 16-18
106-110 98-101 &9 61-64  55-56 13-18

105-108 98-100

Solid-state °C {'H} NMR spectroscopy is also a valuable technique to study the
organic moieties in silica networks. The chemical shifts, which depend on the specific
organic molecules, can be used to confirm their presence and the types of carbon

structures present in silica-based networks [105].
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1.3.2. FT-IR Spectroscopy (FT-IR)

Fourier Transform Infrared Spectroscopy (FT-IR) is a powerful tool to identify
different types of chemical bonds in an organic or inorganic molecule. Infrared radiation
in the range of 666-4000 cm™ is absorbed by organic or inorganic 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 [107]. For silica-based networks, FT-IR spectra should contain
the band corresponding to Si-O-Si stretching (broad strong peak at around 1088 cm™)
and Si-OH (medium peak at around 3400 cm™). The peaks corresponding to Si-C
(stretching at around 800 cm™', asymmetric at around 1410 cm™, and symmetric at
around 1260 cm™) should be observed if the organic residues are still present in

silica-based networks.

1.3.3 Transmission Electron Microscopy (TEM)

TEM is a powerful tool to obtain essential information about typical mesoparticle
size and shape, porosity and morphological features of silica-based networks [103]. 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. A stream of monochromatic electrons from
a source (electron gun) is focused on to a small, thin, coherent beam by electromagnetic
condenser lens. The beam, which strikes and passes through the sample, is focused by the
objective lens into an image on a fluorescent screen, or an image converter plate. In TEM,
the electrons that travel through the specimen are channeled and focused through a series
of different lenses, among which the objective lens and the intermediate lens are the most
important. Variations in the current passing through the objective lens can produce

changes in the focal length, which brings the final magnified image into focus [108].
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1.3.4. Surface Area Measurement

Methods such as Langmuir [109] and BET [110] methods are used to calculate
the surface area of solid materials. These are based on the isothermal adsorption of gas,
such as nitrogen. The BET method, which was introduced by Brunauer, Emmett, and
Teller (BET), has been established for many years. It is an extension of the Langmuir
theory, which relates to monolayer molecular adsorption to multilayer adsorption. This
multilayer adsorption method could be used to measure the total surface area of silica
materials.

The linear BET equation is given by:

pP__ 1 Cc-LP
v(B,-P) V,C V,C P

(1)

Where: V,, = Volume of the monolayer
V = Volume adsorbed
P = Sample pressure

Py, = Saturation vapor pressure

The BET surface area is then calculated using the following equation:
SA=V xNxA, (2)
Where: S4 = Surface area of the sample
Vw = Volume of adsorbed monolayer
N = Avogadro’s number

A,, = Cross-sectional area of the adsorbate molecule

If nitrogen is used, the default value of 4, is 16.2 A, and the equation (2) is

simplified to:

2
SA=4.35xV, (M—] 3)
g
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1.3.5 X-ray Powder Diffraction (XRPD)

X-ray diffraction is one of the most important characterization tools used in
solid-state chemistry and materials science. X-rays, which are electromagnetic radiation
of wavelength about 1 A, are used to probe crystalline structures at the atomic level.
They primarily interact with electrons in atoms. Some photons from the incident beam
will be deflected away from the direction where they originally travel. Diffracted waves
from different atoms can interfere with each other and the resultant intensity distribution
is strongly modulated by this interaction. If the atoms are arranged in a periodic fashion,
as in crystals, the diffracted waves will consist of sharp interference peaks with the same
symmetry as in the distribution of atoms (Figure 1.16). These peaks in an X-ray
diffraction pattern are directly related to the atomic distances (d), which can be
determined by Bragg’s equation:

nA =2dsinf 4)
Where: /1 = the wavelength of the X-ray
6 = the scattering angle

n = an integer representing the order of the diffraction peak

Figure 1. 16. Reflection of X-rays from two planes of atoms in a solid.
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X-ray diffraction has been in use in two main areas, for characterization of
crystalline materials and the determination of their structure. Each crystalline solid has
its unique characteristic X-ray powder pattern, which may be used as a "fingerprint" for
its identification. Once the material has been identified, X-ray crystallography may be
used to determine its structure. The Powder XRD (XRPD) is the most widely used X-ray
diffraction technique for characterizing materials. The term “powder” means that the
crystalline domains are randomly oriented in the sample. Therefore when the 2D
diffraction pattern is recorded, it shows concentric rings of scattering peaks
corresponding to the various d spaces in the crystal lattice. The positions and the
intensities of the peaks are used for identifying the underlying structure (or phase) of the

materials [111].
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Chapter 2: Templating Silica Network
Construction Using 3,5-Dihydroxybenzyl
alcohol Based Dendrimers: Influence of
Dendrimer Aggregation on Evolving

Network Structure
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Alex Adam Czerniewski, Olivier Rolland and Mickael Four were undergraduate
students in the group, and each had done a limited study of networks as a part of their
undergraduate research. I made the major contribution to this study by carrying out a
detailed synthesis of dendrimers and their corresponding dendrimer templated silica
networks, using two different types of silane reagents, characterization using a variety of
complimentary techniques, and then examined their potential in small molecule

encapsulation.
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2.1 Introduction

Highly cross-linked network materials with a desired porous internal environment
continue to arouse intense scientific interest for a variety of applications including
molecular encapsulation, selective catalysis, drug delivery etc [1-2]. Such systems that
can provide complementarity in terms of size and shape between the network host and
incoming guest will lead to pathways for predicting and controlling their release profile
[1,3,4]. Numerous methods to achieve this goal have been used in the past that have
employed surfactants, polymers, colloidal particles etc as templates for creating pores
with controlled structural features [5,6]. Dendritic macromolecules that are monodisperse
in nature possess properties that are ideally suited for constructing such networks.
Dendrimers are composed of a multivalent core where branched, wedge-like structures
called dendrons emerge radially towards the periphery, and their size, shape and terminal
units of the branches can be efficiently controlled [7-9]. The resulting flexibility in
tailoring dendrimer architecture provides advantages in using them as core units to
prepare desired materials. Several attempts to create such networks using dendrimers as
templates have recently been reported, and have provided great impetus in constructing
smart hybrid materials using dendritic macromolecules [10-18]. The synthesis of these
networks is carried out by hydrolysis and condensation of the dendrimer-periphery
grafted silicon-alkoxy groups, and the subsequent removal of the templates by
calcification. The morphology of the resulting networks is thought to be directed by the
individual spherical dendrimers, and much of the emphasis in this regard has been placed
in controlling the internal structure by employing the appropriate dendrimer generation.
An important factor that is generally overlooked is the role of dendritic intermolecular
interactions prior to network synthesis, on the build-up of network structure and the
surface morphology of the resulting hybrid materials. The strength of such interactions,
as expected, is dictated by the nature of the peripheral dendritic groups. Dendrimers with
peripheral groups that can participate in hydrogen bonding will be more prone to
aggregation in solution, and thus strongly influence the formation of hybrid materials.
Since, in general, synthesis of the networks is carried out at concentrations well above

those required for the inter-dendrimer interactions, we were intrigued by the influence of
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the supramolecular chemistry of dendrimers prior to silica network construction, on the
overall structure of the resulting networks. We report herein a simple methodology to
prepare silica based networks using 3,5-dihydroxybenzylalcohol (DHBA) based
dendrimers as templates, and demonstrate the role of dendrimer aggregation and the type
of silane reagent employed in the reaction, on the evolution of the network structure.
DHBA and its corresponding dendrimers contain peripheral hydroxyl groups that
increase exponentially upon an increase in generation number, and are known to promote
aggregation via intermolecular hydrogen bonds [19-21]. Dendrimer generation and its
ability to aggregate can thus significantly influence the morphology of the resultant
networks. In addition, the choice of the silane reagent (Si(NMey)s or CISi(NEt)3)
employed for the process also plays an important role in the evolution of the network.
The reaction sequence of the silane reagent in a mild sol-gel methodology [22-23], leads
to highly cross-linked networks from which dendrimer templates are removed upon
further treatment with HCI or in situ. The residual Si-OH groups, upon removal of the
templates, are directed inwards, making these networks, intriguingly, water repellent on
their surface with a hydrophilic interior. These features may provide flexibility in

adapting to the specific encapsulation needs of different target molecules [8,24-31].

2.2 Results and Discussion

DHBA based dendrimers of generations 1-5 (Figure 2.1) were prepared from
commercially available DHBA using a divergent synthetic methodology, and details of
the synthesis and characterization of these dendrimers have been reported earlier
[19-21,32-33]. The dendritic growth is carried out by a repetitive and controlled coupling
reaction of Me,Si(NMe,), with DHBA'’s terminal OH groups, leading to the formation of
Si-O links, with gaseous methylamine as the only by-product. The size of these
dendrimers is dependent on their generation number with diameters ranging from 16A to
75A, and in general, these dendrimers assume a more globular shape as the generation
number increases [21]. Dendrimers of generations 1-3 form aggregates above a critical
aggregation concentration (cac) of 3.7 mg/mL while generation 4 and 5 dendrimers

aggregate even at much lower concentrations [19-21].
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Figure 2. 1. Schematic representation of generations of 0-5 (G0-G5) 3,5-dihydroxybenzyl alcohol
(DHBA) based dendrimers.

The synthesis of dendrimer-templated networks was achieved using a sol-gel
poly-condensation process that utilizes milder aminosilane reagents (Scheme 2.1)
compared with chloro-silanes (SiCly) that are commonly used in the construction of silica
[22-23]. It involves, in the first step, simple acid-base hydrolytic chemistry of
aminosilanes with the terminal hydroxyl groups of the dendrimers. This is followed by

the hydrolysis of the remaining Si-NR, groups into Si-OH groups, subsequent
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condensation of which results in a Si-O-Si network formation. The condensation process
is facilitated by the base, HNR,, formed as a by-product, in the first step. Aminosilane
reagents that were employed in this study included tetrakis(dimethylamino)silane
(Si(NMe3)s) and chlorotris(diethylamino)silane  (CISi(NEt;);).  Si(NMey)s s
commercially available, and CISi(NEt,); was prepared in situ from tetrachlorosilane and

diethylamine. The extent of silica network formation was controlled by the amount of

aminosilane reagent used in the reaction.

)

vi} v)ﬂ( o

Scheme 2. 1. Construction of dendrimer templated networks: (i) aggregation of dendrimers in
solution; (ii) formation of silica networks around aggregated dendrimers; (iii) condensation of silica
networks; (iv) leaching of internal aggregated dendrimers; (v) removal of dendrimer templates by

HCI treatment; (vi) in situ removal of dendrimer templates.

In general, for every hydroxyl group present in the template, 1 equivalent of
aminosilane reagent was employed. For example, generation 1 dendrimer (G1) has six
hydroxyl groups available and hence 6 equivalents of the silane reagent were used for the
reaction. The concentrations of dendrimer solutions were those at which they form
aggregates since highly dilute solutions at which these dendrimers exist as individual
molecules, are not prone to polycondensation for network formation. The preparation of

dendrimers-templated networks using Si(NMe;)s was slow, whereas, the high reactivity
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of CISi(NEt,); enables network formation in 48-72 h. As expected, these networks were

generally insoluble in common laboratory solvents.

2.2.1 Dendrimer Templated Networks Prepared Using Si(NMe,),

Solid-State *C{'"H} NMR spectroscopy is a useful technique to confirm the
presence of dendrimer templates in the networks [27]. For example, for DHBA-based
networks prepared with Si(NMe,)s, the solid state *C{'H}-NMR spectra typically
showed peaks around 25 ppm (for SiMe,), 65 ppm for CsH3-CH,0Si, and five peaks in
the region between 100 and 158 ppm for C¢H3 corresponding to the DHBA backbone. It
is known that alkoxysilane bonds (Si-OR) can be hydrolyzed under acidic conditions.
Thus, the dendrimer moieties in the networks prepared using Si(NMe;)s were removed
by placing them in dilute (1%) HCI solutions. The removal of the dendritic fractions in
these types of networks was confirmed by the complete disappearance of the above
mentioned peaks in their solid-state *C {'H}spectra.

Solid-state *’Si-NMR  spectroscopy is an extremely valuable technique to
characterize silica-based networks [34]. Such cross-linked structures typically exhibit a
number of different silicon environments (labeled Q° to Q%) which give rise to
characteristic peaks in their *’Si spectra (8, ppm) [34]: Q° = -66 to -74; Q' = -78 to -83;
Q* =-83 to -88; Q° =-90 to -100; Q* = -107 to -110. Solid-state *’Si-NMR spectra for all
the networks typically showed Q- and Q*-type peaks. For example, DHBA (GO)
templated network showed two peaks at -100.7 and 110.5 ppm in its solid-state *’Si
spectrum. In addition, DHBA-based networks synthesized using Si(NMe,)s; reagent
showed characteristic peaks between 0 and -30 ppm corresponding to the linkage unit
between the dendritic backbone (C;Hs-OSiMe,O-C;Hs or C7Hs-OSiMe,O-CgH3) [19].
The fact that Q*- and Q*-type peaks appeared consistently in these networks shows that
the networks are composed of dendritic moieties linked to each other by highly
cross-linked siloxane bonds [1, 35]. A large number of the bonds in these networks are
Si-O-Si bonds instead of Si-O-R bonds (where R = dendrimer’s alkyl group). This is the

reason that the networks do not collapse upon removal of the templates.
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Surface area measurements in these networks were made based on N, gas
adsorption and desorption by the Brunuauer-Emmett-Teller (BET) method [36-38]. The
surface areas for the networks prepared using Si(NMe,)4 before and after the removal of
dendrimer templates are shown in Table 2.1. The surface area of GO-templated network
before treatment with HCI to remove the template is very low, and is in fact comparable
to the surface area of the network prepared using auto-condensation of Si(NMe,)s. In
contrast, surface areas of the G1-3 templated networks before treatment with HCI are
quite high. These results are consistent with the reaction sequence shown in Scheme 2.1
that shows that the network formation takes place around the dendrimer aggregate
templates in generations 1-3. Since DHBA does not form any aggregates, its
condensation takes place around a very small DHBA molecule, and hence much lower
surface area. The networks obtained using G1-3 remain attached to the outer layer of the
aggregates while the inner dendrimer molecules leach out upon dilution/washing. As
shown in Table 2.1 for G1-3 dendrimer templated networks, in general and as expected,
there is an increase in the surface area upon removal of the dendrimer templates by

treatment with HCI.

Table 2. 1. BET Surface area measurements for networks prepared using Si(NMe,), before and after

removal of dendrimer templates.

Dendrimer templated  Surface area, before HCI1 Surface area, after HCI
network treatment (m>.g") treatment (m>.g™)

DHBA-GO 9+6 18+ 10
DHBA-G1 497 + 26 554 +29
DHBA-G2 506 + 37 791 + 31
DHBA-G3 421 +13 705 + 39
DHBA-G4 48 £5 119 +21
DHBA-G5 59+ 16 41+9

Autocondensation of 13+10 NA
Si(NMe,)s

42



For G4-5 templated networks, the surface areas are much lower as compared with
G1-3 templated networks (Table 2.1). It is known that dendrimers of generations 4 and 5
aggregate to much higher extent and at lower concentrations than generations 1-3
[19-21]. Generations 4 and 5 produce aggregates that are much more globular in shape
and much larger in size than those from generations 1-3 dendrimers. Formation of
networks takes place around these aggregates through the peripheral OH groups,
however, inter-aggregate linking through silica may not be as effective for much larger
globular entities as in the case of generations 1-3. This will lead to lower surface area in
the resulting networks. In addition, it is also possible that in some of the inter-linked
dendrimer-templated networks, aggregated dendrimers get trapped inside, and are not
effectively removed upon dilution and even upon treatment with HCI. Since these
networks contain higher carbon content, aqueous HCI is not able to penetrate through
these networks to cleave the dendrimer-network bond. This was supported by the
presence of residual (in some cases, up to 50%) dendritic peaks in the *C{'H} NMR of

the networks.

2.2.2 TEM Analyses of Templated Networks Prepared Using Si(NMe,),

Transmission Electron Microscopy (TEM) has been shown to be a useful
technique to visualize micelles, aggregates, and supramolecular entities such as
dendrimers [39-41], and we have used it to study morphologies of the dendrimer
templated networks described above. The networks were embedded in a polymer matrix
using four successive twelve-hour dissolutions in the following ratios of acetone over
EPON: 1:1, 1:2, 1:3 and pure EPON. They were then heated at 58 °C for 48 hours, and
cut and framed into copper grids prior to their examination under a range of
magnifications. One of the important points that is highlighted from the TEM study, is
the difference in morphology of networks synthesized using autocondensation of
Si(NMe,)s and DHBA (GO) templation, with those using dendrimer generations 1-5 as
templates. The autocondensation and DHBA (GO) templated networks, in general,

showed separated globular structures with an average size of 96 and 140 nm respectively
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(Figures 2.2a & b). For dendrimer generation 1-5 based networks (Figure 2.2¢ & d),
larger interconnected structures were formed as highly condensed material. These
morphologies of the networks constructed using generations 0-5 dendrimers were
retained upon treatment with HCI to remove the templates.

The difference in morphologies of autocondensation and DHBA based networks
compared with generation 1-5 templation can be explained considering the evolution of
network structure as shown in Scheme 2.1. The formation of silica network occurs
around a nucleation site, and the condensation process is expected to be dependent on the
shape and size of the latter. This, in turn, influences the morphology of the resulting
networks, as well as their pore sizes. In autocondensation and DHBA (GO0) templated
networks, small water or DHBA molecules act as nucleation sites. Due to their small size
and the fact that they are flat molecules with a fewer number of hydroxyl groups, the
networks can grow only to a limited extent, and the interconnection between two or more
growing nucleation sites is less possible. In contrast, generations 1-5 have larger number
of hydroxyl groups at the periphery, and form aggregates with an exponential increase in
the number of hydroxyl groups on the outside [19-21]. This creates a core with many
sites of silica network nucleation around these globular aggregates that allows them to
support the growth of larger networks, and offers more opportunities in forming
interconnected structures.

The pore sizes in G1-5 templated networks prepared using Si(NMe,)s were found
to be, on an average, 155, 170, 189, 231, and 255 nm respectively. These values are in
agreement with the dendrimer aggregate sizes of G1-5 [19-20]. It has been demonstrated
that the larger the dendrimer generation, the larger is the average aggregate. As explained
above, since larger aggregates are bigger templates, they would allow a larger core of
nucleation sites that can support a larger network with larger pore sizes. The pore sizes of
G1-3 templated networks show an increasing pattern, but are close to each other as
expected from the corresponding aggregate sizes of the dendrimers, and G4-5 templated
networks have larger pore sizes than those of G1-3. These results are in agreement with
the BET data presented in Table 2.1, in which bigger hollow spheres in the same volume
would give lower surface area than having many smaller spheres in a similar

environment.
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Figure 2. 2. Transmission electron microscopy images of the networks prepared using (a)
autocondensation; (b) DHBA (GO0); (¢) dendrimer generation 3 (G3); (d) dendrimer generation 4
(G4).

2.2.3 Dendrimer Templated Networks Prepared Using CISi(NEt,);

We were intrigued upon examination of the solid state "*C{'"H} NMR spectra of
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the networks prepared using CISi(NEt,); which showed no peaks corresponding to
DHBA or the dendrimers in their spectra. The FT-IR spectra also depicted the absence of
DHBA or dendrimers in the networks. The reaction between the dendrimer OH groups
and CISi(NEt,); produces HCI as well as NEt;H as by-products. Most of the acid is
removed as the salt NEt;H.HCI. However, any residual small amount can act as a catalyst
to hydrolyze the alkoxysilane bonds which link the dendrimer templates with the rest of
the network. As a result, the dendrimer templates are cleaved in situ from the network.
The solid-state “C{'H} NMR spectra for the networks prepared using
CISi(NEt,); displayed only two peaks at 6 13.07 and 43.27 ppm (Figure 2.3a), which can
be assigned to ethyl groups on diethylamine substituents in the salt NEt,HHCI. The latter
was also confirmed by FT-IR spectra where bands corresponding to the ethylamine group:
N-C-H (2821 cm™), CH;3 (1456 cm™), CH; (1339 cm™) and the diethylamonium chloride
salt (NEt,HHCI): Ro;NH,™ (2969 cm™ region) and RoNH,™ Cl salt (1598 cm™) were

observed.
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Figure 2. 3. Solid-state *C{'"H} NMR spectra of a G0 templated network before (a) and after salt
removal (b). The peaks at 6 13.1 and 43.3 ppm correspond to N(CH,CH3;),H'HCI, and the small peak

at 0 ppm is due to grease.
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These results show that the diethylamonium salt, which is formed as a by-product
in the reaction of dendrimer-OH with CISi(NEt,)s;, remains trapped in the network even
after repeated washings with THF. These results suggest that dendrimer templated
networks retain diethylamonium chloride salt inside their cavities after the
polycondensation process. THF, that is used as a solvent for these reactions, is not able to
penetrate these network materials and access the cavities. In order to remove the trapped
diethylamonium chloride salt, we soaked our network materials templated by generations
0-3 dendrimers in water for 15 minutes, and then rinsed with diethyl ether. The analysis
of the resulting network by *C{'H} NMR and FT-IR showed that the diethylamonium
chloride salt had been removed. The peaks in the *C{'H} NMR spectrum due to —NEt,
had disappeared (Figure 2.3b) and the FT-IR spectra now contained only the bands
corresponding to Si-O-Si stretching (broad strong peak at 1088 c¢cm™) and Si-OH
(medium peak at 3399 cm™). It was noticed that the intensity of bands corresponding to
Si-O-Si stretching became much stronger upon removal of the salt. The presence of salt
in the networks was also confirmed by weight measurement. After soaking the networks
in water, and then washing with diethyl ether and drying, the weight of the sample
decreased, and was found to be, in general, equal to one third of the initial weight.

The surface areas of these networks were measured before and after NEt,HHCI
removal (Table 2.2) and as expected, an increase in surface area was observed upon salt
removal. For example, the surface area increased from an average 40 m>.g™' prior to salt
removal, to an average 500 m>.g" after its removal. The latter is consistent with the

surface area typically found [12,38] in other inorganic-organic hybrid materials.
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Table 2. 2. BET Surface area measurements for Networks prepared using CISi(NEt,); before and

after salt removal.

Dendrimer templated Surface area, before salt Surface area, after salt
network removal (m’.g™) removal (m”.g™)

DHBA-GO 42+ 14 130 +53
DHBA-G1 52+ 14 579 + 58
DHBA-G2 44 £ 29 541 £ 54
DHBA-G3 48 £ 17 509 + 51
DHBA-G4 49 +17 226 + 67
DHBA-GS5 44 £ 17 388 £ 40

Autocondensation of 62 £20 108 + 38
CISi(NEty)3

The surface areas for networks templated with generations 4 and 5 dendrimers
were found to be lower upon salt removal as compared to those of generations 1-3
templated networks. This is due to the fact that a relatively large molar equivalence of
CISi(NEty); was used to synthesize these networks in comparison with the other
networks. In these networks large quantities of salt are generated, and rinsing with water
does not remove the salt entirely. In fact, solid-state *C{'H}-NMR spectra for rinsed
G4- and G5-based networks still showed peaks pertaining to residual diethylamine salt
though they were considerably much weaker compared to the non-rinsed versions.
The auto-condensation of CISi(NEt,); to generate a silica network without the use of a
template was also carried out for comparison purposes. Its surface area demonstrates the
influence which various templates have on the networks as the dendrimer templated
networks showed surface areas much larger than the networks prepared from

polycondensation of CISi(NEt,); alone.

2.2.4 TEM Analyses of the Networks Prepared Using CISi(NEt,);

TEM analyses of the networks obtained using CISi(NEt;); showed very similar
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results to those obtained above with Si(NMe,)s. The difference in morphology of
networks synthesized using autocondensation and DHBA (GO) with those using
dendrimer generations 1-5 was again apparent. The autocondensation and DHBA (GO0)
templated networks, in general, formed globular structures with an average size of 160
and 200 nm respectively. For generation 1-5 based networks, larger interconnected
structures were formed as condensed materials and, in some cases, collapsed networks
due to sample preparation, as shown in Figure 2.4 for generation 3 templated networks.
Once again, TEM analyses of the dendrimer-templated networks indicated morphologies
that were consistent with the proposed condensation methodology shown in Scheme 2.1
in which the construction of the networks takes place around dendrimer aggregates. This
phenomenon is also indicative in the synthesis of network structures using other dendritic

macromolecules [42].

Figure 2. 4. Transmission electron microscopy images of the networks prepared from CISi(NEt,); and

G3 dendrimer.

The pore sizes in dendrimer generations 1-5 templated networks prepared using
CISi(NEt,); were found to be, on average, 140, 152, 177, 205, and 225 nm. The latter are,

once again, in agreement with aggregate sizes of dendrimer generations 1-5 [19-20]. The
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pore sizes of these networks are slightly lower than those obtained using Si(NMe,)4. This
is expected since, as the dendrimer templates are cleaved in situ from the network, the
formation of the network could be less uniform, and the templates provide minimal
support to a large and dense network construction. In other words, the cleavage of the
template while the network is being formed changes the way the network is synthesized

around the dendrimer aggregate.

2.2.5 Physical Behavior of the Networks and Encapsulation of Disperse
Red 1 (DR1) Dye

We were intrigued to observe that the dendrimer-templated silica networks were
water repellent, and upon addition to water had a tendency to float on its surface while
sinking in a hydrophobic solvent such as THF. It suggests that the surface of these
networks is of a hydrophobic nature whereas the interior is hydrophilic. This might also
explain as to why THF was unable to penetrate into the networks synthesized using
CISi(NEt;); and remove NEt,H.HCI salt.

Disperse red 1 that shows interesting photophysical properties [43,44] with a
UV-Vis absorption (Amax) at 485 nm and a red color, is an ideal candidate for exploring
molecular encapsulation into the dendrimers templated silica networks described above.
Its entrapment into the internal cavities of DHBA-based dendrimers has been examined
earlier, in which the dendrimers were placed in a solution of DRI in THF and an
equilibration process led to its inclusion into the dendrimers [19-21]. However, since the
silica-based networks are insoluble and display a hydrophobic surface with a hydrophilic
interior, a similar process of soaking the networks in solutions of DR1 in THF did not
lead to any significant inclusion. We thus developed a new methodology to entrap DR1
into the networks. In a typical experiment, dendrimer templated porous silica was placed
in a THF solution of DR1, sonicated for a period of 2h, and the immersed network was
then left to stand overnight. The network was filtered, and washed copiously with THF to
remove any physisorbed DR1. The network had turned slightly red in color. It was

subsequently suspended in light mineral oil, and a thin film of this paste was sandwiched
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between two quartz slides. The UV-Vis absorption spectra of the latter showed a peak
(Amax) at 482 nm, as shown in Figure 2.5, that corresponded well with the UV-Vis
absorption behavior for DR1 (An.x at 485 nm). These results clearly suggested that DR1

has been successfully entrapped into the network.
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Figure 2. 5. UV-Vis absorption spectrum of the DR1 encapsulated G3 templated network.

2.3 Conclusions

Using a simple sol-gel condensation methodology and easily accessible reagents,
we have demonstrated that 3,5-dihydroxybenzyl alcohol (DHBA) based dendrimers of
generations 0 to 5 can be used as templates to prepare a variety of interconnected organic
— inorganic hybrid networks from which organic moieties are removed in situ or upon
acid hydrolysis. The former reaction relates to a one-pot synthesis using
chlorotris(diethylamino)silane as a coupling reagent that produces hydrochloric acid as a
by-product, which helps remove the dendritic moieties from the networks. These network
materials retain the diethylamoniumchloride salt (a by-product formed during the

reaction) trapped inside the networks, the removal of which leads to significant
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enhancement of surface areas. There are specific advantages in the selection of the silane
reagent employed in the construction of networks with the chlorotris(diethylamino)silane
reagent providing a one-pot synthesis, while the tetrakis(dimethylamino)silane yields
networks with much higher surface areas. Using transmission electron microscopy, a
common globular morphology that becomes denser and more interconnected for higher
generations, was observed for materials prepared using generations 1 to 5 dendrimers as
templates. A detailed analysis of these networks by a combination of techniques clearly
suggests that aggregation, a commonly observed phenomenon that occurs at a relatively
low concentration for these types of dendrimers, plays a crucial role in the
polycondensation process that leads to network formation around the aggregates and
subsequently determines their pore sizes. Dendrimers of generations 1-3 provide a
slightly better control on the evolving structure of the networks due to the smaller size of
dendritic aggregates compared to those for generations 4-5. Intriguingly, the surface of
these network materials was found to be hydrophobic with a hydrophilic interior. This
property can be taken advantage of in applications related to molecular drug
solubilization, controlled release etc., and we are currently exploring the potential of this
phenomenon in more detail. It is demonstrated here that in these networks, molecules

such as disperse red 1 can be effectively encapsulated using sonication.

2.4 Experimental Section

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 dry solvents were stored under nitrogen and used after
distillation over sodium. Chemicals were purchased from the following and used as
received: 3,5-dihydroxybenzyl alcohol (Aldrich), tetrakis(dimethylamino)silane (Gelest),
and silicon tetrachloride (Gelest). "H NMR spectra were measured on a 270 MHz JEOL
spectrometer at ambient temperature. Solution NMR samples were prepared in
deuterated solvents (Cambridge Isotope Laboratories, Inc). Solid-state *°Si and *C{'H}
NMR spectra were recorded on a Chemagnetic CMX 300 MHz spectrometer with

high-power decoupling. Infrared spectra were measured on a Bruker IFS-48 Fourier
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transform infrared spectrometer using a standard resolution of 4 cm™ for transmission.
Transmission electron microscopy (TEM) investigations were carried out on a JEOL
2000FX microscope operating at an acceleration voltage of 80 kV. Samples analyzed by
TEM were prepared after four successive dissolutions of 12h each in acetone / EPON 1:1,

1:2, 1:3, and pure EPON. Then, they were heated at 58°C for 48 hours.
2.4.1 Materials

DHBA based dendrimers were prepared using a procedure described in references

19-21. Chlorotris(diethylamino)silane was prepared as described in reference 45.
2.4.2 Synthesis of Networks Using Si(NMe,),

A typical procedure for the synthesis of these networks is described below for

GO0-dendrimer templated network.

2.4.2.1 GO Templated Network Using Si(NMe2)4

One equivalent of DHBA (100 mg, 0.714 mmol) was dissolved in 4 ml of dry
THEF. 3 equivalents (0.5 mL, 2.142 mmol) of Si(NMe;)s were added dropwise to the
solution. The mixture was stirred at room temperature overnight under nitrogen. It was
then brought in contact with air and 2 mL of distilled water were added. The mixture was
heated for 10 days at 50 °C. The solution was filtered and a solid material was obtained.
Solid-state *C{'"H}-NMR: & (ppm) 66.27 (C¢H3-CH,0Si), 103.2, 109.3 (CH from C¢H3),
142.9 (C-CH,0Si from CgHs3), 157.1 (C —OSi from CsHs). Solid-state *’Si-NMR: & (ppm)
~110.0, (CsH3.CH,-OSiO-CH,. CsHs) -100.7 (CsH3-0SiO-CH,-CgHs). FT-IR: v (cm™)
666 (Si-O-Si bending), 789 (meta-disubstitution), 959, 1082, 1217 (Si-O stretching),
1628 (C=C), 2815, 2972 (C-H), 3427 (OH) 3745 (Si-OH stretching).

2.4.2.2 G1 Templated Network Using Si(NMe,),

The protocol used to prepare this network was identical to that of the reaction of

DHBA (GO-templated) with Si(NMe,)s. Solid-state *’Si NMR: & (ppm) —17.3
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(C7Hs-0OSiMe,0-C7Hs, C;Hs-0SiMe,0-CgHs), -100.2 (Si Q%), -110.1 (Si Q*). Solid-state
BC{'H} NMR: & (ppm) 29.2, 31.4 (C;Hs-0SiMe,0-C;Hs and C;Hs-OSiMe,O-C¢Hs),
67.5 (C¢H3-CH,0Si), 102.9, 109.2 (CH from CgH3), 139, 143.3 (C-CH,0Si from Cg¢H3),
156.8 (C —OSi from C¢Hs). FT-IR: v (cm™) 690, 739, 807, 851 (meta-disubstitution; C-H
out-of-plane bending), 960, 1095, 1265 (Si-O stretching), 1352, 1402 (alkane C-H
bending), 1615, 1467 (aromatic C=C stretching), 2968 (alkane C-H stretching), 3407
[broad] (OH and/or aromatic CH stretching).

2.4.2.3 G2 Templated Network Using Si(NMe,),

Solid-state *C{'H}-NMR: & (ppm) 28.3, 25.1 (C;Hs-OSiMe,0-C;Hs and
C7H5-0SiMe,0-CeH3), 68 (C¢Hs-CH,0Si), 103, 109 (CH from CeHs), 143 (C-CH,0Si
from CeH;), 157 (C -OSi from C¢H;). Solid-state *’Si-NMR: & (ppm) —16.8
(C7H5-08iMe,0-C-Hs, C;Hs-08iMe,0-CsHs), -100.5 (Si Q%), -109.6 (Si Q). FT-IR: v
(cm™) 558, 452, 699, 808, 849 (meta-disubstitution), 962, 1087, 1163, 1266, 1333 (Si-O
stretching), 1602 (C=C), 2969 (C-H), 3382 (OH) 3745 (Si-OH stretching).

2.4.2.4 G3 Templated Network Using Si(NMe,),

Solid-state "C{'H}-NMR: & (ppm) 29, 23 (C;Hs-OSiMe,O-C;Hs and
C7H5-0SiMe,0-CeHs), 69 (CeHs-CH,0Si), 103.1, 109.2 (CH from CeHs), 139, 143.3
(C-CH,0Si from CgH3), 157 (C —OSi from CgHs). Solid-state *’Si-NMR: & (ppm) —16.3
(C7H5-08iMe,0-C7Hs, C7Hs-08iMe,0-CsHs), -100.3 (Si Q%), -109.4 (Si Q). FT-IR: v
(cm'l) 563, 456, 699, 809, 850 (meta-disubstitution), 960, 1089, 1266 (Si-O stretching),
1632 (C=C), 2968 (C-H), 3441 (OH).

2.4.2.5 G4 Templated Network Using Si(NMe,),

Solid-state “C{'H}-NMR: & (ppm) 29.6, 24.7 (C;Hs-OSiMe,0-C;Hs and
C7H5-0SiMe,0-CeH3), 66.2 (CeHz-CH,0Si), 103.3, 109.2 (CH from CgHs), 143.0
(C-CH,0Si from C¢Hj), 157.2 (C —OSi from C¢Hj). Solid-state *Si-NMR: & (ppm)
~21.7 (C7H5-0OSiMe,0-C7Hs, CHs-0SiMe,0-CeHs), -109.1 (Si Q%). FT-IR: v (cm™) 700,
803, 848 (meta-disubstitution), 963, 1099, 1262 (Si-O stretching), 1020, 1151, 1164
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(C-O stretching), 1333, 1344, 1491 (alkane C-H bending), 1601 (C=C stretching), 2964
(alkane C-H stretching), 3240, 3379 (OH).

2.4.2.6 G5 Templated Network Using Si(NMe;,),

Solid-state “C{'H}-NMR: & (ppm) 28.6, 22.7 (C;Hs-0OSiMe,0-C;Hs and
C7H5-0SiMe,0-CeH3), 59.5 (CeHi-CH,0Si), 1082, 117.6 (CH from CgHs), 142.4
(C-CH,0Si from C¢Hj), 158.6 (C —OSi from C¢Hs). Solid-state *Si-NMR: & (ppm)
~21.5 (C;Hs5-0SiMe,0-C7Hs, C7Hs-0SiMe,0-CeHs), -101.9 (Si Q%), -109.3 (Si QY.
FT-IR: v (cm™) 700, 803, 848 (meta-disubstitution), 963, 1099, 1262 (Si-O stretching),
1020, 1151, 1164 (C-O stretching), 1333, 1344, 1491 (alkane C-H bending), 1601 (C=C
stretching), 2964 (alkane C-H stretching), 3241, 3379 (OH).

2.4.2.7 Removal of Templates

The networks synthesized using Si(NMe,)s were suspended in dry THF and
stirred overnight at room temperature after the addition of 3 drops of HCI solution (1%).
The insoluble powders were filtered and dried. The removal of dendrimers templates was
monitored by solid-state '*C{'H}-NMR and FT-IR that showed the disappearance of the

peaks assigned to dendrimers backbone.

2.4.2.8 Autocondensation of Si(NMe,),

0.687 mL (2.942 mmol) of Si(NMe,)s were added to 10 ml of THF. After stirring
overnight, the solution was exposed to air and heated at 57°C for 3.5 months. During this
time a precipitate appeared. The solution was filtrated and the solid was air-dried.
Solid-state  °Si NMR: -17.6, -22.2 (strong peaks; C;Hs-OSiMe,O-C;Hs,
C;H;-0SiMe,0-CgHs), from ~ -100.0 to -108.5 (weak peaks; Si Q’ and Q*). FT-IR: v
(cm™) 803, 851 (Si-N stretching, strong peaks), 1027, 1096 (Si-O stretching; strong &
broad peaks), 1262 (Si-CH3 stretching, strong & sharp peak), 1347, 1407 (C-H scissoring
& bending), 1383 (CH; umbrella deformation), 1628 (N-H bending, medium), 2965
(alkane C-H stretching), 3427 [broad] (OH stretching).
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2.4.2.9 Autocondensation of CISi(NEt,);

100 mg of CISi(NEt,); were added to 10 ml of THF. After stirring overnight, the
solution was exposed to air and heated at 55°C for 72 hours. The solution was filtrated
and the solid dried under vacuum. *C{'H} NMR: & (ppm) 13.1, 43.2 (CH;-CH,-N).
Solid-state *Si NMR: & (ppm) —108.8 (Si Q%), -100.8 (Si Q%). FT-IR: v (cm™) 3470 (OH),
1156, 1076 (Si-O stretching). FT-IR: v (cm™) 3470 (OH), 1158, 1059 (Si-O stretching),
848 (SiOH), 2969 (R,NH,"), 2821, 2774 (N-C-H), 1598 (R,NH, "Cl), 1456 (CH3;), 1398
(CHy).

2.4.3 Synthesis of Networks Using CISi(NEt,);

A typical procedure for the synthesis of these networks is described below for

GO0-dendrimer templated network.
2.4.3.1 GO0 Templated Network Using CISi(NEt,);

One equivalent of 3,5-dihydroxybenzyl alcohol (200 mg, 1.429 mmol) was
dissolved in 10 mL of dry THF. 3 equivalents of chlorotris(diethylamino)silane (4.287
mmol) were added dropwise to the solution. The mixture was stirred at room temperature
overnight. It was removed from the nitrogen atmosphere and exposed to air, and left for
72 h at 58 °C. The solution was filtrated, and the solid was dried under vacuum.
Solid-state *C{'H} NMR: & (ppm) 13.07, 43.3 (CH3-CH,-N). Solid-state *’Si NMR: &
(ppm) —109.4 (Si Q%), -100.8 (Si Q°). FT-IR: v (cm™) 3470 (OH), 1159, 1052 (Si-O
stretching), 848 (SiOH), no peaks corresponding to CH aromatic, 2969 (R,NH,"), 2821,
2774 (N-C-H), 1598 (R,NH,""Cl), 1456 (CH3), 1398 (CH,).

2.4.3.2 G1 Templated Network Using CISi(NEt,);

Solid-state “C{'H} NMR: & (ppm) 12.9, 44.1 (CH;-CH,-N). Solid-state *’Si
NMR § (ppm) —109.2 (Si Q%), -100 (Si Q). FT-IR: v (cm™) 3470 (OH), 1158, 1059 (Si-O
stretching), 848 (SiOH), no peaks corresponding to CH aromatic, 2969 (R,NH,"), 2821,
2774 (N-C-H), 1598 (R,NH,"Cl), 1456 (CH3), 1398 (CH,).
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2.4.3.3 G2 Templated Network Using CISi(NEt,);

Solid-state “C{'H} NMR: & (ppm) 13.0, 43.3 (CH;-CH,-N). Solid-state *’Si
NMR: & (ppm) —108.2 (Si Q%), -100.3 (Si Q*). FT-IR: v (cm™) 3470 (OH), 1158, 1059
(Si-O stretching), 848 (SiOH), no peaks corresponding to CH aromatic, 2969 (R,NH,"),
2821, 2774 (N-C-H), 1598 (R,NH,"Cl), 1456 (CH3), 1398 (CH,).

2.4.3.4 G3 Templated Network Using CISi(NEt,);

Solid-state *C{'H} NMR: & (ppm) 13.1, 43 (CH;-CH,-N). Solid-state *’Si NMR:
& (ppm) —109 (Si Q*), -101.3 (Si Q). FT-IR: 3470 (OH), 1158, 1059 (Si-O stretching),
848 (SiOH), no peaks corresponding to CH aromatic, 2969 (R,NH,"), 2821, 2774
(N-C-H), 1598 (R,NH, "Cl), 1456 (CH3), 1398 (CH,).

2.4.3.5 G4 Templated Network Using CISi(NEt,);

Solid-state *C{'H} NMR: & (ppm) 13.07, 43.27 (CHs-CH,-N). Solid-state *°Si
NMR: § (ppm) —109.4, (Si Q*), -100.8 (Si Q*). FT-IR: v (cm™") 3470 (OH), 1158, 1059
(Si-O stretching), 848 (SiOH), no peaks corresponding to CH aromatic, 2969 (R,NH,"),
2821, 2774 (N-C-H), 1598 (Ro,NH, "Cl), 1456 (CH3), 1398 (CH,).

2.4.3.6 G5 Templated Network Using CISi(NEt,);

Solid-state “C{'H} NMR: & (ppm) 13.4, 43.6 (CH;-CH,-N). Solid-state *’Si
NMR: & (ppm) —108.5, (Si Q*), -101.0 (Si Q°), -14.9. FT-IR: v (cm™) 3470 (OH), 1158,
1059 (Si-O stretching), 848 (SiOH), no peaks corresponding to CH aromatic, 2969
(RoNH;"), 2821, 2774 (N-C-H), 1598 (R,NH, "Cl), 1456 (CH3), 1398 (CH>).

2.4.3.7 Removal of NEt,H.HCI Salt

The networks prepared using CISi(NEt;); were soaked in water, and after 15
minutes of stirring were washed with diethyl ether. Then they were put in the oven at

120°C for 1 hour. Solid-state *C{'H} NMR: & (ppm): no peaks. FT-IR: v (cm™) 3399
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(OH), 1088 (broad strong peak, Si-O stretching), 798 (SiOH).
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Part 1: Overview of silver nanoparticles

Nanoscience has blossomed over the years, and nanotechnology has become
more important in many areas including computing, sensors, biomedical applications, etc
[1]. Metallic nanoparticles of gold, platinum, palladium, which exhibit unusual optical,
thermal, chemical, and physical properties, are of particular interest in terms of their
synthesis and evaluation of their properties, because of the promising applications as
catalysts, ferrofluids and semiconductors [2, 3]. The investigation of metallic
nanoparticles is focused more specifically on their size-dependent characteristic
properties, which lead to unique optical, electrical, catalytic, and magnetic behaviours.
Much effort has been spent on synthesizing nanoparticles of various metals, sizes, and
shapes, as well as to efficiently assemble them into complex architectures [3-5]. Among
these metals, silver, in particular, has the highest electrical and thermal conductivity and
the unique optical properties, as well as being a catalyst, making it the most attractive
metal for a variety of applications in many areas [6]. The control of its properties and
applications can be fairly established by changing the size of silver particle to nanometer
regime, leading to size and shape dependent chemical, electrical, mechanical, and
optical properties [6]. The size and shape of silver nanoparticles can be generally

controlled by variation of synthetic procedures [7].
3.1.1 Preparation of silver nanoparticles

The synthesis of particles of submicron or nanosize dimensions has been
attempted for centuries [1]. For noble-metal nanoparticles, an effective synthetic
technique is required to control the shapes and sizes of nanoparticles. Here two main
aspects have been focused on: one is the controllable growth of metal nanoparticles in
terms of particle size, size distribution, and structure of the particles. The other is the
stabilization of colloids. The usual method for making such metal nanoparticles involves
chemical or physical reduction of metal ions in the presence of protective agents, which
prevents the nanoparticles from aggregation. By using various reductants, stabilizers and

solvents, one can prepare metal nanoparticles with the desired control of particle size and
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morphologies. To prepare silver nanoparticles, many methods have been reported in
literature. Zhang et al [7] has provided a review of these methods, that include chemical
reduction and photoinduced reduction. Chemical reduction, the most common method,
has been extensively investigated in the preparation of silver nanoparticels because of the
production of large quantities of nanoparticles in relatively short period of time, under

simple and mild reaction conditions.

3.1.1.1 Chemical reduction method

Named as Lee-Meisel method, the earliest, most common and solution-phase
synthetic technique for preparation of silver nanoparticles, is the reduction of silver
nitrate (AgNO3) with sodium borohydride (NaBHy) [1]. After various modifications of
Lee-Meisel method, series of silver salts, such as silver perchlorate (AgClO,) [8], silver
tetrafluoroborate (AgBF4) [9], [Ag(NH3)2]NOs [10], and silver acetate (CH;COOAg)
[11], and chemical reducing agents, such as polyol (ethylene glycol,
polyvinylpyrrolidone (PVP)) [6], N,Hs, NH,OH, (CH3),NHBHj;, ethanol, citrate,
formamide, formaldehyde, Tollen’s reagents, ascorbic acid , and polyaniline or
o-anisidine [2], have been utilized for the synthesis of silver suspensions in aqueous
solutions or non-aqueous solutions. For example, Leopold et al [12] produced highly
sensitive silver colloids for surface-enhanced Raman scattering (SERS) by using silver
nitrate with hydroxylamine hydrochloride in aqueous solution, at alkaline pH and room
temperature within a short time. By changing the mixing order and rate of the two
involved solutions, the size and dispersion of silver colloids can be controlled.
Pastoriza-Santos et al [13] synthesized polygonal (mainly triangular) silver nanoprisms
by boiling AgNO; in N,N-dimethyl formamide (DMF), in the presence of
poly(vinylpyrrolidone). These kinds of nanoprisms are also stable in other solvents, such
as ethanol and water, and solvent exchange leads to strong shifts of the in-plane dipole
plasmon band.

Different shapes of silver nanoparticles can be obtained by controlling the
reaction conditions of chemical reduction. However, the aggregation of silver
nanoparticles may result in the loss of characteristic properties [7]. For low ionic strength

aqueous and alcoholic suspension, the thick electrical double layers around silver
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nanoparticles can prevent the aggregation of silver nanoparticles, but for the high ionic
strength or organic-phase suspension, the most important key is to avoid the
agglomeration of silver nanoparticles during the synthesis and preservation procedures
[1]. Thus, compounds such as surfactants [14, 15], polymers [2, 16-18], stabilizing
ligands [7], and dendrimers [19, 20], are used as the protective agents to inhibit the
coalescence of silver nanoparticles. The choice of particular protective agent becomes

one of the most important factors in the preparation of silver nanoparticles.
3.1.1.2 Physical reduction method

Compared with traditional chemical reduction methods, techniques such as
microwave-assisted [21, 22], irradiation induction [4, 5, 23-25], ultrasonic-assisted [26,
27], photoinducted [28], and electrolysis [29] have also been used in the synthesis of
silver nanoparticles. These new methods provide the possibility of control of particle size
and then potential for practical applications of the silver nanoparticles. For example,
microwaves are widely used in synthetic chemistry because they are fast, simple and
efficient in energy supply. Their rapid and uniform heating and consequent dramatic
increase in reaction rate can make microwaves useful in the preparation of silver
nanoparticles [22]. Patel et a/ [21] used microwave dielectric heating to synthesize
nanosize silver particles in three different solvents, water, ethylene glycol, and glycerol,
getting the average particle size between 15 and 30 nm. Laser ablation is also a useful
technique in the rapid and simple synthesis of silver nanoparticles with highly
reproducible properties. Some researchers have investigated the influence of laser
ablation on the synthesis of silver nanoparticles [4]. The wavelength of laser light
significantly affects the ablation efficiency. It is still not very clear about the influence of
laser ablation to the particle size distributions. However, Stietz’s experimental results
showed that this method can apply to narrow particle size distributions by more than
60% [24]. Sonochemical method has been used for some time since it was discovered as
early as 1934 [26]. Sonochemistry arises from acoustic cavitation growth, and implosive
collapse of bubbles in a liquid [30]. The collapse of bubbles generates localized hot spots
with very high transient temperatures and pressures. Volatile organometallic compounds

inside the cavitating bubble are decomposed to yield individual metal atoms, resulting in
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narrow particle size distributions.
3.1.1.3 Template synthesis of silver nanoparticles

The ordered mesoporous silica materials with various pore size and structures
have attracted a great interest in the application of the synthesis of metallic nanoparticles.
By using mesoporous silica such as FSM-16, MCM-14, SBA-15 as templates, it is
possible to better control the size and shape of nanoparticles [31-33]. Among various
preparation methods of silver nanoparticles, template synthesis became one of the
promising methods, in which mesoporous silica materials are used as a host to confine
silver nanoparticles as a guest. The basic principle for template synthesis is impregnation
of mesoporous silica host matrices with silver ion solutions. The formation of
nanoparticles inside the pore is achieved through subsequent chemical reduction or
thermal and other treatments. This leads to nanoparticles with a size and shape that is
directly related to the initial pore structure of mesoporous silica materials. Among these,
Armelao et al [11] prepared mesoporous silica materials by a sol-gel procedure using
TEOS as silica source and surfactant polyethylene glycol octadecyl ether [Brij76,
CH3(CH;)16CH2(OCH,CH»)100OH] as  the  structure-directing agent. Ag-SO;
nanocomposites were obtained by metallation of the mesoporous silica powder with
aqueous solutions of silver acetate. The XRD results showed the formation of silver
nanoparticles, which were also confirmed by the TEM analysis. Ramnani et al [34]
synthesized silver nanoparticles on silica aerogel by using gamma radiolysis. The
synthesis starts directly with the addition of silver ion solutions into the aqueous silica
aerogel suspension, followed by gamma radiation. The formation of silver clusters was

characterized using XRPD, UV, and TEM.
3.1.2 Characterization of silver nanoparticles

The common methods which are used to characterize silver nanoparticles are
Transmission Electron Microscopy (TEM), UV-Visible spectroscopy, and X-Ray Powder
Diffraction (XRPD). The principles of these techniques have already been introduced in

Chapter one. In general, TEM samples are prepared by dropping the silver suspension
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onto a standard carbon-coated copper grid and drying it in air at room temperature. The
size distributions are measured by counting the individual images from different parts of
grid. The number average radius can be given by the analysis of hundreds of particles.
For UV-visible spectroscopy, absorption bands of the UV-visible spectra can be used to
provide information on particle size. The position, which is generally located in the range
of 410 to 450 nm, and magnitude of the absorption band are strongly dependent on the
size of the particles. As the size decreases, the peak shifts slightly to higher energies [35].
In XRPD, the peaks of silver nanoparticles are generally located at 20 = 38.1°, 44.3°,
64.4°, and 77.3°, attributed to the (111), (200), (220), and (311) reflection of fcc

crystalline silver, respectively [11].
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Part 2: Tailoring Silver Nanoparticle Construction Using

Dendrimer Templated Silica Networks

3.2.1 Introduction

Metal nanoparticles continue to attract interest of scientists from all disciplines
due to their unique properties that lend themselves to widespread applications in a
variety of areas including optoelectronics, catalysis, sensing, and biomedical applications
[1]. Among this elevated activity, designing new pathways to synthesize silver
nanoparticles has also gained much attention, and several methodologies have been
developed in which a metal salt is reduced under a variety of stabilizing environments [2].
Silica based networks have also offered one of these platforms since their internal
structure can be tailored, which can then be utilized to control location of the metal
particles [3]. We have recently reported a simple methodology in which
3,5-dihydroxybenzyl alcohol (DHBA) based dendrimers [4] were used as templates in
the construction of silica based networks [5]. These networks contain Si-OH groups
directed inwards, as indicated by their water-repellent behavior on the surface. We were
intrigued by taking advantage of these internal acidic sites and explore their potential in
constructing nanoparticles, and examine the role of residual dendrimer in the synthesis of
metal particles. In this manuscript, we report a methodology in which silver metal ions
are chemisorbed into the silica networks, followed by nanoparticle build-up based on the
type of network employed for their synthesis. A detailed characterization using a variety
of techniques including UV-Vis spectroscopy, X-ray powder diffraction and transmission
electron microscopy demonstrates that the metal particle growth is influenced by the
network, and those templated from dendrimer generations 1-3 and from which dendrimer
is completely removed, lead to the formation of Ag,O particles, while the network
prepared using dendrimer generation 4 as the template, and in which there is residual
dendrimer, yield silver nanoparticles exclusively without requiring any external reducing

agent.
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3. 2.2 Experimental Details
3.2.2.1 Materials and Methods

3,5-dihydroxybenzyl alcohol (DHBA) and silver acetate were purchased from
Aldrich, and were used as received. DHBA-based dendrimers and the corresponding
dendrimer-templated silica networks were synthesized using a procedure as described in
references [4c-e] and [5]. Solid-state “C{'H} NMR spectra were obtained on
Chemagnetic CMX 300 MHz spectrometer with high-power decoupling. UV-Vis
measurements were carried out in water on a Hewlett Packard 8453 with a resolution of
2 nm. Transmission electron microscopy measurements were performed on a JEOL
2000FX microscope operating at an acceleration voltage of 80 kV. X-ray powder
diffraction experiments were performed using a Siemens D-5000 diffractometer,
equipped with a step scanner and a 1.2 kW cobalt tube (A=1.5406 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 were moved to scan the solids.

3.2.2.2 Synthesis of Metal Particles Using G1-3 Dendrimer Templated

Silica Networks

In a typical procedure, 50 mg of the network were added to 12 mL of an aqueous
solution of silver acetate (10”M), and stirred for one week. The networks floated on top
of the solution, and no mixing was observed. Solvent was then removed on a rotary
evaporator at 40 °C, and the residue was rinsed with water, filtered and vacuum dried to

yield light brown (G1-network) to dark brown (G2-3 networks) solids.

3.2.2.3 Synthesis of Metal Particles Using G4 Dendrimer Templated

Silica Network

55 mg of G4 network were added to 12 mL of an aqueous solution of silver

acetate (10°M), and stirred for an hour at room temperature. The color changed quickly
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to green, and a typical intense smell of acetic acid was noticed. The solvent was then
removed on a rotary evaporator at 40 °C, and the residue was rinsed with water, filtered

under vacuum, and upon drying yielded a dark solid.
3.2.3 Results and discussion

Silver metal nanoparticles were constructed using silica networks that were
synthesized by employing 3,5-dihydroxybenzyl alcohol (DHBA) based dendrimers as
templates. A detailed synthesis and characterization of dendrimers, and the corresponding
silica networks has been reported earlier [4c-e, 5]. We have also demonstrated that these
networks are water repellent on their surface, and this behavior is prominent in networks
in which the template has been completely and effectively removed. For the work
reported here, we chose generations 1-3 dendrimer templated networks from which
dendrimer was completely removed from the network, and generation 4 templated
network that had residual dendrimer in it.

In a typical reaction used for the synthesis of silver particles, 50 mg of the
network were added to a 12 mL aqueous solution (10°M) of silver acetate, and the
mixture was stirred at room temperature. The networks synthesized using generations 1-3
dendrimers (G1-3) floated on the surface of aqueous silver acetate solution (Figure 3.1a),
and even vigorous stirring did not lead to any significant wetting of the solid. After
stirring over a period of about one week, slow removal of the solvent was carried out on
a rotary evaporator at 40 °C. The resulting solids were rinsed with water to remove any
residual silver acetate, and upon filtration under vacuum led to the isolation of light to

dark brown (G1-3 networks) colored solids.
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Figure 3. 1. Silica networks synthesized using a) G3 dendrimer and b) G4 dendrimer in aqueous

silver acetate solution.

Generation 4 dendrimer templated silica network initially floated on the surface
of aqueous silver acetate solution, however, upon stirring, it started to wet with the
solution (Figure 3.1b). The color of the network changed quickly to green upon mixing
and an intense smell of acetic acid was noted, indicating grafting of silver ions. After
stirring for about an hour, the solvent was slowly removed on a rotary evaporator at 40
°C. The residue was rinsed with water, filtered under vacuum, yielding a dark solid.

Characterization of the resulting solids was carried out using a combination of
techniques including UV-Vis spectroscopy, X-ray powder diffraction (XRPD) and
transmission electron microscopy (TEM). The UV-Vis spectra of metal particles
synthesized using G1-3 dendrimer templated networks, showed peaks at 413, 431, 427
nm respectively, and for those from G4 templated network showed absorption at 461 nm
(Figure 3.2). The variations in the particle resonance absorption peaks are associated
with the size of the nanoparticles, and an increase in resonance absorption is indicative of

increased particle size in these assemblies [8].
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Figure 3. 2. UV-Vis absorption spectra of silver particles synthesized using G1 (a), G2 (b), G3 (¢) and
G4 (d) dendrimer templated networks.

X-ray powder diffraction analyses (XRPD) of the silver particles constructed
from G1-3 networks showed strong 20 (°) peaks at 32.30, 46.45, 55.0, 57.7 which can be
assigned to the Ag,O phase [6] of particles present in these networks (Figure 3.3A). For
the metal particles constructed using G4 templated network, no silver oxide phase was
detected, and it showed peaks at 20 (°) 38.25 (111), 44.60 (200), 64.90 (220) and 77.65
(311), corresponding to the fcc silver metal particles (Figure 3.3B).
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Figure 3. 3. XRPD analysis of nanoparticles synthesized using G1 (A) and G4 (B) dendrimer

templated networks.

Transmission electron microscopy (TEM) analyses of the nanoparticles showed
that these are distributed inside the networks. Figures 3.4 and 3.5 (left) below show the
TEM images of metal particles constructed using G1-3 dendrimer templated networks,
and a globular morphology of the particles is generally observed. The particle sizes
ranged between 10-50 nm with an average size of ~25 nm. In general, there was an
increase in the average particle size in going from G1-3 networks. This is consistent with
the pore size increase in these networks [5], and as expected, an increase in the internal
space in these pores, leads to an increase in the size of the nanoparticles.

TEM image of silver particles synthesized using G4 dendrimer templated
network is shown in Figure 3.5 (right). The size range of these particles was between
25-80 nm, with an average size of ~45 nm, which is higher than the size of the particles

obtained from G1-3 templated silica networks, and is in line with the increased pore size

in this network [5].
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Figure 3. 4. TEM images of nanoparticles synthesized using generation 1 (left) and 2 (right)

dendrimer templated silica networks.

Figure 3. 5. TEM image of nanoparticles synthesized using generation 3 (left) and 4 (right)

dendrimer templated silica networks.

It is well known that silver acetate reacts with acidic groups including silanol
(Si-OH), leading to the formation of acetic acid and grafted silver ions [3, 7]. An

evaluation of the nanoparticle syntheses in G1-4 dendrimer templated silica networks is
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detailed in Scheme 3.1.

A section of G1-3 Templated Silica Network
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Scheme 3. 1. The evaluation of the nanoparticle syntheses in G1-4 dendrimer templated silica

networks.

Since G1-3 silica networks do not mix with water and float on its surface (Figure
3.1a), there is very slow inclusion of aqueous silver acetate into the network. Silver
acetate then reacts with silanol groups and silver ions are slowly chemisorbed into the
interior of the network. The wet interior atmosphere with increased local water content
around the metal ions, then promotes the formation of Ag,O particles. The reduction of
silver ions photolytically could be a competitive process, leading to the formation of
silver metal particles. However, due to lack of any stabilizing environment, it will be
much slower than the silver oxide nanoparticle build-up.

G4 network contains dendrimer template in it, which was confirmed by
solid-state “C{'H} NMR (Figure 3.6) that showed peaks related to the
3,5-dihydroxybenzyl alcohol backbone linked by Me,Si groups. It mixes with silver

77



acetate solution upon stirring (Figure 3.1b), which can be explained by considering that
some of the Si-OH groups point outwards in this network because of their unfavorable
interactions with dendrimers. Upon mixing, silver ions get chemisorbed (Scheme 3.1), as
described above, and due to a stabilizing environment presented by the dendrimer in G4
network, these get reduced to silver metal particles photolytically. The formation of
silver oxide is excluded in this network, since reduction under stabilizing environment of
phenyl groups of the dendrimer, is much faster and is favored over the formation of silver
oxide. It is interesting to note that if the dendrimer template is completely removed from
the G4 dendrimer templated network, then silver oxide formation, similar to that

described above for G1-3 dendrimer templated networks, is observed.

T T T
200 iso gg 50 [

Figure 3. 6. Solid-sate “C{'"H} NMR spectra of a) G4 dendrimer templated silica network, and b) G3

dendrimer templated silica network.

3.2.4. Conclusion

Silica networks constructed using dendrimers as templates are ideal candidates in
designing a simple methodology to synthesize silver or silver oxide nanoparticles.

Networks from which 3,5-dihydroxy benzyl alcohol based dendrimer templates are
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effectively and completely removed, do not mix with silver acetate solution. Slow
inclusion of aqueous silver acetate into these networks leads to chemisorption of silver
ions in their interior. Due to increased water content locally, it is followed by the
formation of silver oxide nanoparticles. In contrast, network that contains residual
dendrimer template, mixes with silver acetate solution easily, and silver ions get grafted
upon mixing with silver acetate solution. Photolytic reduction under a stabilizing
dendrimer environment follows, leading to the formation of silver metal particles
exclusively. Thus, dendrimer templated networks with variable internal environments,

offer the desired potential in tailoring the synthesis of silver nanoparticles.
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4.1. Conclusions

This thesis reports construction of dendrimer templated silica networks using a
simple sol-gel condensation methodology. 3,5-dihydroxybenzyl alcohol (DHBA) based
dendrimers of generations 0 to 5 were used as templates to prepare a variety of
organic-inorganic hybrid networks from which organic moieties are removed in situ or
upon acid hydrolysis. The detailed studies of silica network structures and surface
morphology were carried out using techniques including FT-IR, solid state *’Si and
BC{'H} NMR, transmission electron microscopy (TEM), and surface area analysis
(BET). These dendrimer templated silica networks were subsequently employed in
tailoring the synthesis of silver metal nanoparticals. Their sizes and shapes depend on the

internal environment of silica networks.

4.1.1 Construction of silica networks using 3,5-dihydroxybenzylalcohol

(DHBA) based dendrimers as templates

The goal of this thesis was to synthesize porous and highly cross-linked silica
based networks by using DHBA based dendrimers of generations 1 to 5 as templates, and
two types of silane reagents. The DHBA based dendrimers contain corresponding
peripheral hydroxyl groups, which help generate dendrimer aggregates in solution
through hydrogen bonding, a commonly observed phenomenon that occurs for these
types of dendrimers. These aggregated dendrimers were then employed as templates in
the preparation of silica networks, in which the dendrimer generation and its ability to
aggregate strongly influence the morphology of the resulting silica networks. The
detailed analysis of silica networks using a combination of techniques, including FT-IR,
TEM, and solid-state *°Si and "“C{'H} NMR, clearly shows the crucial role of
aggregation in the polycondensation process that leads to silica network formation
around these aggregates and subsequently determines their internal structure. Dendrimers
of generation 1-3 provide a slightly better control on the evolving structure of the silica
networks, due to the smaller size of dendritic aggregates compared to those of generation

4-5. In addition, choice of the silane reagent also plays an important role in the evolution
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of silica network. In this synthesis, aminosilane reagents that were employed in the
sol-gel  process included tetrakis(dimethylamino)silane  [Si(NMey)s] and
chlorotris(diethylamino)silane [CISi(NEt;)s]. CISi(NEt,); provides a one-pot synthesis,
while the Si(NMe,)4 yields silica networks with much higher surface area. The pore sizes
in generation 1-5 templated networks prepared using Si(NMe,)s, were found to increase
with the dendrimer generation, It has been demonstrated that larger the dendrimer
generation, larger the dendrimer aggregates.

The removal of dendritic moieties was carried out in situ or upon acid hydrolysis.
The former reaction relates to a one-pot synthesis using CISi(NEt;); as the coupling
silane reagent that produces hydrochloric acid as a by-product, helps remove the
dendrimer  templates from the silica networks wvia acid hydrolysis.
Diethylammoniumchloride salt (a by-product formed during the reaction) gets trapped
inside the silica network, the removal of which leads to significant enhancement of
surface area. Removal of dendrimer templates and salt was confirmed by solid-state
BC{'H} NMR spectroscopy, in which silica networks prepared using generations 1-3
dendrimer templates show complete removal of the dendritic moieties and salt (no peaks
in the PC{'H} NMR spectroscopy), while there is still salt left in those prepared from
generation 4-5 dendrimer templates. This is due to a relative large quantity of salt
produced in the polycondensation process when generation 4-5 dendrimers are used as
templates, and rinsing with water does not remove the salt completely. When Si(NMe;)s
is used as the coupling reagent, the residual dendritic moieties are still present as
indicated by the C{'H} NMR spectra of silica networks synthesized using generation
4-5 dendrimer as templates. The acid hydrolysis does not remove the latter dendritic
templates completely from silica networks, due to denser globular dendritic aggregates
that are formed through a large amount of hydrogen bonds.

The surface of these silica networks was found to be hydrophobic with a
hydrophilic interior. The potential application of these networks in small molecule
encapsulation was demonstrated by disperse red 1 (DR1) entrapment in these silica

networks using sonication.
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4.1.2 Silver nanoparticle assemblies using dendrimer templated silica

networks

In this thesis one of the potential applications of silica networks synthesized using
DHBA based dendrimer templates was explored in constructing silver oxide or silver
metal nanoparticles. Silica networks prepared using generation 0-4 dendrimer templates
were employed successfully in tailoring the synthesis of silver nanoparticles. Slow
inclusion of aqueous silver acetate into silica networks leads to chemisorption of silver
ions into the interior of the networks. Due to increased local water content around the
metal ions, it is followed by the formation of silver oxide nanoparticles. The
characterization by X-ray podwer diffraction (XRPD) showed that the particles were
mainly silver oxide in GO-networks. From G1 to G3-networks silver metal nanoparticles
were also formed, due to a competitive process of photolytic reducation. Transmission
electron microscopy (TEM) analysis of the nanoparticles showed that metal particles
constructed using G1-3 networks are of globular morphology with the size range
between 10-50 nm with an average of ~25 nm. The average particle size increased from
GO to G3 due to the pore size increase in these silica networks.

Due to residual dendrimer templates inside silica networks constructed using G 4
dendrimer templated silica network, it is easy to wet with silver acetate solution after
stirring. The color changed quickly to green with intense smell of acetic acid indicating
the grafting of silver ions. Silver ions were then reduced to silver metal particles
photolytically in the stabilizing environment of residual dendrimer templates in silica

networks.

4.2 Future Outlook

Constructing porous materials with tailored internal environment continues to be
a topical area of research. Dendrimer templated silica networks have offered a good
platform to construct such materials. It will be interesting to carry out more detailed
analysis of these silica networks to obtain structure-property relationships related to pore

size, using a combination of techniques including nitrogen desorption isotherm method
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and TEM. The advantage of removal of dendrimer templates from silica networks by in
situ or acid hydrolysis could be comparied with those silica networks in which dendrimer
templates are removed by calcinations. The thermal analysis such as DSC and TGA of
silica networks could also be further explored. These studies will strengthen their
significance in applications in sorption and molecular encapsulation.

The surface of these silica networks is hydrophobic with a hydrophilic interior. It
would be interesting to take advantage of this behavior and investigate encapsulation and
controlled release of small molecules from silica networks.

Construction of silver oxide and silver metal nanoparticles inside these networks
has offered intriguing opportunities in designing novel materials. It would be interesting
to fully understand silver metal nanoparticle formation inside G4-networks with residual
dendrimer templates. It will be interesting to make a variety of such networks with and
without dendrimer templates and investigate the formation of metal and metal oxide
nanoparticles.

Finally, these silica networks could also be used to include other metal particles
such as gold or copper. The study of their structure-property relationships could then be
compared to those of silver metal nanoparticles, and used to develop metal nanoparticle

based devices.
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