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ABSTRACT

Silica is one of the most abundant elements on the planet, has flexible bonding properties
and generally excellent stability. Because of these properties, silica has been a vital component
in technologies ranging from ancient glassware to modern supercomputers. Silica is able to form
a wide range of materials both alone and as a component of larger material frameworks. Porous
silica based nanomaterials are rapidly growing in importance because of their many applications
in a wide variety of fields. This thesis focuses on the synthesis of silica based porous
nanomaterials: nanocrystalline zeolites, mesoporous silica nanoparticles, and iron oxide
core/shell nanocomposites. The synthetic conditions of these materials were varied in order to
maximize efficiency, minimize environmental impact, and produce high quality material with far
reaching potential applications. The materials were characterized by physicochemical
techniques including Transmission Electron Microscopy, Dynamic Light Scattering, Powder X-
Ray Diffraction, Solid State NMR, and Nitrogen Adsorption Isotherms. The materials were
evaluated and conditions were controlled to produce high yields of quality nanomaterials and
hypothesize methods for further synthetic control. The products will be used in studies involving

nanoparticle toxicity, environmental remediation, and drug delivery.
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CHAPTER 1: INTRODUCTION

1.1. Introduction to SiO, Based Porous Materials

Silicon is the second most common element in earth’s crust and comes in many forms.
The metalloid nature of Si allows this tetravalent element to readily bond to the degree that pure
silicon is relatively rare. Silicon is frequently found bonded to oxygen, the most common of the
elements in earth’s crust, in the form of silicon oxides. In general, silicon oxide forms with four
oxygen atoms surrounding each silicon atom forming large interconnected networks. This
material has the formula SiO, and is known as silicon dioxide or silica and is able to form many
different structures both crystalline and amorphous such as quartz and glass respectively.
Additionally silica structures can really incorporate other elements such as aluminum. Silica is
also able to form a variety of porous structures in both crystalline and amorphous forms. These
silica based porous materials are well studied and used due to their variable properties high
abundance. The work in this thesis focuses mainly on two types of silica materials: zeolites and
mesoporous silica. A crystalline and amorphous material, respectively, these are both well
utilized and studied classes of porous silica materials. There are numerous potential and future
applications for zeolites and mesoporous silica which can be unlocked through continuous

research and development.
1.2 Synthesis and Structural Properties of Zeolites

1.2.1. Current and Future Applications of Zeolites

Zeolite is the classification given to a group of aluminosilicate materials that possess a
porous structure. Zeolites occur naturally and have been continuously mined for hundreds of
years because of their many useful properties. Although all zeolites are comprised primarily of
tetrahedra of silica and alumina, many distinct framework types exist. In addition to
approximately 40 naturally occurring zeolites framework types, many more have been
synthesized[1]. As of this writing, almost 220 unique zeolite framework types have been
accepted by the International Zeolite Association[2]. These framework types such as those that

are shown in Figure 1 are assigned three letter codes like FAU, LTL, and LTA. Within each of



these frameworks there is a degree of flexibility in regards to pore dimensions as well as

elemental types and ratios.

Figure 1 Three common zeolite framework types. The pore diameter of each framework type is
displayed in angstroms.

Zeolites have a wide variety of applications including environmental remediation,
catalysis, agriculture, and cleaning[3, 4]. This class of material is found in many commercial
products such as cat litter, aquarium bedding, and detergent[4]. Zeolites are used for filtration
and are an important part of the water purification process in many areas of the world[5]. Many
of these applications utilize natural zeolites which are mined from deposits around the world.
However, since the 1960s, synthetic zeolites have gained a more prominent role due to their
usefulness in catalytic cracking reactions used in petroleum refining[4, 6].

When the usefulness of zeolites in the petroleum refining process was discovered, there
was a drive to synthesize zeolites with properties that maximized their effectiveness in catalysis.
While petroleum refining remains one of the leading driving forces for synthetic zeolite research,
the controllable properties and nontoxic nature of synthetic zeolites generated great interest in

this class of material. While synthetic zeolites are expensive compared to natural zeolites, their



tunable properties have generated considerable interest. Currently more than 1.4 million tons of
synthetic zeolites are produced every year[4].

Synthetic zeolites have seen widespread use as catalysts due to their modifiable surface
chemistry, robust structure, and general tunability. Currently synthetic zeolites are being studied
for potential applications in areas such as healthcare where zeolites have been identified as
potential drug delivery and imaging agents[7, 8]. Their high pore volume and modifiable surface
properties allow for possible energy storage applications[9]. Because of the many current and
future uses of synthetic zeolites, there will be a constant demand to continuously develop new
methods for the synthesis and modification of this important class of material.

1.2.2. Factors Affecting Framework Type and Properties of Zeolites

The general formula for the zeolite framework is [AlSiyOx+y)+2] and can be seen in
Figure 2. In addition to Si and Al, other tetravalent atoms such as Ga, Ge, or Ti can also be
substituted into the overall structure [10, 11]. Each of these tetrahedral atoms is surrounded by
four oxygen atoms which together constitute secondary building units that lead to a wide variety
of framework types. As can be seen in Figure 3, zeolites are comprised of secondary building
units that in turn consist of oxygen surrounded tetravalent atoms. These framework types have
well defined channels and structural units with repeating unit cells giving them a crystalline
porous structure. The size, shape, and pattern of these pores are well defined due to the
crystalline structure of the material and are typically micropores although mesoporous zeolites
have been synthesized[12]. In general, zeolites possess pore diameters well below 10 A[13].
The pores are generally limited to this sub nanometer size because the limited number of

tetrahedra atoms that can stably form a ring.
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Figure 2 Atomic framework of an aluminosilicate zeolite.

Figure 3 FAU type zeolite viewed as a stylized framework (left) and illustrated to include this
zeolite’s tetrahedral structure.

The structure of a zeolite allows each type of zeolite to have a wide range of properties.
A large part of this variety is due to the tetrahedra building blocks of which the zeolite is
comprised, specifically the Si/Al ratio. Si has an oxidation state of 4+ in tetrahedral coordination
and thus has a neutral charge as a tetrahedral zeolite building block while Al has a 3+ oxidation
state and thus possesses a net negative charge when tetrahedrally coordinated zeolite building
block. Because of the negatively charged regions distributed through both external and internal

surfaces, aluminoosilicate zeolites possess a large amount of ion exchangeable surface area.



During synthesis, cations from the synthesis reaction mixture (such as Na") become associated
with the negatively charged alumina tetrahedra. These cationic species can be post synthetically
exchanged with a wide range of cationic atoms and molecules. The negative charge of the
alumina tetrahedra makes zeolites with low Si/Al ratios useful as acid catalyst zeolites because
they can contain large amounts of protons which balance out the negative charges of the alumina
tetrahedra [14]. Coupled with the durability inherent in their crystalline structure, the ability to
act as strong acid catalysts is part of what allows zeolites to be widely used for catalytic
cracking. However, it should be noted that control of the Si/Al ratio is critical as the stability of
a zeolite partially depends on this ratio. For example, as the Si/Al ratio of zeolite Y decreases,
overall stability decreases especially under low pH conditions as Al is removed from the
framework[15, 16].

The surface of a zeolite is significantly modifiable. In addition to the anionic partners
enabled by the cationic alumina species, numerous silanol groups exist on both the external and
internal surfaces as depicted in Figure 4. These can be modified with the addition of functional
groups to further modify the zeolite surface properties. For example, silane groups such as
aminopropyltriethoxysilane  (APTES) and 3-mercaptopropyltrimethoxysilane (MPTS) add
biologically and chemically important amine and sulfur groups respectively to the zeolite surface
[17, 18].  Typically, only the external surfaces of zeolites are functionalized because of their
relatively small pore sizes which block large molecules from entering[19]. The controllable pore
morphologies of synthetic zeolites also allow for size exclusion based functionalization of
internal surface versus external surfaces which can be useful for catalytic applications and
potentially drug delivery[20, 21].

The already high surface area and accessible pore volume inherent in a zeolite can be
further improved by moving to the nanoscale. Nanocrystalline zeolites are defined as any zeolite
that has at least one dimension of less than 100 nm. Nanoscale zeolites have a much larger
external surface area compared to bulk zeolites which improves the availability of inner surfaces

and makes them useful for certain applications such as those where catalytic reactions take place



on the surface[22]. In addition, nanoscale zeolites have decreased diffusion lengths as their size
decreases[23]. These properties allow nanocrystalline zeolites to be useful materials especially
for improving heterogeneous catalytic reactions in gas-solid and liquid solid systems[24].
Nanocrystalline zeolites are being investigated for applications including drug delivery,

environmental remediation, and various forms of catalysis[25].

Figure 4 An illustration of the surface silanol groups on the surface of a zeolite. Generally, only
the external silanol groups are accessible due to the small pore size.



1.2.3. Synthesis Strategies for Nanocrystalline Zeolites

Nanocrystalline zeolites are most frequently produced through bottom up approaches.
Bottom up approaches typically offer improved control and increased crystal quality[22]. In a
top down approach, a larger zeolite crystals are brought down to the nanoscale through the use of
a techniques such as ball milling; however, the nanocrystalline zeolite produces produced in this
way tend to be much more polydisperse compared to bottom up methods. In bottom up methods,
nanocrystalline zeolite synthesis conditions can be carefully controlled from the start.
Unfortunately, the bottom up methodology also generates a lower overall yield compared to the
top down approach. However, efforts are being made to improve overall yield and will be
discussed later. Ultimately, the large amount of experimental control afforded by the bottom up
synthetic approach is sufficient to justify this approach in spite of the limitations.

The synthetic process for bottom up synthetic nanocrystalline zeolites generally utilizes a
closed nutrient pool[26]. As such, the initial reaction conditions determine in very large part the
final properties of the product. The initial reaction conditions typically favor nucleation over
growth because as the number of nuclei in a closed nutrient pool increases, the ultimate crystal
size decreases[26]. Besides controlling size, the initial reaction conditions can control such
aspects of the final product as framework type, dimensions, elemental ratios, and initial surface
functionality.

In general, nanocrystalline zeolites are synthesized in basic conditions and utilize a silica
source, an alumina source, a structural directing agent (SDA) and a cation source to balance out
the negative charges on the alumina tetrahedra. The mechanism of nanocrystalline zeolite
formation includes hydrolysis, association, nucleation, and growth[27]. While the exact
formation mechanism for zeolites is not completely understood, there are many proposed
mechanisms based on experimental data which tend to agree on several key points[27]. A
proposed mechanism of zeolite formation from a supersaturated closed nutrient pool appears in
Figure 5. The general proposed mechanism involves a cationic species being surrounded by

water which is subsequently replaced by anionic tetrahedra [27, 28]. These tetrahedra



surrounded cations can be SDAs such as tetra propyl ammonium hydroxide (TPAOH) and single
elemental cations such as Na*. The SDA cation/tetrahedra systems rearrange themselves based
on hydrogen bonding gaining and ionic interaction gaining order to form secondary building
units and subsequently nucleation sites [27, 28]. After the initial nucleation, the solution should
no longer be supersaturated and thus subsequent nucleation should not occur. The proto crystals

precede grow into full nanoscale zeolite crystals over a period of hours, days, or weeks.

H Nucleatlon

. Crystal Growth
a{nd Reanangemen@

Figure 5 Formation of zeolite from using TPAOH in a supersaturated aqueous solution with
TEQOS as the silica source.




In order to generate homogeneous particles, the nucleation and growth phases must occur with as
little overlap as possible; and ideally, be completely separate. Nucleation should be a burst
process followed by a set period of growth that brings the zeolite nanocrystals to their desired
size and crystallinity. Control of this process is accomplished through the temperature, time, and
initial reaction concentrations.

One of the major components of the reaction mixture that determines the structure of the
zeolite is the choice of template. As discussed above, the cationic and hydrogen bonding forces
play a large role in zeolite formation and thus the template used is typically an organic cationic
ammonia species. The bonding properties and physical shapes of the organic templates used
dictates in large part the structure and dimensions of key zeolite building units. For example,
TMAOH can lead to the formation of a secondary building unit known as a sodilite cage. In
general, larger templates lead to larger pore sizes and vice versa. Figure 6 demonstrates the
formation of the zeolite framework around an organic template, in this case, TPAOH, and
subsequent removal of the template to create the pore structure. Additionally it is possible to
synthesize zeolites without organic templates. Many zeolites have been synthesized without an

organic template including Zeolite L, Zeolite X, and ZSM-5 [29-31].

TEOS
\/0\ / g
TGS Hydrothermal

© synthesis . removal

Figure 6 Synthesis procedure for TPAOH templated zeolite. The template is removed after
synthesis resulting in a porous structure.
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The initial silica and alumina tetrahedra concentrations of the reaction mixture also have
an effect on the final nanocrystalline zeolite. There are a wide range of silica and alumina
sources available and they vary widely in terms of hydrolysis rate in a given system and thus the
amount and ratio of tetrahedra of available elements present in a solution at a given time.
Different Si/Al ratios can produce zeolites with different dimensions and even different
framework types. As previously alluded, sources of Ge, Fe, Ti and many other tetravalent and
trivalent elemental sources can be utilized in the initial reaction mixture and can substitute for Si,
Al, or both. This adds further dimensions to the possibilities of this class of material.

Furthermore, additional control can be established by use of seeding. In seeding, small
nanocrystalline zeolites or nucleation sites are added to a zeolite producing reaction mixture.
These seeds act as nucleation sites for zeolite crystal growth and tend to increase the overall
reaction rate compared to non-seeded zeolite growth. This may be due to an increase in solid
phase surface area for the solution nutrients to deposit and grow upon[32]. Seeding is also an
important part of the process of recycling the zeolite reaction mixture for improving overall
synthetic yield.

Due to the overall complexity of the zeolite reaction mixture, the exact mechanisms of
zeolite growth and the explanations of why certain control techniques work is still being studied.
Aspects of the zeolite growth process are still debated. As deeper understanding of the formation
reactions would allow for greater control, much research is being done in this area. Despite the
introduction of various other highly porous materials to the field of materials chemistry, zeolites
remain relevant.

1.3. Synthesis and Structural Properties of Mesoporous Silica
1.3.1. Applications of Mesoporous Silica

Like zeolites, mesoporous silica has a porous structure; however, unlike silica, this
material is amorphous. Additionally, as named, mesoporous silica contains mesopores which
are pores between 2-50 nm in size. This is much larger than the microporous structure of

zeolites which have pores < 1 nm in size. Mesoporous silica is currently being investigated for
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many potential applications, notably in areas such as healthcare, sensing, environmental
remediation, catalysis, and optics. These applications are made possible by the general stability,
inert nature, porous structure, and tunable structures. Like zeolites, the large amount of
functionalizable surface area in mesoporous silica can be functionalized with a variety of
functional groups in order to selectively absorb environmental contaminants or control solution
affinity. Mesoporous silica was originally developed as a catalyst but this material is of
considerable interest in many diverse fields.

Numerous studies have demonstrated the possibility of utilizing mesoporous silica for use
in healthcare [33-37]. Most frequently, this class of materials appears in studies involving drug
delivery and biomedical imaging [33, 38]. The large pore volume of mesoporous silica allows
this class of materials to contain large quantities of drug molecules. Mesoporous silica has been
used to develop intelligent drug delivery systems which are able to release the drugs based on
external triggers such as pH [34]. Medical imaging is usually accomplished by combining
mesoporous silica nanoparticles with magnetically active material such as gadolinium or
manganese oxide[38, 39]. There is also the potential to combine imaging and drug delivery into
a single therapeutic platform[40].

1.3.2. Structural Properties of Mesoporous Silica

Mesoporous silica has an amorphous and tunable silica structure. This type of silica
shows much less structural order than a crystalline structure such as a zeolite as can be seen in
Figure 7. The amorphous nature of mesoporous silica allows the material a degree of flexiblity
in regards to the overall structural properties as the framework is not crystalline allowing for a
wider range of pore shapes and sizes compared to zeolites. Mesoporous silica can also have a
wide range of morphologies and dimensions. The flexibility of this material allows for a wide

range of properties and uses.
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Figure 7 Ball and stick model of the amorphous structure of silica.

Like zeolites, a major draw of this material class is due to versatility. Mesoporous silica
can to be tailored to a wide range of tasks. Key physical parameters such as pore dimensions,
pore volume, wall thickness, size, and morphology can be controlled synthetically. In another
important similarity to zeolites, mesoporous silica is covered in silanol groups allowing for a
wide range of surface chemistry applications. As previously mentioned, an important distinction
between zeolites and mesoporous silica is pore size and the silanol groups on the mesopores of
mesoporous silica are easily accessible. As such, both the internal and external surface area can
be functionalized allowing the surfaces to be covered a wide variety of functional groups such as
reactive amines. Figure 8 shows the functionalization of the silanol groups of a mesoporous
silica pore with APTES forming a surface amine which could be used as is or further

functionalized for a variety of applications.
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As befitting a material originally developed for catalysis, mesoporous silica is stable
under a wide range of conditions. Mesoporous silica has been shown to be stable at temperatures
up to 850 °C in air and 800 °C under 8 torr of water vapor [41, 42]. Mesoporous silica has good
long term stability in saline conditions [43]. However, this class of materials tends to be
incompatible with basic aqueous conditions [44, 45]. Additionally, while stable in slightly acidic
conditions, mesoporous silica begins to lose surface area and degrade under extremely acidic
conditions[45]. The stability of a given mesoporous silica structure depends on such factors as
silica pore size and wall thickness with smaller pores and thicker walls granting the material

greater stability in extreme conditions[45].

Toluene

Figure 8 Surface functionalization silanol groups with APTES. This reaction adds a reactive
amine group to the internal or external surface of the material. APTES is one of many silanes
commonly used with silanol groups to add surface functionality to mesoporous silica.

Unlike zeolites, there are no known naturally occurring mesoporous silica species; all
known forms are synthetic. However, like zeolites, there are multiple types of mesoporous silica
that are classified based on their pore structure. Mesoporous silica can possess a wide variety of

different mesostructures including disordered, wormhole, cubic, and hexagonal[44]. Within
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these pore arrangements; there exist multiple pore sizes and wall thicknesses. While countless
combinations of these characteristics exist to form many mesoporous silicas, several of the more
well-studied permutations are named. Among the more well known of these mesoporous silica
materials are SBA-15, HMM-33, MCM-41, and Wormhole (WO). A TEM of the well-ordered
pore structure of MCM-41 is compared to the disordered structure of WO silica in Figure 9 to

illustrate the wide range of pore topology possible.
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Figure 9 TEM images of 50 nm mesoporous silica with the wormhole (WO) (left) and MCM-
41(right) pore topology. MCM-41 displays an ordered hexagonal pore structure while WO
displays a disordered pore topology.

1.3.3. Synthesis of Mesoporous Silica

The basis of the formation of mesoporous silica relies on the hydrolysis and condensation
of a silica source or sources. Mesoporous silica can be synthesized in both basic and acidic
environments and typically relies on a surfactant template to produce their mesostructures.

Additional additives are typically employed to adjust the properties of the material toward a
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desired structure. There are many factors that control the formation of mesoporous silica species
and a great deal of mesoporous silica related research has focused on the systematic variation of
synthesis conditions to probe formation mechanisms and develop more rational synthetic
methodologies.

The formation of mesoporous silica can be controlled through control of the reaction
system. There are numerous factors that determine the final form of the mesoporous silica. This
offers many opportunities to tailor the properties of the final product for specific applications.
For example, the dimensions of the templating micelles which control the final pore size, shape,
and morphology can be altered in numerous ways with temperature, additives, and stirring
conditions. Because one of the major draws of mesoporous silica are is materials ability to be
structurally tuned to various applications and thus central to mesoporous silica research is the
search for methodologies that allow for greater structural control. The mesoporous silicas central
to the research presented in this thesis are surfactant templated and are synthesized in basic
conditions. The major known factors that are vital to the structural and size control are reagent
choice, reagent concentration, pH, temperature, and synthesis time.

The general synthetic mechanism of mesoporous silica is fairly well understood and an
example a synthesis is shown in Figure 10. In a typical surfactant based synthesis of mesoporous
silica, a surfactant is added to an aqueous solution until the critical micelle concentration is
reached and the surfactant molecules associate to form micelles. A base is added along with a
silica source which is hydrolyzed and self organizes with the surfactant. The hydrolyzed silica
source proceeds to condense forming the mesoporous silica. Finally, the surfactant and any
additional organic species are then removed to open the pores. The template removal step can be
accomplished through calcination or by solvent assisted template extraction.

The major components of a basic mesoporous silica reaction mixture are water,
surfactant, base, and a silica source. There are many potential surfactants, bases, and silica
sources that can be employed. In addition, there are many additives that can offer supplementary

control including pore expanding agents such as N,N-dimethyldecylamine (DMDA) and alkane
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as well as organic solvents such as ethanol which lowers the rate of hydrolysis [46-48]. A
common class of additives that appear in Figure 11 are small organic amines (SOASs) which
besides acting as a base source can act as chelating agent to control rate of silica formation as
well as an encapsulating agent to prevent particle intergrowth and limit particle size. By making

effective use of the tools available, a great deal of synthetic control is possible.
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Figure 10 Synthesis of mesoporous silica utilizing a small organic amine (SOA) as a base and
CTA" based surfactant in an aqueous solution. In the process shown, the CTA" molecules form
micelle in the aqueous solution. lonic attraction of the negatively charged hydrolyzed silica
source to the cationic micelles causes association. The hydrolyzed silica condenses to form a
silica shell around the micelles. The SOAs interact with the silica source to slow hydrolysis and
condensation. As particle formation and condensation occur, acts as encapsulating agents to
prevent further particle growth and intergrowth.
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Figure 11 Commonly used small organic amines (SOAS).

1.4. Iron Oxide Nanoparticles
1.4.1. Applications of Iron oxide Nanoparticles

Iron oxide nanoparticles are one of the most used types of nanoparticles. Iron oxide
nanoparticles are used in numerous and varied fields including optics, healthcare, catalysis,
environmental remediation, batteries, sensing, and magnetic storage [49-53]. Iron oxide
nanoparticles are able to adsorb contaminants such as arsenic from water, are able to form highly
conductive networks for battery applications, and are gaining increasing interest as MRI contrast
agents. Iron oxide nanoparticles not only have many potential applications, but are a vital
component of current technologies. Among other applications, high density magnetic storage
devices containing iron oxide nanoparticles are already on the market, and Feraheme, a drug
utilizing magnetite (Fe3O,), is used in the treatment of anemia.

Iron oxide nanoparticles are widely used because of their many advantageous properties.
Like the bulk, Iron oxide nanoparticles are crystalline as can be seen in the p-XRD pattern of
Fe3O4 nanoparticles shown in Figure 12. Iron oxide nanoparticles have considerably different
properties from the bulk. Besides the increase in surface area that is observed for all
nanoparticles, the magnetic properties of iron oxide nanoparticles can vary considerably
compared to the bulk. In Fe3O, nanoparticles, magnetic domain changes can result in
superparamagnetic behavior.  This is because while bulk Fe3O, has multiple domains,

nanoparticles below a critical size (about 20 nm at room temperature) contain only a single
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domain[54]. Furthermore, the size and morphology of iron oxides can be controlled to an ever
increasing degree[55]. In general, iron oxide nanoparticles are simple and inexpensive to
produce in large quantities and are easy to purify and separate from solution due to their
magnetic properties. While there is some concern about the effect of large concentrations of iron
oxide nanoparticles on the body, generally, iron oxide nanoparticles are considered
biocompatible because the they can be easily dissolved and digested by the human body[53, 56,
57]. Like all nanomaterials however, a larger body of research including long term exposure

effects will be necessary to determine the overall safety of this nanomaterial.
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Figure 12 p-XRD of Fe3O4 nanoparticles of about 13+2 nm in diameter. Characteristic miller
indices appear over the diffraction peaks.
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1.4.2. Synthesis of iron oxide nanoparticles

As previously mentioned, the synthesis of iron oxide nanoparticles is a fairly simple and
straightforward process. While many methods of iron oxide synthesis are known, the most
common utilize coprecipitation. Coprecipitation methods are popular because these methods
allow for the production of large quantities of iron oxide nanoparticles with a moderate degree of
particle uniformity. The major disadvantage of coprecipitation is the lack of fine particle size
control as size is primarily determined by kinetic factors[55]. These reactions are typically
preformed in aqueous environments and utilize a base to initiate the reaction.

The coprecipitation method of iron oxide nanoparticles has a fairly well understood
mechanism. The initial solution consists of iron sources dissolved in an aqueous solution. The
iron sources are typically iron salts such as FeCls or organic complexes such as Fe(acac), which
are able to easily dissociate in solution forming Fe cations. These cations react in a basic
environment to form an iron oxide. For example, Fe3O, is formed according to the reaction:
Fe?*+2Fe* +80H - Fe;0,+4H,0 and is illustrated in Figure 13. Like zeolites, the quality of the
final product depends on a quick burst of nucleation followed by a growth phase where these two
phases have little or no overlap. If these phases are not well separated, control of particle size
will be severely hindered.

The type and properties of the iron oxide nanoparticles produced can be controlled by
varying the reaction conditions. One of the most important conditions to control during the
synthesis of iron oxides is the oxygen content of the reaction mixture. Synthesis of Fe3O, is
typically preformed in oxygen controlled environments due to the inherent instability of Fe3O, in
oxygen[55]. Moreover, Fe** is really oxidized to Fe** in aqueous solutions, altering Fe?*/ Fe**
ratio the reaction mixture resulting in the potential formation of unwanted species of iron oxides.
Thus, nitrogen or argon gas is typically used to purge the reaction mixture. Control over particle
size, morphology, and uniformity is achieved by altering such factors as the Fe?*/ Fe*" ratio,

temperature, time, and stir speed[50, 55, 58, 59].
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FeCl;*6H,0  FeCl,-4H,0

Fe,*+2Fe,*+ 80H = Fe,0,+ 4H,0
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Figure 13 Synthesis of iron oxide nanoparticles. This procedure generates 13+2 nm Fe3O4
nanoparticles.

1.5. Iron Oxide Core/Shell Mesoporous Silica Nanocomposites

1.5.1. Structural Properties of Iron Oxide Core/Shell Mesoporous Silica Nanocomposites

In materials chemistry, new combinations of properties allow for new applications. One
way to obtain the combination of properties desired is to combine two materials together to form
a composite material. Iron oxide nanoparticles and mesoporous silica have been combined in
such various ways to produce a variety of iron oxide core/shell mesoporous silica nanocomposite
materials. A nanocomposite is a composite material that incorporates at least one material with
dimensions less than 100 nm. In the case of iron oxide core/shell mesoporous silica
nanocomposites, most literature focuses on the synthesis of nanocomposites with total particle
dimensions of near or less than 100 nm. These materials typically consist of one or more iron
oxide nanoparticles embedded in a mesoporous silica shell.

Iron oxide core/shell mesoporous silica nanocomposites combine the high,

functionalizable surface area of mesoporous silica with the magnetic properties of iron oxide
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nanoparticles. These particles have a large amount of tunability including pore size, amount of
iron incorporation, particle size, and shell thickness. Additionally, both the internal and external
surface of the mesoporous silica shell can be functionalized. Perhaps the most coveted property
of these materials is their magnetic susceptibility which allows composites such as Fe3O,
core/shell mesoporous silica to be manipulated by magnetic fields both in and out of solution as
demonstrated in Figure 14.

1.5.2. Applications of Iron Oxide core/shell Mesoporous Silica Nanocomposites

Like their component materials, the potential applications for iron oxide core/shell
mesoporous silica nanoparticles are numerous. Fields including healthcare, catalysis, and optics
are able to make use of their previously mentioned properties [60-62].

Within the field of healthcare, iron oxide core/shell mesoporous silica nanoparticles are a
true emerging technology. Their tunable magnetic susceptibility coupled with the ability to
functionalize their internal and external surfaces with fluorescent or radiolabeled functional
groups makes them very attractive as imaging agents[63, 64]. They are also exciting candidates
for new drug delivery systems, especially for drugs with high toxicities as magnetic fields could
potentially be used to localize the drug loaded system to a target area thus mitigating harmful

side effects[65].

Figure 14 Magnetic susceptibility of Fe3O, core/shell mesoporous silica nanocomposite in
aqueous solution.
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These materials are exceptionally well suited to catalysis. The mesoporous shell can be
functionalized to with a variety of catalytically active groups to form a robust catalysis platform.
After the reaction, the particles could be magnetically recovered from solution. Furthermore, the
tunable pore sizes allow for size exclusion capabilities[66].

1.5.3 Synthesis of Iron Oxide Core/Shell Mesoporous Silica Nanocomposites

A large part of the draw of these materials is that in general, iron oxide core/shell
mesoporous silica nanoparticles can be synthesized fairly quickly, easily, and inexpensively. In
a basic synthesis, iron oxide nanoparticles are added to a reaction mixture similar to one that
would produce mesoporous silica. In most cases, the iron oxide nanoparticles are surface treated
prior to addition in order to maximize dispersibility [54, 62, 67]. Sonication is typically
employed to fully disperse the iron nanoparticles in solution prior to the addition of the silica
source. The synthesis procedure varies considerably depending on the desired final product.
The general process as well as individual synthetic mechanisms is coved in depth later in this
thesis.

1.6. Thesis Overview

The work presented in this thesis focuses primarily on the synthesis and characterization
of silica based nanomaterials, including zeolites and mesoporous silica, as well as core/shell
nanomaterials. Chapter 1 focuses on introducing the materials used in this work. This includes
synthesis conditions, physical properties, and applications of each major class of material.
Chapter 2 focuses on the synthesis of both nonporous and mesoporous silica for use in
toxicology and NMR studies as well as the functionalization of these materials. Chapter 2 also
contains a short discussion on the use of nitrogen adsorption as a characterization technique for
mesoporous silica based materials. Chapter 3 concerns the synthesis of a germanium substituted
zeolite of the framework class FAU. Also included in Chapter 3 are strategies towards
improving the yield of this material and zeolites in general. The synthesis of iron oxide

core/shell mesoporous silica nanocomposite nanoparticles is discussed in Chapter 4.
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Specifically, Chapter 4 details greener methods for synthesis which result in higher yields of
nanocomposite with less waste. This is particularly important as many applications of iron oxide
core/shell mesoporous silica require large amounts of this material. Chapter 5 illustrates a true
one pot synthesis of iron oxide core/shell mesoporous silica nanocomposites using only
inexpensive, commercially available precursors. While iron oxide nanoparticles are usually
treated as a reagent in the literature of the synthesis of iron oxide core/shell mesoporous silica
nanocomposites, in the synthetic procedures outlined in Chapter 5 of this thesis the iron oxide
nanoparticles are synthesized in solution en route to the final product. Finally, the conclusions

drawn from this thesis work as well as future work are detailed in Chapter 6.
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CHAPTER 2: SYNTHESIS OF NONPOROUS AND MESOPOROUS SILICA
MATERIALS FOR APPLICATIONS IN HEALTH AND THE ENVIRONMENT

2.1. Introduction

Many fields of science and industry target mesoporous silica as a material of intense
interest. Among other applications, mesoporous silica is a key player in aspects of both health
and environmental remediation research. The versatility of mesoporous silica is important in
these fields as these areas as they demand a high degree of tunability and flexibility.

Increased industrialization and production across the planet has resulted in many direct
environmental effects. One of the more worrying consequences of this increase is an
accompanying increase in the number and amount of contaminants released into the water table.
These contaminants pose serious health and environmental threats and their removal from the
water supply is of great importance. Mesoporous silica has emerged as a viable material for the
adsorption of contaminants due to the materials modifiable surface chemistry, high surface area,
and relatively low cost[26]. Mesoporous silica is covered in silanol groups which impart a
negative surface charge giving many cationic contaminants an affinity to the material resulting in
high adsorption[68, 69]. While this surface charge has intrinsic difficulties with the adsorption of
anionic species, the readily modifiable surface of the silica allows for functionalization with a
wide variety of surface groups [68, 70]. This allows for a surface that can be altered to have
affinity and even selective adsorption towards many different contaminant species.

Controlled release of drugs is important particularly in the case of cytotoxic drugs like
those used in cancer treatment[36]. By limiting the dosage and the area of effect to a particular
target, side effects can be minimalized and the effectiveness of the treatment can be maximized.
Mesoporous silica has also shown promise as a drug delivery agent due to the material’s flexible
properties, modifiable surface chemistry, high surface area, and expected low toxicity[34-36,
71]. The pore structure of mesoporous silica nanomaterials can be altered to accommodate a

wide variety of drug sizes and loading methodologies. The structure of the mesoporous silica
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nanomaterial can even be synthesized in such a way as to control the diffusion rate of a stored
drug[72]. Additionally surface of the material can be coated in a number of functional groups to
aid in biocompatibility and targeting of specific tissues and cells[34, 73].

For many applications of mesoporous silica to be seriously and widely implemented, the
overall impact of these materials must be carefully studied. These materials would frequently
come into contact with humans or be used within the human body, therefore, toxicology studies
must be performed to determine the overall safety of these materials. The Food and Drug
Administration recognizes silica as a Generally Recognized As Safe (GRAS) compound[74].
Bulk silica powders see use in industrial applications such as in paint, coatings, and lubricants
and are also used as food additives, mainly as anticaking agents[75-78]. While both mesoporous
and nonporous silica are amorphous in nature, crystalline silica has been implicated as a factor in
numerous respiratory illnesses[79]. Coupled with the fact that nanoparticles are generally more
reactive then their bulk counterparts, the toxicity of these materials is of critical importance.
There have been several studies on the toxicity of sub 100 nm nanoparticles that make the
beginning of the large body of research necessary to determine application specific safety of
these materials[79, 80].

The continued outlook for mesoporous silica in both health and in the environment is
promising. In order for these applications to move forward, there is still extensive research to be
done regarding many aspects of mesoporous silica. In order to more fully understand and tune
the structural and chemical properties of mesoporous silica to optimize the material for various
applications, a wide variety of sizes and types of silica and mesoporous silica nanoparticles must
be synthesized and tested. This chapter describes the synthesis and characterization of ~50 nm

solid silica nanoparticles and wormhole type mesoporous silica nanoparticles.
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2.2. Experimental Section

2.2.1. Materials

Triethanolamine, tetraethyl orthosilicate (TEOS), and a 25% Cetyltrimethylammonium
chloride (CTACI) solution were obtained from Sigma Adrich and used without any further
purification. Water purified with a Millipore CDF01205 Milli-Q 4-Carterage water purification

system was used in all reactions. Absolute ethanol was used in all reactions involving ethanol.

2.2.2. Synthesis of Wormhole Type Mesoporous Silica

In a typical synthesis of ~50 nm diameter wormhole type mesoporous silica, 200 ml of
water was combined with 33 ml of ethanol and 33 ml of 25% CTACI solution. The resulting
solution was stirred for 20 mins. 13 ml of TEA was added and the solution was stirred an
additional 30 mins at room temperature. The solution was then heated to 60 C° and stirred for 10
mins and 20.4 ml of TEOS was added rapidly under stirring at 500 RPM. The reaction mixture
was allowed to heat and stir at 60 C° for 2 hours. The resulting 50 nm mesoporous silica
nanoparticles were collected with high speed centrifuge at 8000 G for 30 mins. The product was
then washed with water three times and ethanol once before being dried overnight (18h) at 80
C°. The nanoparticles were calcined at 600 C° for 6 hours resulting in a total yield of 4.01g.
The product was then characterized by Powder X-Ray Diffraction (p-XRD), Transmission
Electron Microscopy (TEM), Dynamic Light Scattering (DLS), and Nitrogen adsorption
Isotherm (BET and BJH methods).
2.2.3. Synthesis of Nonporous Silica

Nonporous silica nanoparticles were obtained from a modified Stéber synthesis[81]. In
the synthesis of 50 nm diameter nanoparticles, 120 ml absolute ethanol was combined with 6 ml
of 28% by volume aqueous ammonia and stirred 24 hours at room temperature. The
nanoparticles were collected by high speed centrifuge at 8000 G for 20 mins and washed with
water and ethanol. The product was dried at 80 C° for 18 hours. The resulting nonporous silica

nanoparticles were then characterized with DLS, BET, and TEM.
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2.2.4. Functionalization

Portions of both nonporous and mesoporous silica were functionalized with (3-
Aminopropyl)triethoxysilane (APTES). In a typical APTES functionalization, 2.5 grams of
either mesoporous or nonporous silica nanoparticles were dried at 120 for 18 hours. The dry
powder was then immediately suspended in a solution of 125 ml toluene 2.5 ml APTES. The
suspension was heated to 120 °C and stirred at 500 RPM for 6 hours. The suspension was
allowed to cool to room temperature and the product collected by centrifuge. The pellet was
washed with toluene twice followed by two rinses with a 50:50 mixture of diethyl either and
dichloromethane. The APTES functionalized mesoporous or nonporous silica product was then
dried in an oven at 80 °C. The products were then characterized by BET and Thermogravimetric
Analysis (TGA).
2.2.5. Characterization

A QuantaChrome Nova 1200 was used to measure both 7 point and full
adsorption/desorption nitrogen isotherms. Using the 7 point and full isotherms respectively,
Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH)/Density Functional Theory
(DFT) were used to determine total surface area and pore size/volume. While BET is and has
been the trusted standard model for determination of surface area the standard model for the pore
size/volume determination is clear. Both BJH and DFT models are used in literature with
materials containing mesopores (2-50 nm). Each model makes assumptions that must be takes
into account when utilizing each model. BJH is based on the Kelvin equation which predicts
pressures that condense/evaporate in a cylindrical pore[82]. The core assumptions of the theory
is that the pore is cylindrical, that the adsorbate is evenly distributed over the entire surface area,
and that the pores are filled layer by layer as the relative pressure increases in such a way that the
small pores are filled before large pores[83]. DFT is a slightly more recent technique that is
based on a combination of statistical mechanics and experimental isotherm data [82, 84, 85].

These mathematical models have been generated for how gases including nitrogen, argon, and
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helium interact with a variety of solids including carbon and silica. Mathematical models for the
behavior of gas-liquid and solid-gas interactions in confined geometries are compared to and
calibrated with isotherm data from the interactions of target gases on target nonporous
surfaces[84, 86]. This makes the DFT method very versatile as both the material of interest and
adsorbate can be directly incorporated into the model used to determine pore size/diameter.
Because the DFT method is slightly more recent, mesoporous silica literature generally reports
pore size/volume using BJH for comparative purposes. Also, whereas the assumptions and
parameters used in BJH calculations are fairly constant, DFT calculations have many parameters
that must be selected and reported.

A Malvern Instruments Nano-ZS Zetasizer (DLS/zeta potential) was used to determine
size for the nonporous spherical silica nanoparticles. DLS was used to estimate size of the
mesoporous silica nanoparticles as interparticle aggregation made fine estimation of size using
this technique unreliable. TEM was utilized with both nonporous and mesoporous silica
nanoparticles to determine size and morphology. Image-J was used with the resultant TEM
images to determine size in a quantitative manner by measurement of 50 individual particles.
Finally, p-XRD gave information regarding the order and crystallinity of the materials.

2.3. Results and Discussion

The resulting nonporous and mesoporous silica nanoparticles were characterized by p-
XRD (for mesoporous silica), nitrogen adsorption and TEM. The results are tabulated in Table
1. The mesoporous silica particles had a large surface area of 1122 m?/g compared to the 66
m?/g surface area of the nonporous silica particles. This high surface area is due to the
mesoporous structure of the material as well as the small particle size. The pore volume appears
virtually unchanged by functionalization remaining a steady 0.4 cm®g and a small decrease in
pore diameter from 3.2 to 3.1 was observed by BJH. This disordered mesoporous structure was
further confirmed by the p-XRD pattern (Figure 15) which showed a broad peak around 2.1 26.

It should be noted that the peak typically broadens as particle size decreases. Functionalization
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of the mesoporous silica nanoparticles resulted in a slight shifting and broadening of the peak in
the p-XRD spectrum. TEM (Figure 16) indicated 49(5) nm spherical particles with a disordered
WO pore structure.

Nonporous silica was shown to have an approximate size of 47(7) nm by TEM (Figure
16) and 49(4) nm by DLS. TEM indicated that the particles were roughly spherical. The surface
area of the nonporous silica decreased from 66 to 42 m?/g upon functionalization with APTES.

Because of the material’s lack of pore structure and long range order, p-XRD was not used.

Mesoporous Silica

APTES Functionalized
Mesoporous Silica

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
26

Figure 15 p-XRD of WO mesoporous silica before and after functionalization with APTES.

2.4. Conclusions

Both nonporous and mesoporous silica nanoparticles with dimensions of ~50 nm were
successfully synthesized and functionalized with APTES. These nanoparticles will be used for
toxicology studies to determine the viability of these materials for use in such areas as drug
delivery and medical imaging. In order to generate a more complete body of knowledge
regarding the toxicological effects of these materials, more particle sizes, morphologies and

functionalization procedures may need to be studied.



Table 1 Characterization of functionalized and non-functionalized mesoporous silica and

nonporous silica nanoparticles.

Sample Surface Area | Pore Volume Pore Diameter Size

(m’/g) (cm’/g) (nm) (nm)

MS-WO 1122(8) 0.4(0) 3.2(0.04) 49(5)

MS-WO 699(5) 0.4(0) 3.1(0.02) 49(5)
APTES

Solid Silica 66(0) N/A N/A 47(7)

Solid Silica 42(0) N/A N/A 47(7)
APTES

30
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Figure 16 TEM images of nonporous silica (a,b) and mesoporous silica (c,d). The wormhole
pore structure can clearly be seen in image c.
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CHAPTER 3: INCORPORATION OF GERMANIUM INTO THE
FRAMEWORK OF NANOCRYSTALLINE FAUJASITE

3.1. Introduction

Zeolites are well-studied microporous materials with numerous applications due to their
highly customizable properties such as acidity, ion exchange capacity, and selectivity [87].
While a number of zeolites are naturally occurring, many more have been synthesized in the
laboratory. Zeolites have a framework consisting of SiO, and AIO, tetrahedra that can be
arranged in different ways giving rise to a large range of framework types. In addition to
aluminosilicate zeolites, additional zeolites can be created by incorporating other elements, such
as germanium, gallium, phosphorous and transition metals, such as titanium, into the framework.

Faujasite (FAU) type zeolites have a pore size of 7.4 A and have many practical
applications as adsorbents, ion exchangers, and catalysts. The FAU framework is shown in
Figure 17. Zeolites X and Y are FAU type zeolites which differ in Si/Al ratio. Zeolite X has a
Si/Al between 1 and 1.5 and zeolite Y has a Si/Al greater than 1.5. Zeolite A has the LTA
(Linde Type A) structure and a 4.2 A pore diameter. In the last decade, much research has
focused on synthesizing zeolite crystals with nanoscale dimensions[88, 89]. Nanocrystalline
zeolites have improved catalytic activity, increased external surface areas, and decreased
diffusion path lengths relative to conventional micron sized zeolites. FAU nanocrystals are
synthesized in a clear aluminosilicate gel in the presence of an organic template and a sodium
cation source. In order to favor conditions that lead to nanocrystalline FAU zeolite growth, a
supersaturated solution is utilized in order to generate the maximum number of nucleation sites.
This is because, as the number of viable nuclei in a closed nutrient pool increases, crystal size
decreases. The synthesis of pure zeolite X is complicated by the fact that zeolite A forms under
similar reaction conditions, so that typically a mixture of zeolites X and A results[90]. A
recycling procedure has been implemented to improve the nanocrystalline FAU zeolite yield[91-

93].
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Figure 17 FAU framework type zeolite. Each intersection represents a tetravalent silicon or
aluminum atom connected by oxygen atoms to form the aluminosilicate framework. The oxygen
atoms are not shown.

Studies involving germanium substitution in zeolites have primarily focused on the role of
germanium as a structure directing heteroatom towards forming new zeolite structures and
modifying the dimensions of well-known zeolites (eg. framework expansion)[94-105]. The
incorporation of germanium allows for the stabilization of zeolite structural units with acute
bond angles, such as double three and four membered rings and this has been used in unison with
novel organic structural directing agents to produce the ITQ zeolites[98, 99, 106]. In addition to
the role of germanium as a structural directing agent, germanium incorporation into the
framework of zeolites has been shown to facilitate the photochemical generation of electrons and
holes, and therefore the possibility of using such zeolites in photovoltaic cells, light sensitive

catalysts, and photoresponsive materials[107].
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In the study reported here, a method for the formation of nanocrystalline FAU zeolite
with framework germanium was investigated. The greater atomic radius of germanium
compared to silicon allows for a higher degree of framework flexibility. The synthesis strategy
utilized in this chapter demonstrates that it is possible to recycle the zeolite reaction mixture in
order to generate low silica FAU type nanocrystalline zeolites with crystal sizes of
approximately 50 nm, consistent germanium incorporation and high purity as shown in the
schematic in Figure 18. This work represents the first synthesis of germanium containing
nanocrystalline FAU type zeolites from clear solutions utilizing recycling to increase product

yield and improve the environmental impact of the synthesis.
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Figure 18 General procedure for the production of germanium incorporated FAU type zeolite
utilizing recycling to increase the overall yield
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3.2. Experimental Section

3.2.1. Synthesis of Germanium Substituted Zeolite X

Tetraethyl orthosilicate (TEOS), tetramethylammonium hydroxide (TMAOH),
germanium dioxide, sodium hydroxide, and aluminum isopropoxide (AIP) were purchased from
Sigma Aldrich. Nanoscale zeolites were prepared from clear reaction mixtures with and without
germanium as depicted schematically in Figure 19 and using the molar ratios provided in Table
2. Solutions containing silicon, aluminum, and germanium were prepared separately and were
then mixed to form a clear reaction mixture that was aged and heated to give a crystalline zeolite
product. In a typical synthesis of germanium containing FAU zeolite, germanium dioxide was
mixed with TMAOH. A silicon source solution was prepared by combining TEOS and TMAOH
and an aluminum source solution was prepared by mixing AIP with water, sodium hydroxide,
and TMAOH with stirring until the solution was clear. The germanium and silicon source
solutions were combined and stirred for 10 mins before being added to the aluminum solution to
form a clear reaction mixture that was aged for 12 h with stirring. The resulting solution was
heated in an oil bath equipped with a water-jacketed condenser at 97 °C for 72 hours until the
solution became slightly opague. A control batch prepared without any germanium was
synthesized as a control for comparison with the germanium-containing products.

The solid product was collected with centrifugation at 20800 rcf and the supernatant was
recovered. The solids were resuspended in water and then centrifuged again followed by
washing with water and then ethanol before being dried at 105 °C overnight. The solid product
was calcined at 550 °C for 8 hours in air. Meanwhile, the supernatant was recycled in two
separate series by either adding: A) 1 M NaOH (0.04 ml/ml reaction mixture) or B) both 1 M
NaOH (0.04 ml/ml reaction mixture) and germanium dioxide (1 mg/ml reaction mixture) to the
supernatant and stirring for one hour. The recycled reaction mixture was then heated to 97 °C
for 18 hours until the solution became opaque. The solid product was collected as described

above and the supernatant was recycled several more times. Cumulative product vyield is
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calculated by dividing the dry/calcined yield by the theoretical yield with the silicon source as

the limiting reagent.

Table 2 Molar ratios of solutions in initial reaction mixture

Solution TEOS GeO», AlP Water NaOH TMAOH

Germanium | Ge -- 0.096 -- - -- 0.58
Containing | Solution
Si Solution | 2.34 -- -- -- -- 1.5
Al Solution | -- -- 1.41 261.25 0.045 1.5

Control Si Solution | 2.34 -- -- -- - 1.74
Al Solution | -- -- 1.41 261.25 0.045 1.74

SR
Germanium
Source
—
.
Silicon

Source
_____ S _ —_ —>Wash, Dry and

— Calcine at 550 °C
Aluminum

S A. AddNaOH |
[ B. Add GeO, + NaOH|

Reaction

Mixture Recycle

Supernatant

Heat/Stir at 97 °C

Figure 19 Synthesis of FAU type zeolites. In the recycling step, either A) NaOH or B) both
GeO, and NaOH were added to the collected supernatant and stirred before being heated at 97
°C. This recycling is repeated several times.
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The initial solid product is labeled as GeX-ABO and the supernatant from this experiment
was divided into two separate series, A and B, in which the germanium containing zeolites were
recycled by A) adding NaOH or B) adding both NaOH and germanium oxide. These two series
are referred to as GeX-A# and GeX-B#, respectively, where the number refers to the recycle
batch number and A and B refer the the two series. The control sample was synthesized without
any added germanium and is labeled as Control.

3.2.2 Characterization

Elemental analysis by Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-
OES) was performed with a Varian 720-ES instrument. The samples were digested by adding ~5
mg of dry/calcined product to a 30:70 solution of concentrated HF:HCI (1.6 ml). The solution
was sonicated until clear. Nitric acid (0.4 ml) and 5% boric acid (6 mL) were added and the total
volume was brought to 10 ml with deionized water. The samples were then analyzed by ICP-
OES (1.0 kW, argon flow 0.05 L/min) and the elemental ratios were calculated. Powder X-ray
diffraction (XRD) patterns were collected over a range of 20 = 5-55° on a Siemens D500 X-ray
diffractometer (0.04 step size with a step time of 1 second per step). The powder XRD patterns
were used to determine relative crystallinity and purity. The samples were imaged using
Transmission Electron Microscopy (TEM) with a JEOL 1230. The dry products were suspended
in ethanol and sonicated for 30 min before being dropped onto formvar-coated 400 mesh copper
grids. The particle sizes were analyzed with Image-J software. Surface area analysis was
accomplished using a Quantachrome NOVA 1200 Surface Area Analyzer with the samples being
outgassed at 120 °C for 4 hours prior to analysis. Silicon and aluminum nuclear magnetic
resonance (NMR) experiments were conducted on a Bruker Avance 111-500 MHz spectrometer
using 4.0 mm and 2.5 mm double resonance CP/MAS probes, respectively. ’Al and ?°Si Magic
Angle Spinning (MAS) NMR experiments were conducted on representative zeolite samples.
AICl; was used as a chemical shift reference for 2’ Al NMR. The magic angle spinning speeds

were 30 kHz and 10 kHz for Al and ?°Si experiments, respectively.



Table 3 Elemental analysis, surface area, and size of germanium containing zeolites

Sample | Recycling | Si/Ge | Si/Al S, Size Cumulative | Purity
Batch Ratio® | Ratio® (m%/g)° (nm)® | Product (% FAU)*
Yield (%)
GeX 0 24(0) | 1.4(0.0) | 393(3) |35(9) |2 96
GeX-Al |1 19(0) | 1.3(0.0) | 683(5) |33(8) |15 100
GeX-A2 |2 25(0) | 1.3(0.0) | 572(4) 35 95
GeX-A3 |3 20(0) | 1.3(0.0) | 458(3) 51 96
GeX-Ad | 4 45(0) | 1.3(0.0) | 439(3) 61 41
GeX-A5 |5 97(0) | 1.3(0.0) | 248(2) 62 32
GeX-Bl |1 16(0) | 1.3(0.0) | 500(4) |34(8) |9 100
GeX-B2 |2 19(0) | 1.3(0.0) | 641(4) 24 04
GeX-B3 |3 17(0) | 1.3(0.0) | 534(4) 37 100
GeX-B4 |4 18(0) | 1.3(0.0) | 416(3) 44 80
GeX-B5 |5 23(0) | 1.3(0.0) | 293(2) 47 40
Control | 1 N/A | 15(0.0) | 547(4) |36(12) | 12 12

a. measured by ICP-OES

b. measured by nitrogen adsorption and the BET method; error given in parenthesis

c. determined from TEM; standard deviation given in parenthesis

d. determined from pXRD calibration

37
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Figure 20 p-XRD patterns of the initial product and the A) NaOH recycled zeolites (GeX-A#)
and B) GeO,+NaOH (GeX-B#) recycled zeolites where #=batch number. A p-xrd of the control
synthesized without any added germanium is also included as the top patter. They symbol A
represents a major XRD peak from FAU framework type zeolite and m indicates xrd peaks
indicative of LTA.
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Figure 21 Graph showing A) the % FAU and B) the Si/Ge in the product both as a function of
the batch # and series. In series A, only NaOH was added to subsequent batches and in series

B, both GeO, and NaOH were added to subsequent batches. The series were synthesized in
parallel by splitting the first recycle into two separate series. The dashed line indicates A)
100% FAU and B) initial Si/Ge ratio.
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Figure 22 Representative TEM images of GeX-Al (top left), GeX-B1 (top right),  Parent
(bottom left), and the control (bottom right)
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Figure 23 #Si (left) and >’ Al NMR (right) spectra of representative samples from GeX-A, GeX-
B3, and Control-C2 respectively from bottom to top.

Table 4 ®Si MAS NMR Peak Assignments

Sample Si(4Al) Si(3Al) Si(2Al) Si(1Al) Si(0A)
GeX-A -85.2 -89.1 -93.9 -98.8 -105.0
GeX-B -85.1 -89.1 -94.0 -99.0 -105.0
Control -88.0 -93.9 -98.8 -105.1 -108.9
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3.3. Results and Discussion

Nanocrystalline germanium-substituted X zeolites were prepared using a modified
recycling procedure as depicted in Figure 19 and originally developed for synthesis of
nanocrystalline NaY[89, 91]. After the first batch of zeolite was separated by centrifugation, the
supernatant was recycled and used in subsequent batches. NaOH or both NaOH and germanium
oxide were added to the recycled supernatant and are labeled as samples A and B, respectively.
A control batch without any germanium was also synthesized for comparison. Each batch was
characterized by powder XRD (p-XRD) and ICP-OES. Selected batches were also analyzed by
solid state NMR, TEM, and nitrogen adsorption.

p-XRD patterns for the germanium-containing zeolites and the control zeolites are shown
in Figure 20. A common impurity in the syntheses of FAU zeolites, X and Y, is zeolite LTA.
Both FAU and LTA type zeolites share similar but slightly offset p-XRD peaks. The
characteristic peaks used for identification of the FAU and LTA phases are indicated with filled
triangles and squares, respectively, in Figure 21. FAU type zeolite has a major characteristic
peak at 26~6.10° indicated by a triangle symbol and LTA has a major characteristic peak
20~7.20° indicated by a square symbol. Qualitatively, it was observed that the germanium
containing samples, A1-A4 and B1-B5 contain mainly the FAU phase along with a smaller but
variable amount of LTA. Alternatively, the control samples prepared without germanium
contained primarily LTA zeolite.

In order to quantify the relative amounts of FAU and LTA phases, physical mixtures of
standard samples of FAU and LTA type zeolites were prepared and analyzed by p-XRD. A
calibration plot was constructed to relate the characteristic p-XRD peak intensities to relative
FAU/LTA composition by weight percent. The least squares best fit linear parameters were used
to calculate the relative percentage of FAU produced in each batch of the synthesized samples as
presented in Table 3 and graphed in Figure 21. Based on this calibration, the initial zeolite
product in both germanium containing zeolite batches (Al and B1) predominantly contained

~100% FAU type zeolite as can be seen from the major peak at 20~6.10° and the absence of the
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LTA peak at 206~7.20°. In the subsequent recycling, the GeX-A4 and A5 and GeX-B4 and B5
samples showed a marked decrease in FAU phase relative to LTA as can be clearly seen in Table
3. In the control sample synthesized without germanium, the product was primarily LTA zeolite
with only ~12% FAU as shown by the pXRD pattern in Figure 20. For the first batch of
nanocrystalline zeolite, the presence of germanium in the reaction mixture leads to 96% FAU
compared to 12% in the absence of germanium for an otherwise identical reaction mixture.
However, for subsequent batches the trend is not so clear in that a decrease in FAU purity is
observed for both series A and B. Other factors such as the declining concentration of template
also effect the FAU purity but were not investigated in this study.

ICP-OES was used to determine the relative amounts of silicon, aluminum and
germanium in the zeolite samples. The results are listed in Table 3 and graphed in Figure 22.
For the A series, as the germanium containing reaction mixture is recycled with only added
NaOH, the Si/Ge ratio increases from 24 to 97 indicating a decrease in the germanium content
for subsequent recycled batches. This was remedied in the B series by adding small quantities of
germanium oxide to the reaction mixture before each recycling. This addition of germanium
results in a Ge/Si ratio ranging from 16 to 24 with an average value of 20. The Si/Al ratio as
calculated by ICP-OES ranges from 1.3 to 1.4 which is in the range of Zeolite X (Si/Al of 1-1.5).

The BET method was used to calculate the specific surface area of the samples. The
majority of the calcined GeX-A and GeX-B zeolites had surface areas ranging from 293-683
m?/g as listed in Table 3. These high surface areas are typical of crystalline zeolite materials as
reported elsewhere[91, 108].

The overall yield listed in Table 3 is approximately 62% and 47% after 5 recycles for
both the A and B series, respectively. In general, the amount of zeolite product obtained from
the initial synthesis was negligible and only yielded a small (<3%) amount of product.
Subsequent recyclings typically yielded significantly more product (usually >10% total
theoretical yield per recycling). These results are similar to those observed in the synthesis of

nanocrystalline zeolite Y by recycling [91].
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TEM images were acquired for several of the zeolite samples to determine the crystal size
and morphology. Representative TEM images are shown in Figure 21. The sizes determined
from the TEM images using image analysis software are provided in Table 3 along with the
standard deviations. The sizes for the samples analyzed by TEM are 35(9), 33(8) and 34(8) nm
for GeX-ABO, GeX-Al and GeX-B1, respectively, which are similar when taking into account
the standard deviations of the measurements. For the sample prepared in the absence of
germanium, the crystal size from TEM was 36(12) nm.

The ?’Al and ?Si MAS NMR of representative samples from the A and B series and the
Control sample are shown in Figure 22. The ?’Al MAS NMR spectra all contain a large peak at
~60 ppm assigned to tetrahedrally coordinated aluminum species and a very small peak at 0 ppm
assigned to octahedrally coordinated aluminum. Taken together, these spectral peaks indicate
that the majority of aluminum in the crystalline zeolite material is in tetrahedral coordination
within the zeolite framework while there is a relatively small amount of octahedrally coordinated
extraframework aluminum. The **Si NMR spectra of the zeolite products contain peaks which
are assigned to Q4(4Al), Q4(3Al), Q4(2Al), Q4(1Al), and Q4(0Al) as listed in Table 4 [109,
110]. Both GeX zeolites studied had similar peak assignments for Q4(4Al) through Q4(0Al)
while the peaks for the control sample were slightly shifted. This is mainly attributed to the fact
that the control sample had mainly the LTA type framework with only ~12% FAU [111, 112] .
The small shoulder at ~-85 is attributed to Q4(4Al) for FAU whereas the other peaks are
assigned to Q4 peaks for LTA as listed in Table 4. Using the peak assignments in Table 4 and
the peak intensities from the 2°Si MAS NMR spectra in Figure 22, the Si/Al ratio of the samples

was calculated using equation 1 below.

4
. Isi
Si Z __1Si(nAD)
NG n=0 [1]
Z 0.25n ISi(nA])
n=0

In Equation 1, I is the signal intensity of the specific resonance of framework silica and n is the

number of Al tetrahedra that are coordinated to that resonance of silica [110]. For the control,
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the equation agrees well with the ICP-OES data, giving a Si/Al ratio of 1.5. However this
calculation based on the Si NMR data gives a Si/Al ratio of 1.7 for GeX-A and 1.6 for GeX-B as
compared to 1.4 and 1.3, respectively, as determined by ICP-OES. This variation could be due
to the fact that the germanium containing zeolites appear to have slightly more extraframework
or octahedral aluminum than the control sample leading to a higher Si/Al ratio based on the
concentrations of tetrahedral silicon and aluminum only. It is also possible that the presence of
germanium changes the relative intensities of the silicon NMR peaks and/or shifts the peaks due
to the influence of germanium on the silicon chemical shift. This could lead to an
underestimation of the tetrahedral aluminum in a germanium-containing sample which results in
a higher calculated Si/Al value.

The addition method was most effective for the addition of germanium into the zeolite
framework. It appears that the germanium stabilizes the formation of FAU type zeolite as the
FAU purity of the product is seen to drop when the silica/germanium ratio increases.
Germanium seems to have an important role in the formation of FAU type zeolite under these
conditions.

The stabilizing influence of the Ge could be in part due to the larger atomic radii as
compared to Si. This increased radii allows Ge atoms to stabilize smaller X-O-X angles (where
X=Ge, Al, or Si) [100]. Energetically, the formation of 6 membered rings are favored and these
rings connect form double 6 membered rings (D6RSs); however, at high levels Al atoms double 4
member ring formation is increasingly favored which results in LTA zeolites. Ge could be
expected to further promote the formation of LTA over FAU because, as previously mentioned,
Ge is known to stabilize smaller angles such as those found in four membered rings. However,
from Figure 17, 4 membered rings are also a part of the FAU framework. The presence of
germanium could allow the energetically favored 6 membered rings to more easily form the
double 6 membered rings. As LTA depends on the presence of D4Rs which form more slowly
and are energetically unfavorable compared to D6Rs, the germanium can stabilize the formation

of the D6Rs preferentially in the initial solution. The sodelite cages in figure 17 are formed of



46

the four membered rings in solution joining into 6 membered rings. Together, these steps
deplete the supply of 4 membered rings in solution required to form the unwanted D4Rs and
promote the formation of FAU over LTA in the initial synthesis conditions.
3.4. Conclusions

While germanium has been previously substituted for silicon in FAU type zeolites, this
work represents the first time germanium containing FAU type zeolites with nanoscale crystal
sizes were obtained through recycling of a clear reaction mixture. The recycling method with
replenishment of NaOH and GeO, was demonstrated to be an efficient method for preparing
germanium substituted faujasite zeolites with high crystallinity, good product yields, and
consistent batch to batch germanium substitution. Nanocrystalline zeolites synthesized with the
same Si/Al ratio with the same reaction conditions but in the absence of germanium produced a
mixture of zeolite X and zeolite A, indicating that germanium substitution allows for an
increased number of Al sites within nanocrystalline FAU type zeolite synthesized from clear

reaction mixtures.



47

CHAPTER 4: HIGH YIELD SYNTHESIS OF IRON OXIDE/MESOPOROUS
SILICA CORE/SHELL NANOPARTICLES

4.1. Introduction

Mesoporous silica has proven an incredibly useful material with applications in areas
such as catalysis, environmental remediation, medical imaging, adsorption, and drug delivery
[35, 36, 60, 74, 113-119]. These applications are made possible by the large surface area,
controllable pore diameter, low toxicity, and readily modifiable surface chemistry of mesoporous
silica materials. Mesoporous silica nanoparticles have gained much attention due to their larger
and more accessible surface area, as well as improved biocompatibility relative to mesoporous
silica with micron particle sizes [120, 121]. Of particular interest has been the combination of
mesoporous silica nanoparticles and other metal or metal oxide nanoparticles to create core/shell
nanomaterials [61, 116, 120, 122, 123].

In this study, various conditions for the synthesis of magnetic iron oxide core/shell
mesoporous silica nanoparticles were explored. Iron oxide in the form of magnetite (Fe3O,) was
chosen as the core because magnetite nanoparticles have been and continue to be a topic of
interest in the materials research community [55, 62, 124, 125]. Magnetite nanoparticles are
among the most well studied owing to their interesting magnetic properties, relatively simple
synthesis conditions, and low cost. The magnetic susceptibility of iron oxide nanoparticles is
one of the material’s most important properties, allowing the nanoparticles to be readily
manipulated and recovered using magnetic fields[55, 126], as well as imparting great potential
for drug delivery and medical imaging applications[55, 65]. However, magnetic iron oxide
nanoparticles also tend to suffer from aggregation resulting in loss of magnetic capacity,
accessible surface area, and dispersibility. Consequently this has led to the development of
stabilization strategies such as coating the iron oxide nanoparticles with mesoporous silica [61,
65, 116, 127, 128]. This class of core/shell nanomaterials has many useful qualities and has

quickly become a focus of materials research.
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Iron oxide/mesoporous silica core/shell nanoparticles are composed of an iron oxide core
embedded within a shell of mesoporous silica. These nanoparticles combine the useful
properties of mesoporous silica with those of iron oxide resulting in a truly versatile material.
These iron oxide/mesoporous silica core/shell nanoparticles have many potential applications in
drug delivery, medical imaging, catalysis, and environmental remediation [38, 60-62, 65, 67].
The properties of the iron oxide core/shell mesoporous silica nanoparticles can be tuned for a
specific application by modifying mesoporous silica properties, such as silica shell thickness,
pore size, pore wall thickness, and size of the nanoparticles. Many applications benefit from a
total particle diameter of less than 100 nm. For example, studies have shown that for biomedical
applications including drug delivery, maximum uptake is achieved for mesoporous silica
nanoparticles having a total particle size of less than 100 nm[38, 120, 129].

There have been many studies on the synthesis and application of iron oxide/mesoporous
silica core/shell nanomaterials [67, 74]. In general, prior research has gravitated towards
improving control of the size and shape of the pores, incorporating different shapes or forms of
iron oxide, and probing potential applications of the core/shell nanoparticles. Notably, Lin and
Haynes demonstrated that it was possible to incorporate Fe;O4 nanoparticles into mesoporous
silica in a one pot synthesis[120]. More recently, Nikola and coworkers demonstrated that the
pore structure (radial vs hexagonal) of core/shell mesoporous silica could be tuned by
controlling the rate of addition of tetraethylorthosilicate (TEOS) added to the reaction mixture
during synthesis [116]. Aerosol assisted synthesis has also been utilized resulting in a high
efficiency in terms of iron oxide loading [130, 131]. The resulting core/shell nanoparticles have
a homogeneous distribution of iron oxide nanoparticles but a heterogeneous distribution of
particle sizes [130, 131]. Zhang and coworkers recently showed that pseudo-cubic iron oxide
nanoparticles embedded in mesoporous silica spheres could be synthesized with controlled
core/shell thickness and surface area [62]. While there have been many advances in the
synthesis of iron oxide core/shell mesoporous silica nanocomposites, previous studies generally

use dilute synthesis conditions which limit the amount of product produced and generate large
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amounts of waste[120, 127]. Additionally, previously reported methods tend to require surface
modified or pre-coated iron oxide nanoparticles[120, 127]. A major problem still facing this area
of research is the scaling up of the process to produce large amounts of uniform core/shell
nanocomposites, thereby improving the environmental impact by reducing waste and decreasing
the cost and time required.

In this study, a scalable, high yield, and greener synthesis of sub 100 nm core-shell iron-
oxide mesoporous silica nanocomposites with wormlike (WO) pore morphology was developed.
The starting point for the synthesis conditions was a recent study in which large quantities of
monodisperse WO mesoporous silica nanoparticles were produced using various secondary
organic amines (SOASs) [132]. These synthesis conditions were modified to include an iron oxide
core in a one-pot synthesis that produced multi-gram scale yields of discrete, monodisperse, and
easily dispersible iron oxide/mesoporous silica core/shell nanoparticles starting from dry
unmodified iron oxide nanoparticles. The role of the SOA in the synthesis of the core/shell
nanomaterials was investigated by varying the amount as well as the identity of the SOA. This
research works toward a simple, high yield synthesis of large quantities of monodisperse, sub
100 nm iron oxide/mesoporous silica core/shell nanoparticles with high surface area, controllable
size, and well-formed mesopores with wormlike (WO) morphology.

4.2. Experimental Section

4.2.1. Synthesis of Fe;04 Nanoparticles

Spherical Fe3O4 nanoparticles ~13 nm in size were synthesized using a modified version
of a previously reported method[120, 133]. 4.80 g of iron(l1l) chloride hexahydrate and 2.00 g
iron(11) chloride tetrahydrate were added to 30 ml of nitrogen purged water. The solution was
stirred and heated to 90 C° under a nitrogen atmosphere with magnetic stirring at 500 rpm. 20
ml of 14% aqueous ammonia was added to the amber solution which then turned black, and the
reaction was allowed to continue stirring and heating at 500 rpm and 90 C° respectively for 2.5

hours. The product was collected with a magnet and washed with water until the pH of the rinse
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water was approximately 7.0. The product was dried at 100 C° for 4 hours and stored in a glass
vial. The product is magnetic and was used in the following reactions with no further
modification.
4.2.2. Synthesis of Iron oxide Core/Shell Mesoporous Silica Nanoparticles

Using a co-precipitation method, either cetyltrimethylammonium chloride (CTACI) or
cetyltrimethylammonium bromide (CTAB) was added to water as a surfactant and stirred before
adding a small organic amine (SOA). The SOA used was either triethanolamine (TEA) or 2-
amino-2-(hydroxymethyl)propane-1,3-diol (Tris). The dry FesO4 nanoparticles were added to
this solution without any post-synthesis surface treatment. The TEOS was used as received
without any additional purification or distillation. The identity and amounts of reactants used are

listed in Table 5.

Table 5 Reaction conditions of samples described in text as molar concentrations of reagents

Name TEOS SOA Surfactant Water Ethanol Fe3 O4
M-MSN-1 1 0.5(TEA) 0.3(CTACI) 151 8 0.04
M-MSN-2 1 0.7(TEA) 0.3(CTACI) 144 8 0.04
M-MSN-3 1 1(TEA) 0.4(CTACI) 198 10 0.11
M-MSN-B 1 0.1(TEA) 0.1 (CTAB) 81 0 0.07
M-MSN-T 1 1( Tris) 0.1(CTACI) 165 0 0.05

In a typical synthesis, 360 ml water, 60 ml ethanol (EtOH) and 59 ml of a 25% by weight
CTACI solution were combined and stirred for 10 mins. 9 ml of TEA was added to the solution
and stirred for 2 hours. 1.18 g Fe;O,4 nanoparticles were added to the solution and the resulting
suspension was sonicated 1 hour at 42 kHz. The resulting suspension was then mechanically
stirred and heated to 60 C° and 29.6 ml of TEOS was rapidly added. The reaction mixture was

mechanically stirred at 500 rpm for 2 hours at 60 C° resulting in a deep brown suspension. The
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slightly viscous suspension was then allowed to cool before the core-shell product was separated
by large scale high speed centrifuge. The post-centrifuged product was washed with water and
separated with a magnet until the pH of the rinse water was approximately 7.0. The resulting
product was dried at 100 C° in an oven and calcined with air flow at 550 C° for 5 hours yielding
approximately 2.2 grams of iron oxide core/shell worm-like (WQO) mesoporous silica

nanoparticles.

{ Surfactant JW/ater/EthanolJ Stir 2 hours at 60 °C Magnetic Separation/ Washing

r

Stir 10
mins

S ~( P

Heat to 60 °C with lDry at 100

500 RPM stiring | Add TEOS Calcine at 550°C

Add Fe,0,
Nanoparticle

>

Sonicate 1 hou;
at 42 kHz

Stir 1 hour at R.T.

Figure 24 Flow chart of synthesis procedure for M-MSN core-shell nanoparticles.
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Figure 25 Schematic diagram of the formation of M-MSN core-shell nanoparticles with WO
pore morphology.

Several variations of the above procedure were employed to generate variants of the
core/shell product. The samples were labeled as M-MSN-# for magnetic iron oxide with a WO
type mesoporous silica shell synthesized using CTACI as the surfactant, TEA as the SOA, and an
ethanol/water solvent system with the # representing a variation of reactant concentrations. M-
MSN-B and M-MSN-T were synthesized similarly except that CTAB was used as the surfactant
and Tris as the SOA, respectively. The resulting products were characterized with BET, powder
X-ray Diffraction (p-XRD), transmission electron microscopy (TEM), and Inductively Coupled
Plasma-Optical Emission Spectroscopy (ICP-OES)

4.2.3. Characterization

Elemental analysis by ICP-OES was performed with a Varian 720-ES instrument and was

used to determine % Fe in the core-shell materials. The samples were digested by adding ~7.5

mg of dry/calcined product to a 30:70 solution of concentrated HF:HCI (1.6 ml). The solution
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was sonicated until clear and 0.4 ml of nitric acid followed by 6 ml of 5% boric acid were added
and the total volume was brought to 10 ml with deionized water. The samples were then
analyzed by ICP-OES (1.0 kw, argon flow 15 L/min), and the concentration of the sample
solutions were calculated. The % Fe was determined by comparing the digested sample masses
to the concentrations of the sample solutions. p-XRD patterns were collected at both low and
high angles. Low angle and high angle powder patterns were collected over a range of 20 = 1-5°
and 10-80° respectively on a Siemens D500 X-ray diffractometer (0.04 step size with a step time
of 1 second per step). The low angle p-XRD patterns were used to observe the order of the
mesoporous silica shell and the high angle was used to observe the iron oxide cores. The samples
were imaged using Transmission Electron Microscopy with a JEOL 1230. The dry products
were suspended in ethanol and sonicated for 30 min before being deposited onto formvar-coated
400 mesh copper grids. The particle sizes were analyzed with Image-J software using sample
sizes of 100 particles. Surface area, pore volume, and pore size were determined by applying
BET (Brunauer—Emmett—Teller) and BJH (Barrett, Joyner and Halenda) mathematical models to
the absorption desorption data from a Quantachrome NOVA 1200 Surface Area Analyzer. The

samples were outgassed at 120 °C for 18 hours prior to analysis.

4.3. Results

In this study, sub 100 nm magnetic iron oxide/mesoporous silica core/shell nanoparticles
were successfully synthesized from Fe;O,4 nanoparticles in a one-pot reaction. The schematic
diagram of the synthesis procedure is shown in Figure 24 and the complete set of synthesis
conditions are listed in Table 5. First, iron oxide (Fe3zOay, nanoparticles with a diameter of 13+2
nm were synthesized and used in the preparation of the core/shell nanomaterials. Next, gram
scale quantities of the iron oxide/mesoporous silica core/shell nanoparticles were quickly and
easily produced using relatively inexpensive reagents and co-precipitation methods for the
generation of the WO mesoporous silica shell around the iron oxide nanoparticle cores as

depicted in Figure 25. This method was modified from a recent study in which large quantities
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of monodisperse WO mesoporous silica nanoparticles were produced using various SOAs [132].
The reaction conditions were systematically varied to investigate the effect of changing the
amounts of SOA, surfactant, TEOS and iron oxide nanoparticles. In addition, the effects of
different SOAs, such as TEA and Tris, were investigated. For the first three samples (M-MSN-
1, M-MSN -2 and M-MSN -3), the ratios of TEOS/SOA/surfactant were varied and the amount
of iron added was increased for M-MSN-3 relative to M-MSN-1 and M-MSN-2. For the next
two samples, the surfactant and the SOA were changed from CTACI to CTAB and TEA to Tris,
respectively. A summary of the physicochemical characterization of these materials is provided

in Table 6.

Table 6 Physicochemical characterization of samples described in text

Name TEOS/ TEOS | %Fe* [BET | BJH, BJH Py | Size Yield®
SOA IFe304 Sa (cm*/g) (nm) | TEM | (mg/ml)
(m’/g)

M-MSN-1 | 20(TEA) | 27 8.1(.2) | 812(6) | 0.194(.002) | 3.2(0.1) | 81(14) | 4.3

M-MSN-2 | L4TEA) | 27 8.0(.4) | 845(6) | 0.365(.003) | 3.2(0.1) | 82(13) | 7.8

M-MSN-3 | 1(TEA) 9 9.5(.3) | 794(6) | 0.479(.003) | 3.2(0.1) | 57(8) | 13.1
M-MSN-B | 37.5(TEA) | 76 4.0(.1) | 369(3) | 0.185(.001) | 3.2(0.0) | 130(18) | 8.7
M-MSN-T | 1(Tris) 207 | 8.8(.3) | 843(6) | 0.381(.003) | 3.2(0.1) | 87(13) | 13.5

06 by mass determined by ICP-OES

®yield is measured by mg product per ml reaction mixture

The nitrogen adsorption isotherms are shown in Figure 26 and are assigned as type 1V
isotherms which are indicative of mesoporous materials [134]. Analysis of the nitrogen
adsorption/desorption branches of the M-MSN-1,2,3 series and M-MSN-T gave surface areas
greater than 790 m%g and consistent pore sizes of ~3.2-3.3 nm in diameter as calculated by the
desorption branch of nitrogen isotherms utilizing the BJH method (Table 6). Elemental analysis
by ICP-OES indicates that the amount of iron in the M-MSN-1,2,3 series and M-MSN-T series

of samples ranged from ~8-9.5% as listed in Table 6. The outlier sample was M-MSN-B which
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had a substantially lower surface area of 369 m?%g and a lower Fe content of 4% by weight
relative to the other samples.

Low angle p-XRD patterns (Figure 27 top) indicate the presence of mesoporous silica by
virtue of broad peaks at ~1.9 20 [120]. The broadness of the peaks is due a lack of long range
order which is indicative of both small particle size and disordered pore structure that is present
in WO type mesoporous silica. The effect of particle size on the p-XRD patters is apparent in
the increased broadening in M-MSN-3 compared M-MSN series products having larger particles
sizes. As the high angle p-XRD patterns in Figure 27 indicate, iron oxide is clearly present in all
M-MSN series samples.

The TEM images for representative particles from each sample are shown in Figure 28
and were used to determine the size and morphology of the nanoparticles. From inspection of
the TEM images, the samples are spherical in shape and the iron oxide nanoparticles are
incorporated near the centers of the particles. In general, there seem to be multiple iron oxide
particles incorporated within each particle. As can be seen in the TEM images and as
summarized in the size measurements in Table 6, the size of the core-shell nanoparticles ranged
from 57-130 nm. The only sample that appears to have iron oxide that is not incorporated into
the mesoporous silica shell material is M-MSN-3 as seen in Figure 28 which also had the
smallest particles and the largest amount of added iron oxide nanoparticles. The size was
controlled to some extent by the amount of iron oxide used in the reaction mixture such that
increasing the iron oxide content of the reaction mixture lead to a smaller particle size for sample
M-MSN-3.

Another aspect of this study that was investigated is the product yield, which is reported
in mg product/ml reaction mixture in Table 6. The yields ranged from ~4-13 mg/ml with the

core/shell sample prepared with Tris (M-MSN-T) resulting in the highest yield.
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4.4. Discussion

In the synthesis process investigated here, the synthesis parameters were adjusted to
maximize yield and minimize particle size. One of the first factors varied was the ratio of TEOS
to TEA and TEA to surfactant (compare M-MSN-1 and M-MSN-2). The effect of this ratio on
the particle size of these core-shell nanomaterials was hypothesized to be similar to the effect
observed in WO type mesoporous silica nanoparticles which under similar reaction conditions
demonstrated a decrease in particle size as the amount of TEA used in the reaction mixture
decreased[135]. However, when the amount of TEA was varied, as shown in Table 6 when
comparing M-MSN-1 and M-MSN-2, the particle size remained ~81-82 nm as measured by
TEM suggesting that the size is invariant to the TEOS/TEA ratio in this range of synthesis
conditions but the yield is nearly doubled as the amount of TEA in the solution decreases.
Likely this is because, as has been previously suggested, TEA can slow and inhibit the growth of
mesoporous silica[136]. When the amount of iron oxide nanoparticles in the reaction mixture
was increased (compare M-MSN-3 to M-MSN-1 and M-MSN-2), the particle size decreased to
~57 nm. This decrease in size with increasing iron oxide content is consistent with what has
been observed previously in the synthesis of mesoporous silica iron oxide core/shell
nanomaterials[120]. However for this sample, M-MSN-3, excess agglomerated iron oxide
without a mesoporous silica shell was observed in the TEM images leading to the conclusion that
these parameters are not optimal for the preparation of homogeneous core/shell nanoparticles.
This was further supported by preparing a sample identical to M-MSN-2 in every way except for
the iron content which was increased to be the same as in M-MSN-3. This resulted in large
aggregates of iron oxide nanoparticles in the sample (not shown).

Alteration of the TEOS/TEA ratio of the reaction mixture is seen to have an effect on
both the pore volume and surface area of the nanomaterial. BJH measurements indicate that
decreasing the amount of TEA relative to TEOS resulted in a slight increase in surface area

(~4%) and a large increase in pore volume (nearly doubled) between M-MSN-1 and M-MSN-2
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with the particle size remaining approximately the same. As will be discussed in more detail
below, the yield increased from 4.3 to 7.8 mg/ml as the amount of TEA was decreased.

In addition to altering the relative ratios of the reactants, reactions utilizing alternative
reactants were attempted. In M-MSN-B, CTAB was used as a surfactant and the reaction
conditions were designed to promote high yield of sub-100 nm WO MSNSs. These conditions are
a modification of a previously published procedure for large scale mesoporous silica syntheses
[132] in the absence of iron oxide cores. This modified procedure produced slightly larger than
expected core-shell particles with an average size of 130 nm as seen in Table 6. The BJH pore
volume and BET surface areas were significantly lower than other M-MSN synthesis methods
suggesting that the use of CTAB is not optimal for producing sub-100 nm particles under these
conditions. In the M-MSN-T synthesis, relatively inexpensive Tris buffer was used as the SOA
yielding a high quality M-MSN product with similar properties to the MSN-1,2. While the pore
volume was lower than the M-MSN-2 and M-MSN-3 batches but comparable to M-MSN-1, the
pore diameter was only slightly smaller (3.2 nm compared to 3.3 nm) and the surface area was
>800 m?/g.

The product yields in this study range from 4.3 to 13.5 mg product /ml reaction mixture
with the highest yield found for the sample prepared with the Tri buffer (M-MSN-T). This work
has shown that high yields of WO type M-MSNs can be synthesized using uncoated iron oxide
nanoparticles and utilizing a fast and relatively inexpensive procedure. While this procedure is
not as efficient as the one reported by Zhang and coworkers (no core/shell)[132] which produced
up to approximately 52 mg of mesoporous silica nanoparticles per ml of reaction mixture, the
amount of core/shell nanoparticles generates on the order of 10 mg/ml reaction material for the
most efficient conditions reported here. The synthesized iron oxide/mesoporous silica core/shell
nanoparticles, particularly M-MSN-2 and M-MSN-T, have high surface areas and particle sizes
of ~80 nm. This work has also demonstrated that relatively inexpensive Tris buffer can be used

to produce high quality core-shell M-MSN particles.
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Tris buffer is somewhat similar to TEA structurally and have similar pKa values of 8.07
and 7.74 respectively. The increased yield of product resulting from the use of Tris vs. TEA is
suspected to be due to chelation effects. While both of these small organic amines are known
chelating agents, TEA is a more efficient chelating agent than Tris and thus the rate of silica
formation in the Tris based solution will be higher than when TEA is used. This increased rate
of silica formation is thought to result in greater yields due the initial burst nucleation of stable
silica nuclei.

4.5. Conclusions

Efficient, high yield, and greener synthesis of sub 100 nm iron oxide/mesoporous silica
core/shell nanoparticles with wormlike (WO) pore morphology was demonstrated. The
procedures presented here utilize relatively inexpensive materials and are scalable, which are
important steps towards improving the viability of these materials. The product consists of a
shell of wormhole like mesoporous silica with two or more iron oxide nanoparticles in the center
of the particle which has an overall size of ~80 nm. The use of Tris buffer as an SOA vyielded
uniform ~87 nanoparticles with high surface area and pore volume and a high product yield. The
results presented here are critically important in that a myriad of future applications for iron
oxide/mesoporous silica core/shell nanocomposites are being investigated that will require large

quantities of these materials.
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Figure 26 BET isotherms of a) M-MSN-1, b) M-MSN-2, ¢) M-MSN-3, d) M-MSN-B, and e) M-

MSN-T.
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Figure 27 Low (top) and high (bottom) p-XRD patterns from each sample. Miller indices
corresponding characteristic Fe3O,4 planes to are shown above the high angle p-XRD.
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50 nm

Figure 28 TEM images of a) M-MSN-1 (scale bar 100 nm), b) M-MSN-2 (scale bar 50 nm), c)
M-MSN-3 (scale bar 50 nm), d) M-MSN-B (scale bar 100 nm), e) M-MSN-T (scale bar 50 nm),

and f) uncoated Fe;O4 nanoparticles (scale bar 50 nm).
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CHAPTER 5: ONE-POT SYNTHESIS OF IRON OXIDE CORE/SHELL
MESOPOROUS SILICA NANOCOMPOSITES
5.1. Introduction

Mesoporous silica-metal oxide nanocomposites have many potential applications and are
widely studied. One class of these nanocomposites; mesoporous silica coated Fe;O4
nanoparticles, have been identified as an important material in many fields including healthcare,
optics, catalysis, and environmental remediation [38, 62, 67, 123, 137, 138]. Discrete
nanoparticles with core-shell structures are of particular interest due to their high surface areas,
improved suspendibility, faster mass transport, and large amount of accessible pore volume[62,
122].

In recent years, core/shell magnetic nanoparticles have been used in a variety of
applications. These applications depend on their magnetic nature, small particle size, and porous
structure. A small particle size is necessary for biological applications as larger particles are
rejected by the body[129]. The magnetic nature of the nanoparticles allows this material to have
potential use as MRI contrast agents[139]. The large amount of functionalizable internal surface
area pore volume allows for the adsorption of significant quantities of drug [65, 130, 140].
Additionally, as nanoparticles have a higher ratio of external to internal surface area compared to
bulk, a large amount of functionalizable external surface area is a feature of these materials.
These materials have the potential to be utilized as multifunctional drug delivery/imaging
platforms by combining the above applications[139].

Recently, synthetic research related to mesoporous silica-iron oxide nanocomposites has
focused on the tuning of the material’s properties. Specifically, several studies have sought to
devise methodologies to control the thickness of the mesoporous silica coating [72, 141]. Other
studies have focused on increasing pore volumes and pore sizes in order to obtain better drug
loading capabilities[142, 143]. Other studies seek a deeper understanding of the formation
mechanism of the core-shell nanocomposites in the hope of establishing greater overall synthetic

control. Ultimately, another important facet of synthetic research involving these materials will
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involve discovery and application of more streamlined synthetic procedures. In one literature
example, Jin Zhang and coworkers combined the synthesis of iron oxide nanoparticles with the
formation of mesoporous silica resulting in large nanocomposites[144].

For iron oxide core/shell mesoporous silica hanocomposites to become a more fully
realized technology there are certain concerns that must be addressed. One of these concerns
involves the simplification of the methods by which these materials are synthesized.
Simplification is necessary to reduce the quantity of waste produced, minimize synthesis time,
and improve product consistency. The balance between product quality and efficiency of
production is crucial and necessitates study of this remarkable class of materials if they are to
wide use.

In this work, a one pot method for the synthesis of iron oxide- mesoporous silica
nanocomposite nanoparticles is described.  Previously published synthetic methods for the
formation of these materials used Fe;O, nanoparticles that were either purchased or synthesized
as an initial reagent in the one pot synthesis. Fe3O, nanoparticles are relatively costly if
purchased as a reagent and while the synthesis of Fe;O, nanoparticles is relatively simple and
can result in high yields, they are typically purified and surface treated prior to being coated with
mesoporous silica. In this work, FesO4 nanoparticles are formed in transit to the final product
with no intermediate purification or surface treatment. Using a one pot method to sequentially
synthesize the Fe;O,4 nanoparticles and coat the surface of said particles with mesoporous silica
limits both time and expense.

5.2. Experimental Section
5.2.1. Materials

Cetyltrimethylammonium  chloride  (CTACI)  solution  (25% by  mass),

Cetyltrimethylammonium bromide, iron(l11) chloride hexahydrate, iron (I1) chloride tetrahydrate,

triethanolamine (TEA) tetraethyl orthosilicate (TEOS) were purchased from Sigma Aldrich.
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These purchased reagents were used as is without any purification. Water purified with a
Millipore CDF01205 Milli-Q 4-Carterage water purification system was used in all reactions.
5.2.2. One-Pot Synthesis of Magnetic Mesoporous Silica Nanocomposites

Mesoporous silica coated iron oxide nanocomposite nanomaterials were synthesized in a
one-pot reaction as illustrated in Figure 29. No purification or separation of the iron oxide
nanoparticles was performed prior to mesoporous silica coating. In a typical synthesis, 200 ml of
water was purged with nitrogen for 30 mins. Iron (Ill) chloride hexahydrate and iron (1)
chloride tetrahydrate were then added to the solution under a nitrogen atmosphere. The iron
sources were allowed to dissolve approximately 10 mins after which a 28% by mass aqueous
ammonia solution was added. The caramel tinted solution immediately turned black and opaque
as the Fe3O,4 nanoparticles formed. This reaction was allowed to continue under a nitrogen
atmosphere for two hours. An amount of surfactant (either CTACI or CTAB) was then added
and the reaction mixture allowed to stir for 10 mins before the addition of a small organic amine
(SOA). The resulting reaction mixture was then sonicated for two hours and subsequently
heated to 80 °C and mechanically stirred at 1000 RPM. TEOS was then added and the reaction
was allowed to stir for two hours. The product was the collected through a combination of large
scale centrifuge followed by magnetic separation. The nanocomposite product is then washed
twice with water and once with absolute ethanol. The product was then either calcined or
template extracted. Calcined samples were heated to 550° C over a period 6 hours and then held
at that temperature for 6 hours before being allowed to cool to room temperature. Template
extracted samples were suspended in a solution of 200 ml of a solution consisting of 1.0 g of
ammonium nitrate dissolved in ethanol. The solution was heated to 60 °C and magnetically
stirred for 16 hours. This was repeated thrice before the product was washed twice with ethanol
and dried at 80 °C overnight. In either case, the resulting nanocomposites were characterized by
Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES), Powder X-Ray
Diffraction (p-XRD), Transmission Electron Microscopy (TEM), and by applying the
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(Brunauer-Emmett-Teller) and BJH (Barrett, Joyner, and Halenda) mathematical models

physical adsorption measurements. The yields of these syntheses ranged from about 0.3-0.6 g.
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Figure 29 One pot synthetic procedure for the production of iron oxide core/shell mesoporous
silica nanocomposite nanoparticles.

5.2.3. Characterization

Samples were outgassed for a period of 18 hours at 120 °C before being analyzed on a
Quantachrome NOVA 1200 Surface Area Analyzer using nitrogen as the adsorption gas.
Quantachrome NovaWin 2 software was used to apply BET and BJH mathematical models to the

data to determine surface area and pore size/volume respectively. A portion of a given sample
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was calcined and the other portion template extracted so that they could be directly compared
with the surface area analyzer. Calcined samples analyzed by p-XRD with a Siemens D500 X-
ray Diffractometer. Low angle and high angle powder patterns were collected over a range of 260
= 1-5° and 10-80° respectively (0.04 step size with a step time of 1 second per step). Low angle
p-XRD was used to compare the relative order/size of the nanocomposite nanoparticles and high
angle was used to confirm iron oxide incorporation. A Varian 720-ES ICP-OES was used to
determine the iron content of the nanocomposites. Massed samples were digested in an acid
solution of concentrated HF/HCI/HNO3 (20/60/20) under sonication. The digested samples were
diluted with a 5% boric acid solution and water. A five point Fe standard curve was run and the
digested samples were analyzed by ICP-OES (1.0 kW, argon flow 15 L/min). The % Fe by mass
of the original nanocomposites was determined by comparing the digested sample mass to the
iron concentrations of the digestions. The morphology and dimensions of the nanocomposites
were determined using a JEOL 1230 TEM. The dry products were suspended in ethanol and
sonicated before being deposited on a formvar-coated 300 mesh copper grid and allowed to dry
at room temperature. Gatan Digital Micrograph and Image-J were used to measure the physical
dimensions of the nanocomposites.
5.3. Results and Discussion

The overall goal of this work was to create a one pot method for the synthesis of discrete
mesoporous silica coated core/shell iron oxide nanocomposite nanoparticles as shown in Figure
29. Specifically, synthesis of the Fe3O, nanoparticles and coating of the nanoparticles was
completed without the purification of any intermediates. This differs from the literature where
iron oxide nanoparticles are typically synthesized and purified/surface modified prior to
subsequent use in core/shell synthesis.

The two major events that occur in the reaction mixture are the formation of the Fe3O4
nanoparticles and the coating of said nanoparticles with mesoporous silica. The room

temperature formation of iron oxide used in this synthesis typically employed a Fe**/Fe®" ratio of
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2:1 in order to favor the formation of Fe3O4 over Fe,O3 or other more highly oxidized forms of
iron oxide. The nitrogen purge of the water with nitrogen aids in the removal of oxygen from the
water that could lead to the oxidation of a Fe** to Fe**. However, because of the dilute nature of
the synthesis in regards to Fe sources, an excess of Fe?* was added under the assumption that
there will be some degree of oxygenation occurring in the solution. The ratio employed was
therefore 1.2:1 in order to be sure that the iron oxides nanoparticles formed were predominantly
Fes;0,.

The experimental conditions were varied primarily after the formation of iron oxide
nanoparticles and during the mesoporous silica coating process. Reaction conditions were
systematically varied in order to obtain discrete core/shell structured nanoparticles.

The types and amounts of reagents used were varied systematically in pursuit of a core
core/shell structure as listed in Table 7. Water/TEOS/Surfactant/Base systems are frequently
used to produce mesoporous silica. Small organic amines (SOASs) are often employed as both
bases and structural directing agents. The formation mechanism for the one pot mesoporous
silica coated iron oxide nanoparticles produced by this method has several distinct phases. The
first major event is the formation of Fe3O,4 in a nitrogen protected aqueous environment. This
step has a relatively well understood mechanism in which the Fe** and Fe** salt sourced cations
present in solution form FeOOH and Fe(OH), respectively upon the addition of a OH"
source(NH,OH). These immediately react according to the formula 2FeOOH + Fe(OH), +
H,O0->Fe;04 + H,O forming FesO4 nanoparticles with diameters of 11+2 nm. The exact
formation mechanism of the mesoporous shell around the iron oxide nanoparticles is less clear;
however, a potential mechanism can be theorized. The subsequently added cationic surfactant
(CTA") reacts with the negatively charged surface of the nanoparticles as well as forming
micelles. As a result, the iron oxide nanoparticles become surrounded by CTA" micelles.
Heating of the system causes the micelles to assume rodlike shapes. Upon addition to the heated
solution, the TEOS hydrolyzes and begins to form negatively charged tetrahedra, which associate

with the CTA" micelles through electrostatic interactions. The hydrolyzed TEOS then condenses
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to form a framework template by the micelles to form a mesoporous silica shell. The SOA is
thought to act as both a base and a SDA. As a SDA, the SOA is thought to slow the formation of
silica by chelating with the hydrolyzed TEOS thus slowing the condensation process. The SOAs
used (Tris and TEA) are also believed to limit the growth and aggregate formation by acting as a
encapsulation agents during the formation of the mesoporous shell[135].

The morphologies of the nanoparticles can be altered by varying the reaction conditions.
Reaction conditions were varied in a rational and systematic manner in order to obtain discrete
core/shell particles. As can be seen in Table 7, a range of conditions were tested in order to
determine the optimal conditions for discrete sub 100 nm particle formation and small alteration
of the reaction conditions produced notable differences in the final products. The physical
characteristics selected products are summarized in Table 8.

Application of BET and BJH to the nitrogen isotherms verified the existence of the
mesoporous silica shell.  From Table 8, the iron oxide core/shell mesoporous silica
nanocomposite products all exhibit high surface areas as determined by the BET method. The
surface areas of these particles generally range between ~800 and 925 m%g with only the
extremely aggregated and iron rich MMS-1P-1 demonstrating a sub 700 m%/g surface area. With
the same sample as an exception, pore size from BJH established a consistent 3.2 nm pore
diameter for each sample indicating that the overall pore structure was unvarying between
samples. From BJH, the less aggregated samples appear to have higher pore volume compared
to the aggregated samples. This is not surprising as this increased pore volume demonstrates
increased accessibility of the inner pore area as is typical of small porous particles. The
difference between the aggregated/intergrown and dispersed nanocomposite nanoparticles is
further established by the representative full nitrogen isotherms that appear in Figure 31. All
surface areas, pore volumes, and pore diameters given in Table 8 are for calcined samples.
Three template extractions were required for these values to be comparable for the template

extracted portions of the samples.
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From the p-XRD data in Figure 30, the Fe;O4 appears to be present in all of the products.
The high angle p-XRD pattern of each of the spectra contain characteristic Miller indices
indicative of Fe;O, including values at approximately 30, 35.5, and 43 20 which arise from the
220, 311, and 400 planes respectively. Low angle p-XRD patterns of the samples can provide
information regarding the overall order of the pore structure of the particles. Generally a broad
peak at 1.9 26 is observed for WO type mesoporous silica materials. The broadness of the peak
is due to the disordered nature of the WO mesoporous silica. This peak generally becomes more
prominent as the particle size increases and smaller as it decreases due to the increase and
decrease of long range order respectively. This effect can be magnified with core-shell particles
lack of pore order contribution from the cores. In general the particles tested had very broad
peaks at 1.9 in the low angle p-XRD. In the products with discrete particle formation, the peaks
were very broad compared to the samples that resulted in larger aggregates. This is due to the
lack of long range order due to the small particle size.

Elemental studies by ICP-OES demonstrate a wide range of % Fe loadings. In general,
samples utilizing Tris as a surfactant tend to have the highest loading overall as seen in Table 8.
Samples that utilized TEA as the SOA resulted in loadings of between 8 and 11%. The
exceptions were MMS-1P-5, MMS-1P-11, and MMS-1P-12 which resulted in slightly elevated
amounts of iron loading. This difference in samples MMS-1P-11 and MMS-1P-12 may be due
to the higher pH conditions of these samples while MMS-1P-5 was due to the higher initial iron
salt content of the reaction mixture.

TEM images were analyzed with Image-J and provide size and morphological
information. Selected images appear in Figure 32 and the size distribution is shown in Table 8.
Particle size and morphology are strongly dependent on the synthesis conditions and several size
trends are observed. In general, large aggregates appeared at high concentrations of SOA. A
similar trend was also observed in Bien et al. where higher concentrations of TEA resulted in
larger particle sizes for mesoporous silica nanoparticles attributed to a decrease in the amount of

rapidly hydrolysable TEOS available for the initial burst of nucleation resulting in fewer
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seeds[135]. In this work, a similar process may be occurring in which a lack of hydrolysable
TEQOS results in less hydrolyzed silica associating with the iron oxide nanoparticle/surfactant
sites at the point of initial TEOS addition. These silica poor iron oxide
nanoparticle/surfactant/silica sites begin to associate through electrostatic interactions. As the
SOA associated TEOS slowly hydrolyzes, the hydrolyzed silica is attracted to these aggregate
sites and begins to cause particle intergrowth as they combine the proto mesoporous silica
frameworks together. In conditions where sufficient quantities of hydrolysable TEOS are
available in solution, sufficient hydrolyzed silica sources rapidly associate with iron oxide
nanoparticle/surfactant sites and form proto-particles before particle intergrowth can occur.
Figure 33 illustrates the mesoporous silica coating process proposed for this system.
Interestingly, while still primarily consistent of individual nanoparticles, there was also a small
increase in particle size of sample produced at TEOS/TEA ratios greater than 1:1. The sizes of
these particles were comparable to those produced with no SOA.

One of the first parameters varied was the surfactant resulting in the observation that
stoichiometrically equivalent amounts of CTAB and CTACI resulted in vastly different products.
With all other ratios and reaction conditions remaining constant, the CTACI resulted in semi-
discrete particles while CTAB resulted in large aggregates. The next parameter varied was the
SOA used. The SOA in this reaction acts as an encapsulator and as a secondary base source.
TEA and Tris were the two SOAs used in this study and have pKa values of 7.74 and 8.07
respectively and both resulted in iron oxide mesoporous silica nanocomposites. With all other
conditions constant, an increase in TEOS results in the formation of large micrometer scale
nanocomposites comprised of fused nanocomposite particles. This is likely due to particles
aggregating and fusing in solution with the excess silica resulting in intergrowth. Interestingly,
when no SOAs were utilized in the reaction leaving ammonia as the only source of base, discrete
particles <100 nm were obtained. This further supports the theory that high concentrations of
SOA are the primary cause of aggregate formation in this system. In order to determine the

optimal concentration of TEA, once again holding all other reaction parameters constant, the
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amount of TEA was varied with TEOS/TEA ratios of 0.27-4.76 (samples:MMS-1P-3, MMS-1P-
7, MMS-1P-9, and MMS-1P-10). The smallest particle size and greatest particle uniformity
were produced at a TEOS/TEA ratio of ~1:1. As previously discussed, similar trends have been
previously observed in the formation of nanometer scale mesoporous silica where, as the ratio of
TEOS/TEA is decreased through the addition of increasing amounts of TEA, aggregates begin to
form. This trend also demonstrates that as the amount of TEA in the solution decreases below a
TEOS/TEA value of 1:1, a slight increase (~25 nm) in particles size. The later trend was
unexpected because as compared to a TEA free synthesis such as MMS-1-10, the reactions with
TEOS/TEA ratios between 4.3 and 1 resulted in particle sizes of larger and less uniform than
those of the TEA free synthesis. This data suggests that for this system, a 1:1 TEOS/TEA ratio
results in discrete particles with the smallest diameter.

Another series of experiments in this series studied the effects of TEOS concentration
(MMS-1P-4, and MMS-1P-6). MMS-1P-6 and MMS-1P-4 are directly comparable to MMS-1P-
3 with the only difference being the amount of TEOS added. MMS-1P-3 used the standard
amount of TEOS while MMS-1P-6 and MMS-1P-4 used 25% and 50% more TEOS respectively.
All of these cases resulted in the formation of large aggregates; however, MMS-1P-6 resulted in
a mixture of aggregates and discrete particles. This was most likely the result of sufficient TEOS
concentration in MMS-1P-6 for the formation of discrete particles early in the reaction condition
but the larger amount of TEOS caused subsequent intergrowth. A series of experiments were
performed to probe the effect of the base type and quantity on the formation of the
nanocomposite material both in terms of iron loading and particle formation. This set of
experiments (MMS-1P-10, MMS-1P-11, MMS-1P-12) were performed without a SOA such that
the only source of base during the addition of the Fe3O, nanoparticle nanoparticles. As
compared to the control (MMS-1P-10) the particle size and iron loading both MMS-1P-11 and
MMS-1P-12 increased. This increase in iron loading is of particular interest as high iron loading
is desirable for catalysis and drug delivery. A series of reactions with identical compositions to

MMS-1P-10 demonstrated the expected trend that when sonication time is reduced (1 hour and
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Y hour), aggregation and intergrowth increases (not shown). Also not shown, when CTAB is
substituted for CTACI in conditions identical to MMS-1P-7, aggregates once again form
indicating that CTACI is a better template for discrete particles under these conditions.
5.4. Conclusions

Iron oxide core/shell mesoporous silica nanocomposite nanoparticles were successfully
synthesized through a one pot method. Iron oxide nanoparticles were synthesized en route to the
final product. A variety of conditions were altered to study their effects of the final products
including SOA type, SOA concentration, sonication time, base source, and silica concentration.
By varying these conditions, it is possible to gain control of particle size, iron loading, and
aggregation. This work represents a green, fast, and simple on demand method for the synthesis
of iron oxide mesoporous silica core/shell nanocomposites. Further studies are currently

underway to further control the properties of these materials and to increase the overall yields.

Table 7 One pot Synthesis Conditions?

Sample Name | TEOS/ | SOA | TEOS/ | TEOS/ TEOS/ Surfactant
SOA Fe Base Surfactant
MMS-1P-1 0.27 Tris 9.8 2.8(NH;") 1.48 CTAB
MMS-1P-2 0.27 Tris 9.8 2.8(NH,") 1.48 CTAC
MMS-1P-3 0.27 TEA |98 2.8(NH,") 1.48 CTAC
MMS-1P-4 0.34 TEA | 122 3.5(NH,") 1.85 CTAC
MMS-1P-5 0.41 TEA |97 4.2(NHz") 2.22 CTAC
MMS-1P-6 0.41 TEA | 147 4.2(NHz") 2.22 CTAC
MMS-1P-7 0.99 TEA |938 2.8(NH,") 1.48 CTAC
MMS-1P-8 2.38 TEA |938 2.8(NH,") 1.48 CTAC
MMS-1P-9 4.76 TEA |938 2.8(NH,") 1.48 CTAC
MMS-1P-10 N/A None |9.8 2.8(NH;") 1.48 CTAC
MMS-1P-11 N/A None |9.8 0.5(NH;") |1.48 CTAC
MMS-1P-12 N/A None |9.8 2.8(NaOH) |1.48 CTAC

®All ratios are scaled in terms of TEOS content for comparison.



Table 8 Physical Characterization Data

Sample Surface Pore BJH Pore %Fe Particle
Name Area® Diameter® | Volume® by Mass® | Size®
(m*/g) (nm) (cm’/g) (nm)
MMS-1P-1 | 648(5) 3.1(00) | 0.218(0.002) | 3L.2(2.1) | pm scale
aggregates
MMS-1P-2 | 919(6) 32(01) | 0.425(0.003) | 22.7(0.1) | 63(16)"
MMS-1P-3 | 924(6) 32(01) | 0.170(0.001) | 10.7(0.1) | pm scale
aggregates
MMS-1P-4 | 921(6) 32(01) | 0.132(0.001) | 9.8(0.6) | um scale
aggregates
MMS-1P-5 | 907(6) 32(00) | 0.184(0.001) | 18.1(0.4) | um scale
aggregates
MMS-1P-6 | 885(6) 32(0.0) | 0.244(0.002) | 8.8(0.9) | 98(14)
+ larger aggregates
MMS-1P-7 | 883(6) 32(01) | 0.555(0.004) | 10.0 (3.5) | 62(13)
MMS-1P-8 | 882(6) 32001) | 0530(0.004) | 8.0(0.0) |88(20)
MMS-1P-9 | 923(6) 32001) | 0452(0.003) | 10.2(1.0) | 89(35)
MMS-1P-10 | 808(6) 32001) | 0338(0.002) | 9.6(05) | 68(16)
MMS-1P-11 | 855(6) 32(01) | 0.418(0.003) | 19.3(3.9) | 84(24)
MMS-1P-12 | 898(6) 32(01) | 0486(0.003) | 14.0(1.8) | 83(14)

a. Measured by nitrogen adsorption and the BET method

b. Measured by BJH method (Pore diameter reported above range of error bars)

c. Measured by ICP-OES

d. Determined from TEM; standard deviation given in parenthesis
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Figure 30 Low (top) and high angle (bottom) p-XRD patterns of products. Samples arranged
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Figure 31 Representative adsorption/desorption isotherms products consisting mainly of large
aggregated/intergrown particles (top MMS-1P-3) and individual nanoparticles (bottom MMS-1P-
12).



Figure 32 TEM images of selected synthetic products post calcination. In alphabetical order
MMS1P--2 (a), MMS-1P-5 (b), MMS-1--6 (c), MMS-1P-7 (d), MMS-1P-8 (e), and MMS-1P-
11(F).
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CHAPTER 6: CONCLUSIONS AND FUTURE WORK

The work highlighted in this thesis has focused primarily on the synthesis and
characterization of porous silica based materials. Green chemistry is chemical methodology
defined as the pursuit of processes designed to minimize hazardous waste production. By this
definition, advances in green chemistry can include increases in efficiency as well as through the
elimination of waste producing steps. The primary objectives of this work are motivated by a
need for green, economical, and scalable synthesis of nanomaterials for use in applications. This
general methodology is present throughout the thesis. The work in Chapter 2 resulted in the
production of large quantities of nonporous and mesoporous silica nanoparticles needed for
nanomaterial toxicology studies that are in progress. The work in Chapter 3 focused the
synthesis of high yields of FAU type zeolite that utilized recycling of the reaction mixture in
order to increase yield and decreased the waste produced during synthesis. The work in Chapter
4 explored high yield synthetic methods for the production of iron oxide core/shell mesoporous
silica nanocomposite nanomaterials. Finally, a greener method for the production of iron oxide
core/shell mesoporous silica nanoparticles was presented in Chapter 5. This was accomplished
by combining the synthesis of iron oxide nanoparticles with the coating of these particles in a
single one pot reaction mixture. The resulting synthesis is fast, simple, and efficient both in
terms of time and waste production. The synthetic procedures are able to produce a range of iron
oxide core/shell mesoporous silica nanoparticles with different sizes, iron loadings, and
morphologies. The materials produced in this work are currently being evaluated for

environmental remediation, drug delivery, and battery material applications.
For both of the iron oxide/core/shell mesoporous silica nanomaterial synthesis
methodologies explored in this work, CTACI is seen to favor discrete particles as compared to

CTAB which is seen frequently result in large aggregates of undergrown particles.

In order for nanomaterials to become a viable component of nanotechnologies, they must

have the ability to be produced in a cost effective scalable manner. Many potentially exciting
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new materials are not practical for applications because they are currently either cost prohibitive
to manufacture in terms of materials or time required. Even currently used materials benefit
from a reduction in cost and environmental impact and an increase in synthetic efficiency. Some
of the most exciting challenges in the field of materials chemistry moving forward will involve
not just discovery of novel materials, but moving towards synthesizing these materials safely,
efficiently, and in an environmentally conscious manner.

Moving forward, the synthesis of synthetic zeolites will need to be scaled up. Recycling
techniques like the one outlined in this thesis will be of greater importance as the current
synthetic methods generate a considerable quantity of waste. In order for these recycling
procedures to reach their maximum potential, studies of the reaction mixture after each recycling
to determine the identities and quantities of the species present in solution will need to be
performed. This could lead to processes by which additional quantities of the limiting species
could be added to the solution in order to increase yield and maximize the effectiveness of each
recycling. This will likely involve elemental analysis, mass spectroscopy, and NMR studies.

The future of iron oxide core/shell mesoporous silica nanomaterials will depend on
improving the yields and minimizing waste as well as seeking out less expensive silica sources.
Moving from to a one pot synthetic method as described in this thesis is an important step in
increasing the viability of this material. The next step will involve increasing efficiency of the
reaction. This will involve systematically increasing the quantities of certain reactants such as
TEQOS, FeCl;, and FeCl, and applying the methodologies seen in chapter 4. Specifically,
conditions will be altered to increase the amount of iron oxide nanoparticles synthesized in the

first step.
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