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ABSTRACT

PREPARATION OF SILICA NANOPARTICLES IN REVERSED
MICELLAR SYSTEMS

When surfactants are in apolar media, they form reverse micelles by encapsulating a
water droplet inside their hydrophilic head groups. The hydrophilic core of the water
droplet which is dispersed in the oily apolar environment can solubilize water-soluble
species and can be used as a microreactor for a number of reactions. The aim of this study
is to use these hydrophilic cores of reverse micelles as a microreactor to synthesize

fluorescent dye-doped silica nanoparticles.

Both anionic and nonionic surfactants have been used to prepare reverse micelles.
Silica nanoparticles were prepared inside the droplet cores and the effects of changing the
surfactant, as well as the size of the dispersed droplets, on the particle size were
investigated. Since the fluorescence dye-doped silica nanoparticles can be used as labeling
agents for biomolecules, these nanoparticles were then doped with three different types of
fluorescent dyes while forming inside the dispersed droplets and their optical properties

were investigated.

It has been observed that the silica nanoparticle size can be controlled by changing
the water-to-surfactant molar ratio, i.e. the droplet size. The fluorescent emission spectrum
results have shown that the doping with inorganic hydrophilic dye Ru(bipy); was highly
successful. When the dye was changed to amphiphilic Rhodamine 101 and more
hydrophobic Bodipy, structural dye-modification seemed to be necessary to achieve

doping.
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OZET

TERSINIR MISELLERDE SIiLiS NANOPARCACIKLARININ
HAZIRLANMASI

Yiizey-aktif maddeler apolar ortamda iken hidrofilik bas gruplart ile su
damlaciklarint hapsederek tersinir miseller olustururlar. Apolar yagli ortamda dagilmis su
damlaciklarinin hidrofilik ¢ekirdeginde, suda ¢oziiniir pek ¢ok madde ¢oziindiiriilebilir ve
bu ¢ekirdek bir¢ok tepkime icin mikro reaktor gorevi gorebilir. Bu caligmanin amaci
tersinir misellerin hidrofilik c¢ekirdeklerini floresan boya ile doldurulmus silis

nanopargaciklarinin sentezlenmesinde mikroreaktor olarak kullanmaktir.

Tersinir miselleri kararli kilmak i¢in hem anyonik hem de iyonik olmayan yiizey-
aktif maddeler kullanilmistir. Silis nanoparcaciklar su damlaciklar1 i¢inde sentezlenmis, ve
ylizey-aktif madde degisimi ile damlacik boyutunun pargacik boyutu iizerindeki etkileri
caligilmustir. Flurosan boyar madde ile doldurulan silis nanopargaciklarinin
biyomolekiillerin isaretlemede kullanim alanlar1 olmasi1 nedeniyle, bu nanopargaciklar su
damlaciklar1 i¢inde olusurken, ii¢ farkli flurosan boyar madde ile doldurulmus ve optik

ozellikleri incelenmistir.

Silis nanopargaciklarinin boyutunun su-yiizey-aktif madde molar oranina, yani
damlacik boyutuna, baglh olarak degistirilebilecegi goriilmiistiir. Pargaciklarin floresan
emisyon spektrumu incelendiginde anorganik Ru(bipy)3 boyar madde ile doldurma
isleminin basarili oldugu goriilmiistiir. Boyar madde anfifilik Rhodamine 101 ve daha
hidrofobik Bodipy olarak degistirildiginde, doldurulma isleminin olusabilmesi i¢in boyar
maddede yapisal degisiklikler gerektigi saptanmistir.
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1. INTRODUCTION

1.1. General

In therapeutic applications it is very important to identify and characterize the
intracellular events. The invisible biomolecules can be labeled with a fluorescent
compound to study these interactions. Mostly organic fluorophores, which have high
quantum yield, are used as labeling reagents; however they have limited sensitivity and

photostability [1].

As an alternative to the organic fluorophores several nanomaterials are currently
being used as labeling reagents. These nanomaterials include metallic nanoparticles (NPs),

quantum dots (QDs), magnetic NPs, and silica NPs.

The most common metallic NP in the literature is gold (Au) NP. These Au-NPs are
also known as colloidal gold, are suspension of Au particles in a solvent, usually water.
Conjugates of Au NPs and oligonucleotides are of great interest as biomarkers in the

analysis of a number of biomolecules such as proteins and carbohydrates [2].

Another alternative to the organic fluorophores are QDs. QDs are semiconductor
crystals (eg. CdSe, CdTe, CdS, ZnSe, PbS) which provide bright fluorescence and they are
also more photostable compared to the organic fluorophores. However, these QDs remain

photostable only in apolar media [3].

Magnetic NPs can also be used instead of organic fluorophores. Because of their
superparamagnetism, magnetic NPs, most commonly iron NPs (Fe NPs), have different
application areas in biomedicine and biotechnology such as cell labeling and separation,

magnetic resonance imaging contrast reagent [4].



Generally, NPs have unique optical properties, high surface-to-volume ratio and
other size dependent qualities. When these qualities are combined with surface

modifications, they can provide highly sensitive and selective bioassays [5].

The aim of this study is to synthesize fluorescent dye doped silica NPs in the core of
the dispersed water droplets of reversed micelles. Both anionic and nonionic surfactants
have been used in the formation of the reversed micelles. Doping has been done with
various fluorescent dyes and the NPs are characterized. A brief introduction to silica NPs is

given below.

1.2. Silica Nanoparticles

1.2.1. General

Silica NPs are widely used in many bioanalysis applications. They are used in
labeling by incorporating a fluorescent dye into the silica matrix. As the silica matrix
serves as a barrier to the environment, both photobleaching and photodegradation can be
minimized [1]. Moreover, dye-doped silica NPs produce highly amplified optical signal
compared with a single dye molecule since a large number of dye molecules can be

incorporated into the silica matrix [5].
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Figure 1. 1. Fluorescent signal amplification using dye-doped nanoparticles a) pure

water b) tetramethyl rhodamine dye (TMR) ¢) TMR doped silica nanoparticles [5]

Polymer-based NPs have also been used in bioanalysis and labeling. However silica
NPs are preferred over the polymer-based NPs because they show less aggregation and

little dye leakage [6].

The high sensitivity of the fluorescence signal enhancement and selectivity can be
inhibited by the irreversibly accumulation of silica NPs and cause non-specific binding.
The particles can bind to various chemical and biological species, which can lead to false
signal. To prevent the unspecific binding, different functional groups can be attached onto
the silica surface for conjugation with the desired biomolecules [7]. The surface of the
silica NPs can be functionalized by additional coating with various alkoxysilanes, such as
carboxyethylsilanetriol for introduction of carboxylic acid groups (-COOH), 3-
aminopropyltriethoxysilane  for amino groups (-NH;), or 3-mercaptopropyl

trimethoxysilane for thiol groups [7, 8].



In Figure 1.2 some surface modifications of the silica NPs are shown. In this figure

an alternative approach for surface modification based on ionic interaction is also shown.
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Figure 1. 2. Schematic representation of surface modification of silica NPs [9]

All these qualities make silica NPs excellent labeling reagents in bioanalysis.

In the literature, there are many examples for the applications of the silica NPs. They
are used in DNA detection [10]. As shown in Figure 1.3 DNA 1 is captured on to the glass
surface. Then DNA 2 is added for hybridization. In the last step probe DNA (DNA 3),
which is labeled with dye-doped silica NP, is added. After several washing steps, DNA 2 is
detected by monitoring the fluorescence signals of the probe DNA. The conjugation of the
probe DNA with the silica NP is carried out by modifying the surface of the silica NP with
positively charged avidin layer [10].
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Figure 1. 3. Schematic representation of detection of DNA with silica NP [10]

Silica NPs has also been used in clinical diagnostic applications. Two-particle assay,
which is composed of one dye-silica NP and the other particle with a magnetic core for
magnetic collection, was able to collect leukemia cells from a spiked blood sample [11,

12].

The surface of the silica NPs can be modified with various antibodies; hence the NP

can bind to the corresponding antigen and recognize the molecule [13, 14].

1.2.2. Methods for Synthesis of Silica NPs

There are two general methods used in the synthesis of silica based NPs: a) synthesis

in the reversed micelles [15-17], and b) Stober method [18].

The widely used Stober method is a one step reaction, involving condensation of
tetraethyl orthosilicate (TEOS) in bulk ethanol: water mixtures under basic conditions [18].
Both organic and inorganic dyes can be incorporated into the silica matrix using this
method [19]. However, because of the hydrolysis procedure, the NPs have a large size

distribution [13]. So, this method requires further filtration steps.



The second, reversed micellar method is based on the formation of water-in-oil (w/0)
microemulsion. It requires the use of surface-active-agent (surfactant) and oil, and involves
condensation of the TEOS in the water core of the microemulsion. Mostly inorganic dyes
can be incorporated into the silica matrix using this method. The particle size can be

controlled by changing the nature of the surfactant and the water-to-surfactant ratio.

1.2.3. Reversed Micellar Systems

1.2.3.1. Surfactants. Surfactants also known as emulsifiers, detergents, wetting agents, are

amphipilic compounds which have a hydrophilic head group and a hydrophobic tail.
Therefore they are soluble both in oil and water. They lower the interfacial tension

between two immiscible liquids.

Hydrophilic head

Hydrophobic tail

Figure 1. 4. Schematic representation of a surfactant molecule

Surfactants are classified as anionic, cationic, non-ionic or zwitterionic according to

change of their head groups.



Figure 1. 5. The structure of the anionic surfactant, sodium dioctylsulfosuccinate

(AOT)
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Figure 1. 6. An example for a zwitterionic surfactant, Cocaamidopropyl betaine
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Figure 1. 7. The structure of the cationic surfactant, cetyltrimethylammonium

bromide, (CTAB)
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Figure 1. 8. The structure of the nonionic surfactant, Polyethylene glycol p-(1,1,3,3
Tetramethylbutyl)-phenyl ether, (Triton X-100)



1.2.3.2. Self-Assembly and Packing Ratio. As being amphiphilic, surfactants can assemble

in the bulk solution into variety of aggregate structures.

The simplest aggregate structure is called a micelle. Micelles can only form at a

certain surfactant concentration which is the critical micelle concentration (CMC).

ﬁm\? fﬂ’ 2t CMIC
Xz T

monomer

Figure 1. 9. Scheme for the critical micelle concentration (CMC)

When micelles form in water, the hydrophobic tails of surfactants form a core of
oily (i.e. hydrophobic) nature and the hydrophilic head groups of the surfactants are in

contact with water.

hydrophobic
core

Figure 1. 10. Formation of the micelle

When surfactants are in oil-continuous medium, they form reverse micelles where
the hydrophilic head groups form a core encapsulating a water droplet inside and the

hydrophobic tails are in contact with the oil phase.



Figure 1. 11. Formation of the reversed micelle

Formation of micelles or reversed micelles depends on the packing of the surfactants

in an aggregate, i.e. the packing ratio, P.

(1.1)

Where V' is the volume of the surfactant tail, / is the optimum length of the surfactant

tail and ay s the area of the surfactant head group.
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Figure 1. 12. Schematic representation of a surfactant (AOT) molecule showing the

parameters in the packing ratio

Shape of the surfactant aggregates formed is determined by their P. These are

summarized in Table 1.1.

Table 1. 1. Structures formed by different packing ratios [20]

P <1/3 1/3-1/2 Ya-1 1 >1
Structure | Spherical Cylindrical Vesicles Planer Reverse
micelles micelles bilayers micelles
/
& % e
2, &
& = |

If the packing ratio of the surfactant is greater than 1, then reversed micelles (also
known as water-in-oil (w/0) microemulsion) are formed. The core of the w/o
microemulsions are polar microenvironments, which can be utilized for a number of

chemical reactions including the preparation of some colloidal particles.
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In this work, the polar core of reversed micelles has been used as a microreactor for

the synthesis of the silica NPs.

1.2.3.3. Droplet Size. In micellar systems and reversed micellar systems the droplet size

can be controlled. When more oil is added to the micellar systems or more water is added

to the reversed micellar systems the droplet size becomes greater.
The size of oil droplets increase by addition of oil to the n-micelles in water.

Similarly, upon addition of water to reversed micellar systems, the size of the dispersed

H,O droplets gets enlarged.

_\.\N Ly

«
::m\%oo/— ;\?“5.4 _3: 0 é
/r ’\ oil phase ¢4 }\t oil phase -’7./?/‘ '\$.2| phase

add water

Figure 1. 13. The effect of the water content on the droplet size

The droplet size of the reversed micelles can be controlled by changing the water

content. The core radius of the droplets can be calculated by the following formula:

rwm/ - 3Vm [H20] — 3Vm R (1 2)
nm - g [surfactant]  q, '

[,0]

where R= ————
[surfactant]



12

The first term in the formula (31/’"] is a known value for surfactants. The second
a,

[,0]

term in the formula ([

can be changed to obtain the desired radius for the
surfactant|

H
droplets. The ratio i is called the R value. For example 3V value for the
[surfactant] a,

anionic surfactant, sodium dioctyl sulfosuccinate (AOT), has been determined to be 0.175
nm [21]. Hence the core and hydrodynamic radius, which is the radius including the length
of the surfactant tail, of the droplets of AOT-stabilized reversed micelles can be calculated

using the following formulas:

rcure —

4}"_0.17513 (1.3)

F% =0.175R+1.5 (1.4)
nm

where 1.5 nm is the length of the surfactants tail.

This way, the reaction environment and so the solid particle size can be controlled if

the silica NPs are to be synthesized in the core of the w/o microemulsions.

Osseo-Assare and Arrigada [15, 22-25] have synthesized silica NPs in AOT-
stabilized reversed micelles and in nonionic surfactant-stabilized reversed micelles, where
the surfactant was polyoxyethylene (5) nonlyphenylether, shortly NP-5. They investigated
the growth kinetics and effects of the water/surfactant molar ratio and ammonia
concentration on the particle growth. They found that the particle size increases by the
addition of ammonia which is used as a catalyst in the reaction. As seen in Figure 1.14,
particle size increases as R increases in the range 5-9.5 when they use the anionic
surfactant AOT. However as shown in Figure 1.15 the particle size has a minimum versus

R when they used the nonionic surfactant NP-5.
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Figure 1. 14. The effect of water-to-surfactant molar ratio R on particle size by using

an anionic surfactant [23]
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Figure 1. 15. The effect of water to surfactant molar ratio R on particle size by using

a nonionic surfactant [24]

1.2.4. The Mechanism of Particle Formation

Preparation of silica NPs is based on the hydrolysis and polycondensation reactions
of TEOS. As shown in Reaction 1.4, overall, TEOS reacts under basic conditions with
water to produce silica (SiO,) and alcohol. Usually ammonia is used as a base catalyst. It
serves both as a catalyst and as a water source. Proposed mechanism is said follow one or

more of the following routes shown in Reaction 1.1-1.4 [26].

In the hydrolysis step silanol groups (-Si-OH) are produced which can react with
another silicate molecule to produce alcohol and to form Si-O-Si bond. Another possibility
is that the produced silanol groups react with another silanol group to form water and

Si-O-Si bond at the end.
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Hydrolysis:

Si(OR), + H,0-> Si(OR);0H + ROH (1.1)

Alcohol Condensation:

Si(OR)s + Si(OR);0H = (OR);Si-O-Si(OR); + ROH (1.2)

Water Condensation:

Si(OR);0OH + Si(OR);0H - (OR);Si-O-Si(OR); + H,O (1.3)
Overall Reaction:
Si(OR)4 + 2 H,O—> SiO; + 4ROH (1.4)

Growth of the particles depends on the hydrolysis rate of TEOS. In order to obtain
particles with desired properties, hydrolysis of the TEOS should be controlled. Using
reversed micelles as the synthesis method provides a controlled medium for the reaction by
solubilizing both polar and nonpolar reagents in defined locations. [15]. As shown in
Figure 1.16, when hydrolysis of TEOS take place in the reversed micelles, the aqueous
core of reverse micelles provide a controlled medium. In Stober method, hydrolysis of
TEOS takes place in the bulk alcohol, which is not a controlled medium. However, in both
methods, as shown in Figure 1.16.a, NH3(aq) produces an OH™ group and this OH™ group
attacks to the Si atom by kicking out one -OR group. It is a secondary nucleophilic

substitution (Sx?) type reaction.



16

R=CpHs HOH
RO
HO '@ —w=5|— OR

RO OR

surfectant

WO Microemulsion

\\

TEOS

Ha0

Ny

Akghol

NHj3

v

O -— TEDS

Figure 1. 16. Reaction scheme for TEOS hydrolysis a) Base-catalyzed hydrolysis of
TEOS (left); b) Ammonia-catalyzed TEOS hydrolysis in reversed micelles (middle); c) in

ethanol media (Stober) (right) [26]

During the reaction in reverse micelles, TEOS can enter from oil phase into the

aqueous phase, and can be hydrolyzed in the empty aqueous core of the reversed micelles,

and then transferred to a particle-filled aqueous core of another reverse micelle, or

unhydrolyzed TEOS can interact with a particle-filled reversed micelle in which hydrolysis

of TEOS takes place in the water-shell or hydration layer (Figure 1.17) [22].

"WATER SHELL"
1

/

HYDROLYZED

PARTICLE=FILLED
REVERSE MICELLE

IrTEo‘s
LR |
L REVERSED

MICELLE

Figure 1. 17. Growth mechanism of silica NPs in the reversed micellar system [22]
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Hydrolysis of TEOS in an empty reverse micelle is more significant than the
hydrolysis in a particle-filled reverse micelle. The hydrolyzed TEOS in empty reverse

micelle is the main source of monomer for particle growth.

In order to synthesize dye-doped silica nanoparticles, the dye must be hydrophilic so
it goes to the polar core of the reverse micelles. When TEOS is added to the
microemulsion it is hydrolyzed and forms the silica matrix by encapsulating the dye into it.
To dope the silica with hydrophobic dyes, dyes must be modified with dextran initially to
make them hydrophilic [6].

In Figure 1.18, it is shown how a hydrophilic dye, in this case Tris (2'2-
bipyridine)ruthenium(Il) chloride hexahydrate; Ru(bipy)s, is doped into silica NPs. By
addition of Si(OEt)s, TEOS, into the dye containing reversed micelles, both dye and TEOS
go to the hydrophilic core of the reversed micelles. TEOS hydrolysis by producing silanol
groups and the condensation reactions take place. During these condensation reactions
silica matrix is built as shown in the first step and hydrophilic dye is encapsulated into the

silica matrix as shown in the second step in Figure 1.18.

I
izati -Si-O-él-
Si(OEt), NH,OH Si(OH), Polymerization . b b
- B0 -?Li-U-%P-
Si(OEt), NH,OH
Water pool containing
dye molecules Dye doped silica nanoparticle

Figure 1. 18. Mechanism for formation of dye-doped silica NPs in reversed micellar

systems [6]
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1.2.5. Techniques in NP characterization

The dye-doped silica NPs are characterized for the particle size and optical properties
since these features are important in deciding whether or not they can be used in
bioanalysis. Transmission electron microscopy (TEM), scanning electron microscopy

(SEM) or light scattering are the widely used methods for particle size determination [27].

TEM is a microscopic technique where a beam of electrons is transmitted through an
ultra thin sample. As the electrons pass through the sample, they interact with it. An image
formed from the electrons transmitted through the sample, is magnified and focused by an

objective lens and appears on an imaging screen [28].

In most studies the particle size is investigated by TEM. Chang et al. have followed
up the growth of the silica NPs by taking the TEM images of the particles at different
reaction times (Figure 1.29) [26].
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47.36 hours

— = 100 M

Figure 1. 19. Typical TEM images showing the particle growth during the TEOS

hydrolysis in reversed micelles [26]

Another method for the particle size detection is SEM in which a sample surface is
scanned with a beam of electrons. These electrons interact with the sample surface,
producing an image of the surface. By analyzing this image, size of the particles can be

determined.
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Figure 1. 20. Typical SEM image of particles produced by the Stober method [6]

Optical properties of the particles can be investigated by the fluorescence
spectroscopy and UV-VIS spectroscopy. The fluorescent intensities of solutions with pure
dye in them and the solutions containing dye-doped silica NPs can be compared using this
method (Figure 1.1). Photobleaching experiments, which show whether the dye remains
photostable when doped into the silica matrix, can be also carried out by using these

spectroscopic methods [6].
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2. REAGENTS AND INSTRUMENTS

2.1. Reagents

2.1.1. Surfactants and Cosurfactants

2.1.1.1. Sodium dioctylsulfosuccinate (AOT) The double chained anionic surfactant,

obtained from Sigma Chemicals, was used to form reversed micelles. It was used without

further purification.

2.1.1.2. Triton X-100 Nonionic Triton X-100 was obtained from Merck. It is in liquid

form and was used without further purification. It was also used to form reversed micelles.

2.1.1.3. N-Hexanol Hexanol (> 98%) was used as a cosurfactant for the formation of

reversed micelles with Triton X-100. It was obtained from Fluka and used without further

purification.

2.1.2. Nonpolar Solvents

2.1.2.1. Cyclohexane  Cyclohexane was used in the formation of Triton X-

100/ammonia/cyclohexane microemulsions. It was obtained from Ferak Berlin and used

without any purification.

2.1.2.2. N-Decane N-Decane was used in the formation of AOT/ammonia/decane reversed

micellar systems. It was supplied from Merck and used without further purification

2.1.2.3. N-Heptane N-Heptane served as the oil phase in the AOT/ammonia/heptane

reversed micellar systems. It was supplied from Merck and used without further

purification.



22

2.1.3. Ammonia solution

Ammonia solution (29 per cent, wt per cent) was obtained from Merck. It served

both as a catalyst and as a water source in the reaction.

2.1.4. Deionized water

Deionized H,O was used as the solvent for the preparation of samples for the UV-

VIS, fluorescence and particle size measurements.
2.1.5. Absolute ethanol

Absolute ethanol (99 per cent) was obtained from Rectapur. It was added to break the
microemulsion and to recover the particles. The particles were also washed several times
with ethanol.

2.1.6. Fluorescent Dyes

2.1.6.1. Rhodamine 101. Rhodamine 101 was supplied from Fluka ( see Figure 2.1). It was

soluble in ammonia and used to dope the silica particles. Trimethyl rhodamine dye (TMR)

is one of the most commonly used rhodamine dyes, especially used in doping procedures.

Figure 2. 1. The structure of Rhodamine 101 dye
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2.1.6.2. Tris (2'2-bipyridine)ruthenium(II) chloride hexahydrate. The structure of dye, also

called Ru(bipy)3, is shown in Figure 2.2. It is an inorganic dye and it is the most
commonly used dye in the preparation of dye-doped silica NPs in reversed micelles. It was

supplied from Aldrich.

2C1

+ BHO

Figure 2. 2. The structure of Ru(bipy) 3 dye

2.1.6.3. Bodipy. Bodipy is the short notation for boron-dipyrromethene. It is remarkable

for its sharp excitation and emission peaks, small Stokes shift and high environment-
independent quantum yield. Its structure is shown in Figure 2.3. The bodipy dye used in
this study was synthesized by Sanyal Research Group in the Department of Chemistry,

Bogazigi University.
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Figure 2. 3. The structure of Bodipy dye

2.1.7. Tetraethyl orthosilicate (TEOS)

TEOS was used in the silica NP synthesis as the silica precursor. It was supplied

from Merck. Its structure is shown in Figure 2.4.

OCH,CH,
CH4CH, O— §j— OCH,CH,

OCH,CH,

Figure 2. 4. The structure of TEOS
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2.2.Instruments
2.2.1. Analytic Balance
AND GR-200 analytic balance was used.
2.2.2. Centrifuge

Rotafix 32 centrifuge with 4000RPM-6000RPM was used for recovering the solid

silica NPs from the reversed micelles.

2.2.3. Sonicator

Banderin Sonorex sonicator was used to disperse the silica NPs in water.

2.2.4. Oven

An oven was used to remove resudial organic solvents and ethanol from the silica

NPs. The particles were left with top open overnight in the oven at 100 °C.

2.2.5. UV-VIS Spectrophotometer

UV-VIS measurements were done with the Schimadzu UV-1700 Spectrophotometer.

All measurements were done with 1cm quartz cuvettes.

2.2.6. Fluorescence Spectrophotometer

The fluorescence properties of dye-doped silica NPs were measured on Perkin Elmer

LS55 Luminescence spectrometer.
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2.2.7. Particle Size Analyzer

To measure the particle size of silica NPs in the dispersed water droplets of reversed
micelles and in water a Brookhaven Instruments 90 Plus Particle Size/Zeta Analyzer was
used.

2.2.8. Scanning Electron Microscope

To determine the solid particle size a Philips XL30 ESEM-FEG/EDAX System was

used.

2.2.9. Fourier Transform Infrared (FTIR) Spectrophotometer

The IR spectra of the silica NPs are taken with the Thermo Scientific Nicolet 380
FTIR Spectrometer.
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3. EXPERIMENTAL METHODS

3.1. Preparation of AOT Stock Solution

For the preparation of AOT stock solution in n-heptane, required amount of AOT was
placed into a beaker. N-Heptane was added to fill the solid part of the AOT. The beaker was
sonicated in UV sonicator till the entire solid was dissolved. The sample was poured into a
volumetric flask and the solution was filled with n-heptane up to the mark to obtain the
required concentration. The same procedure was followed when preparing stock solution of

AOT in n-decane.

3.2. Preparation of Dye Solutions

For the preparation of the stock solutions of fluorescent dyes, measured amounts of
Rhodamine 101 dye, Ru(bipy); dye and Bodipy dye were dissolved in required amount of

ammonia solution.

3.3. Preparation Procedure of Silica NPs in Reversed Micelles

Silica NPs were prepared either in AOT-stabilized or Triton X-100-stabilized
reversed micelles. Reactions were carried out in a 50 mL round bottom flask under

nitrogen at room temperature.

3.3.1. AOT-stabilized Reversed Micelles

AOT-stabilized reversed micelles were prepared with R= 5, 7 and 10. The h, where
h=[H,O]/[TEOS], was kept unchanged at 18.5 in all reversed micelles. The concentration

of AOT was also kept constant at 1 M in all reversed micellar systems.

Initially, NH3 (aq), which was the water source, was added into a round bottom flask.
Then the measured amount of AOT in n-heptane or in n-decane was added from the stock

solution. The solution became turbid at the beginning. Then n-heptane or n-decane was
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added while magnetically stirring the solution. After a while, a transparent,
thermodynamically stable solution was obtained. After 30 minutes, TEOS was added to the
reversed micelles. The reaction solution was stirred for a further 24 hours. The reversed
micelles were then broken down by the addition of ethanol and particles were recovered by
centrifuging the solution. The solid particles were washed several times with ethanol to
remove the solvents and the surfactant. The particles were left, with top open, overnight in

the oven at 100 °C.

The above procedure was followed for the preparation of empty silica NPs (i.e. NPs
with no dye in them). For the preparation of dye-doped ones, the dye solution was added in

the first step instead of pure NHj (aq).

We obtained 40 to 50 per cent yield (30 mg) in production of the NPs.

3.3.2. Triton X-100-stabilized Reversed Micelles

When nonionic Triton X-100 was used as the surfactant, the procedure consisted of
mixing 1.77 grams of Triton X-100, 1.6 mL of n-hexanol, 7.5 mL of cyclohexane, 0.4 mL
of deionized water, 0.14 mL dye solution as suggested by Bagwe et al. [29]. After 30
minutes 0.1 mL of TEOS was added to the reaction solution. The reaction was stirred for
24 hours. By addition of ethanol, the reversed micelles were broken and particles were
recovered by centrifuging the solution. The solid particles were then washed several times
with ethanol to remove the solvents and the surfactant. The particles were left, with top

open, overnight in the oven at 100 °C.

3.4. Scheme of the Reaction

The reaction scheme is shown in Figure 3.1. In the first step water-phase, (pure
ammonia or dye solution), surfactant and oil-phase are mixed to form the reversed
micelles. The dye enters the aqueous core of the reversed micelles. In the second and third

steps, the reaction solution is strirred magnetically. NH3 (aq) gives the OH™ ion which acts
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as the base catalyst in the reaction. In the fourth step, after 30 minutes, TEOS is added to

the reaction solution to react with water and be hydrolyzed to produce SiO», i.e. silica NPs.

1 MNH3 aq) or dye solution 4 TEOS
surfactant SI{OCH CHs s
and oil
- w . 2 P H-.\ 3 ) , " 5
/ ° \ stirr / ) AY stirr /'. ‘\ stirr for
o 0, 5 (o 0,) 0~ @
{ o 0 ) | @ - — [ o

/ﬂ e )\ @ . \.&\

Sl OCHzCHz)a #2 HA0 =7 510z +4 ELOH

TEOS MNP

Figure 3. 1. Reaction Scheme

3.5.IR Measurements

IR measurements were taken between 400 cm™ and 4000 cm ! on solid silica NPs.

Interpretation and the spectra are given in the Results and Discussion section.

3.6. Particle Size Measurements

To measure the particle size in the dispersed water droplets of reversed micelles, a 4
mL sample of the reaction solution was placed into the Brookhaven Instruments 90 Plus
Particle Size/Zeta Analyzer. The scattering angle was kept 90° in all measurements. The

effective diameter of the spherical silica NPs and the size distribution were determined. To
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determine the size distribution, both lognormal distribution and multimodal size

distributions (MSD) were used.

After the drying step, some samples were dispersed in deionized water (1 mg/2 mL)
and sonicated for five hours. These solutions were used again to see the particle size of the
silica NPs when dispersed in water. Then the solutions were kept without sonication. Size
determination was carried out first after 24 hours, and then after five days. The results are

given in the Results and Discussion section.

3.7. SEM Measurements

SEM measurements were carried out on solid particles. The particles were coated
with gold before taking images. Accurate voltage was kept at 20kV in all measurements.
Spot diameter was kept 3.0. A secondary electron detector was used, and the images were

magnified 150000 times. SEM pictures are given in the Appendix section B.

3.8. UV/VIS Measurements

Absorbance measurements were performed by dispersing 1 mg/2 mL of the dye-
doped silica NPs in deionized water. Absorption spectra of the pure dyes in aqueous media

were also taken.

To see whether there were any differences before the addition of TEOS into the
reaction mixture and after the formation of the particles, UV/VIS spectra of the Bodipy dye
containing microemulsions were taken. All the results are shown in the Results and

Discussion section.

3.9. Fluorescence Measurements

Fluorescence measurements were performed by dispersing 1 mg/2 mL of the dye-
doped silica NPs in deionized water. Excitation wavelength for the emission spectra was
563 nm for Rhodamine 101-doped particles, 450 nm for the Ru(bipy);-doped particles and
503 nm for Bodipy-doped particles.
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The emission spectra for the dye-doped silica NPs are given in the Results and

Discussion section.
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4. RESULTS AND DISCUSSIONS

4.1.General Remarks and Visual Observations

When preparing empty silica NPs, the formation of the particles were observed by
the change of the color of the microemulsion. The microemulsion became bluish after four
to six hours after the addition of TEOS. However, when preparing dye-doped silica NPs,

this behavior could not be seen since the microemulsions had the color of the dye.

After centrifuging the solution, white solid particles were obtained when empty NPs
were prepared. If dye-doped ones were being prepared, NPs had the color of the dye at the
end. During the washing steps with ethanol, most of the dye passed into ethanol solution.
To get rid of all the remaining dye on the surface of the particles, these washing steps were

repeated until the ethanol solution was colorless.

Dispersion of the particles in water needed extended sonication (five hours). After

one week, precipitation was observed in the aqueous solutions of the particles.

4.2. IR Results

The IR spectra of solid empty silica NP recovered from the AOT-stabilized reversed
micelles were taken to confirm the production of silica NPs (Figure 4.1). The peaks at 450,
800, 1100 and 1600 cm™ are in agreement with the peaks of amorphous silica in the

literature (Figure 4.2) [29].

The IR spectra of dye-doped NPs were also taken, but very similar results were
obtained. This showed no serious change in the particle structure due to doping. Since

there was no change, these spectra were not included in this thesis.
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Figure 4. 1. The IR spectra of solid silica NPs recovered from AOT-stabilized

reversed micelles
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Figure 4. 2. The IR spectra of amorphous silica [30]
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4.3. Particle Size Results

The results of 16 samples are given in the appendix sections A and B. Names, the
type of the microemulsion they were synthesized in, R values and figure numbers of the
samples are shown in the Table 4.1. The SEM results are not presented in the Table 4.1.
They will be discussed in Table 4.3.

Table 4. 1. List of samples

Sample | Code of the | Type of the reversed R Name of the Particle SEM Effective
sample micelles value | dye used Size/Zeta | picture Diameter*
Analyzer
picture
S1 300108 AOT- stabilized 5 Without dye Figure Figure B.1 66.2 nm
NH;(aq)/heptane Al
S2 040308-5 AOT- stabilized 5 Without dye Figure 60.2 nm
NHj;(aq)/heptane A2
S3 280208 AOT- stabilized 7 Without dye Figure Figure B.2 76.9 nm
NHj;(aq)/heptane A3
S4 110308-10 AOT- stabilized 10 Without dye Figure Figure B.3 84.5 nm
NHj(aq)/heptane A4
S5 110608 R5 AOT- stabilized 5 Rhodamine Figure 78.1 nm
NH;(aq)/heptane 101 A5
S6 110608 R7 AOT- stabilized 7 Rhodamine Figure Figure B.4 98.8 nm
NH;(aq)/heptane 101 A.6
S7 070408-10rh | AOT- stabilized 10 Rhodamine Figure 111.2 nm
NH;(aq)/heptane 101 A7
S8 080408-TR Triton X-100- Rhodamine Figure Figure B.5 235 nm
stabilized 101 A8
NH;(aq)/cyclohexane
S9 170608-5 AOT- stabilized 5 Ru(bipy)s Figure B.6
NHjs(aq)/heptane
S10 170608-7 AOT- stabilized 7 Ru(bipy)s Figure Figure B.7 80.4 nm
NH;(aq)/heptane A9
S11 170608-10 AOT- stabilized 10 Ru(bipy); Figure Figure B.8 84.2 nm
NH;(aq)/heptane A.10
S12 240608TRW | Triton X-100 — Ru(bipy)s Figure B.9
stabilized
NHjs(aq)/cyclohexane
S13 070708-5D AOT- stabilized 5 Bodipy Figure Figure B.10 | 54.7 nm
NHjs(aq)/heptane A1l
S14 300608-7 AOT —stabilized 7 Bodipy Figure Figure B.11 | 88.1 nm
NH;(aq)/heptane A.12
S15 210708- AOT- stabilized 10 Bodipy Figure Figure B.12 | 93.2 nm
10W NH;(aq)/heptane A.13
S16 070708- Triton X-100- Bodipy Figure Figure B.13 | 86 nm
TRW stabilized A.14
NHjs(aq)/cyclohexane

*Measured by Particle Size/Zeta Analyzer (The missing values attributed to very low

droplet concentrations.)
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The size results for the empty silica nanoparticles, prepared in AOT-stabilized
reversed micelles, show that the particle size increases with increasing R value. This trend
is in agreement with the observation of Osseo-Assare and Arrigada [23]. The particle size
values we have observed from the Particle Size/Zeta Analyzer are compared with those
reported by Osseo-Assare and Arrigada by using TEM (Table 4.2). It can be clearly
observed that the values for the AOT-stabilized systems obtained from two different

methods are very different.

Table 4. 2. Particle size values compared with the values in literature

Sample in this R value Particle Size/Zeta | TEM values from
work Analyzer Values | literature[22]
After 26 hours after 18 hours
S2 5 60.2 nm 12.5 nm
S3 7 76.9 nm 22.5 nm
9.5 35 nm
S4 10 84.5 nm

Although there is a significant difference in sizes of the NPs, the 80 per cent
increase, observed by Osseo-Assare and Arrigada in going from R=5 to R=7, is reduced to
28 per cent increase in our systems. Hence the effect of 40 per cent increase in the core
radius when R is changed from 5 (1¢0e=0.875 nm) to 7 (feore=1.225 nm) does not have the
same dramatic effect of almost doubling the NP size. In our studies when R increases to
10, so reore=1.75 nm, the size of the NPs increases by 40 per cent, still a much less increase
compared to Osseo-Assare and Arrigada, when the water droplet core size is doubled.

Nevertheless, the trend of size-increase is similar in both cases.

There was no significant difference in the particle size when the nonpolar solvent of
the system was changed from n-heptane to n-decane (S1 and S2). For the AOT-stabilized
reversed micelles with R=5, the determined particle size was 66.2 nm and 60.2 nm when

the oil phase was n-heptane and n-decane, respectively.

When the effect of doping on the sizes of the NPs was considered, in the case of NPs
prepared in AOT-stabilized systems, Rhodamine 101-doped NPs showed up to 30% size
increase (Table 4.3). This size increase was up to 10% for Bodipy-doped NPs. Not so
different results were obtained for NPs doped with Ru(bipy)s. This show a successful
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doping with Ru(bipy);. Because of the hydrophilic nature of Ru(bipy)s, it can enter the
core of the water droplets of reversed micelles and hence it can be entrapped into the silica
matrix and hence the size doesn’t change. With the other two dyes (Rhodamine 101 and
Bodipy), because of the more hydrophobic nature of the dyes, they are more likely to be on
the interface of the reversed micelles. Hence the entrapment into the silica matrix is poorer.

This is, in fact, in agreement with the observations which will be discussed further on.

Table 4. 3. Particle size values for empty and doped NPs

Sample in this Type of R value Type of the silica Effective

work reversed NPs diameter (nm)
micelles

S1 AOT-stabilized |5 Empty 66.2

S5 Rhodamine-doped | 78

S9 Ru(bipy) ;-doped

S13 Bodipy-doped 54.7

S3 AQOT-stabilized | 7 Empty 76.9

S6 Rhodamine-doped | 98

S10 Ru(bipy) 3-doped 80.4

S14 Bodipy-doped 88.1

S4 AOT-stabilized | 10 Empty 84.5

S7 Rhodamine-doped | 112

S11 Ru(bipy) ;-doped | 84.2

S15 Bodipy-doped 93.2

Three dye-doped samples (S10, S11 and S16) were chosen for further analysis. Ten
particles from each of these samples were taken and the particle size analysis was carried
out using SEM (Figure B.7, Figure B.8 and Figure B.13). These SEM results were then
compared with the Particle Size/Zeta Analyzer results (see Table 4.4).
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Table 4. 4. Particle Size Comparison

Sample | Type of the Type of the | R Particle size Effective
reversed micelles | silica NPs value | measured using diameter
SEM measured using
(mean of 10 Particle Size/Zeta
particles sizes) Analyzer
S10 AOT-stabilized | Ru(bipy)s- |7 55.96 nm 80.4 nm
doped
S11 AOT-stabilized | Ru(bipy);- | 10 72.07 nm 84.2 nm
doped
S16 Triton X-100- Bodipy- 71 nm 86 nm
stabilized doped

It can be seen that the SEM values are 12 to 25 per cent smaller than the Particle
Size/Zeta Analyzer results. This might be also account for the size differences we observe
by Particle Size/Zeta Analyzer when compared with those reported in literature [23]. In
other words, different methods show different sizes. It might depend on the preparation of
the samples. The NPs were in the reversed micelles or were dispersed in aqueous media
when measuring the particle size with Particle Size/Zeta Analyzer. The principle of
Particle Size/Zeta Analyzer is based on Dynamic Light Scattering. The measurements were
done at a scattering angle 90°. The solutions were scanned ten times for each measurement
and the effective diameter is then calculated from these ten measurements automatically.
The NPs were in solid form when SEM analysis was done. From the produced SEM
image, ten particles were chosen randomly and the sizes were measured and then the mean
of these ten values was calculated. The SEM image presents only one part of the solid
sample, so one can not be sure whether this image is all the same for whole sample.

However, in Particle Size/Zeta Analyzer a wider region of the solution was scanned.

SEM results show that the particles are in spherical shapes. The size distribution
range is much larger for S9-S11 (i.e. for AOT-stabilized systems) with respect to S8, S12
and S16 (i.e. Triton X-100-stabilized systems). The NPs are more uniform (i.e.
monodispersed) when the surfactant is Triton X-100 (Figure B.5, Figure B.9, and Figure
B.13). This trend was also observed by Osseo-Assare and Arrigada [23]. The maximum

and
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minimum particle size values measured by SEM when using Triton X-100 or AOT as

surfactant are given in Table 4.5.

Table 4. 5. Minimum and maximum particle size values measured with SEM

Sample Surfactant used | Minimum Maximum % Difference
particle size particle size
(nm) (nm)

S9 AOT 54.54 86.99 59

S10 49.85 73.78 48

S11 63.06 76.47 21

S8 Triton X-100 63.37 78.47 23

S12 53.03 64.48 21

S16 63.10 82.08 30

NPs recovered from S14 and S10 were dried and then dispersed in aqueous media in

order to check their stability. The sizes measured are as follows:

Table 4. 6. Particle size values in aqueous media

Sample Immediately  after | After 25hours After Sdays
dispersion

S10 80.4 nm 85 nm

S14 85.2 nm 84.4 nm

As seen from Table 4.6 the particles are quite stable and there is no significant size

change with time. The same results can be also seen from Figure A.15-A.18 in the

appendix section A.
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4.4 UV/VIS and Fluorescence Results

4.4.1. Results for Ru(bipy)3-doped Silica NPs

The purpose of taking the UV/VIS spectra of the dye-containing solutions was to see
the Amax Of the dye in a given system and able to use this value as the excitation wavelength

in fluorescence emission spectra. Figure 4.3 is the absorbance spectrum of pure Ru(bipy);

in aqueous solution. The Am.x appears at 450 nm.
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Figure 4. 3. Absorbance versus wavelength plot of Ru(bipy); in water
The spectrum obtained by dispersing the Ru(bipy)s;-doped silica NPs, prepared in

AOT-stabilized reversed micelles, in aqueous media is shown in Figure 4.4. A very slight

hump for both samples S10 and S11 are seen at the same wavelength (i.e. 450 nm).
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Figure 4. 4. Absorbance versus wavelength plot of sample S10 (blue) and S11 (pink)

in aqueous media

However when a similar spectrum was taken for the particles recovered from Triton

X-100-stabilized systems (Figure 4.5), a clear A, was seen in the same position as the

pure dye case (i.e. Figure 4.3).
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Figure 4. 5. Absorbance versus wavelength plot of sample S12 in aqueous media
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Having obtained the An,y.0f the dye, the fluorescence emission spectra of the samples

were run at an excitation wavelength 450 nm.

The results for pure dye, dye-doped NPs prepared in AOT-stabilized droplets of
various R values (S9-S11) are seen in Figure 4.6. The result for the dye-doped NPs
prepared in Triton X-100-stabilized droplets (S12) is seen in Figure 4.7.
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Figure 4. 6. Fluorescence emission spectra of pure Ru(bipy); (blue), sample S11

(pink), S10 (yellow) and S9 (green) in aqueous media



42

Intensity
oo

o T T T T
500 550 600 650 700

Wave length

Figure 4. 7. Fluorescence emission spectra of sample S12 in aqueous media

The Amax of fluorescence emission spectra of pure Ru(bipy)s; dye in aqueous media is
at 605.5 nm. The Anax values of the Ru(bipy)s-doped silica NPs dispersed in aqueous
media are located in a different position. It is 593 nm for sample S9 prepared in AOT-
stabilized droplets of R=5, 604 nm for sample S10 prepared in AOT-stabilized droplets of
R=7 and 604,5 nm for S11 prepared in AOT-stabilized droplets of. R=10. The Amax value
of the sample S12, which was prepared in Triton X-100-stabilized reversed micelles, is at

604 nm.

As seen in Figure 4.6 the intensities increase by increasing R value, i.e. increasing
particle size. The intensity observed from the spectrum of S12 prepared in Triton X-100-
stabilized reversed micelles is lower than those prepared in AOT-stabilized reversed

micelles with R=7 (S10) and R=10 (S11) but higher than those with R=5 (S9).

4.4.2. Results for Rhodamine 101-doped Silica NPs

UV/VIS spectra of the Rhodamine 101-doped silica NPs were taken. Even though
aqueous solution of pure Rhodamine 101 dye gave a peak at 563nm (Figure 4.8), no
absorption peak has been observed for Rhodamine 101-doped silica NPs dispersed in

aqueous media.
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Figure 4. 8. Absorbance versus wavelength plot of pure Rhodamine 101 dye in

aqueous media

Furthermore, no peaks were observed in the fluorescence emission spectra for the
pure Rhodamine 101 dye in aqueous media, or for the Rhodamine 101-doped silica NPs

dispersed in aqueous media.

Having seen no peaks, the excitation A, the concentration of the dye and the
concentration of the particles have been altered, but still no results could be obtained, even
for the pure dye in aqueous media. This was a highly surprising result, considering the
fluorescent nature of the dye. Having thought that might have been a solvent effect, pure
dye was studied in methanol as suggested by Fluka. This change of solvent was as

unsuccessful.

The reason for choosing Rhodamine 101 dye was because Roy et al. had used
organically modified silica (ORMOSIL) NPs doped with a similar Rhodamine dye,
Rhodamine 6G, in labeling DNA [31]. However, they had used another system for the
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synthesis. They synthesized the ORMOSIL NPs in the apolar core of the AOT-stabilized

normal micelles. Their doping was a successful one.

The reason for not observing the entrapment of the Rhodamine 101 dye into the silica
NPs might be due to the amphiphilic nature of the dye. Probably, the dye was not
hydrophilic enough to enter the core of reversed micelles and needs to be modified to do

SO.

4.4.3. Results for Bodipy-doped Silica NPs

The UV/VIS spectrum of Bodipy in NHj3(aq) has a sharp peak at 500 nm (Figure
4.9).

Figure 4. 9. Absorbance versus wavelength plot of pure bodipy dye in NHj3(aq)

When the UV/VIS spectrum of silica NPs doped with Bodipy was studied, there was

no absorbance peak in this region.
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Similarly, when the fluorescence spectra of pure dye and the dye-doped silica NPs
were run, no peak could be observed. The excitation the excitation A, the concentration of
the dye and the particles, the solvent, in which the dye and the silica NPs were dispersed
have been altered, but still no peak was observed. The results were similar to Rhodamine

101 case.

This result also confirms that the nature of the dye should be more hydrophilic to
dope the unmodified silica NPs using reversed micellar systems. Further work should be
done with these hydrophobic dyes and probably modification could help with the doping

Process.
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5. CONCLUSION

In this study both empty and dye-doped silica NPs were synthesized in reversed
micellar systems stabilized with an anionic surfactant, AOT, and with a nonionic
surfactant, Triton X-100. The NPs were doped with three different types of fluorescent
dyes; Rhodamine 101, Ru(bipy); and Bodipy.

The particles were characterized by their size and by their fluorescent properties.

It has been observed that the size of the NPs can be controlled by changing the
water-to-surfactant molar ratio, i.e. the droplet size. As the droplet size increases the size of
the NPs also increases. By characterizing the NPs by SEM, it has been observed that the
particles have spherical and uniform shapes. The particles were more monodispersed when
they were prepared by using Triton X-100 as the surfactant. When the particles were
dispersed in water and kept five days without sonication, the size of the particles didn’t

change significantly which shows their stability.

Aqueous solution of Ru(bipy);-doped silica NPs showed peak in the fluorescence
emission spectra proving a highly successful doping process. Silica NPs doped with
amphiphilic Rhodamine 101 and hydrophobic Bodipy dye showed no peaks in the
fluorescence emission spectra. This results showed the necessity of using either
hydrophilic or hydrophilicly modified dyes in order to dope the silica NPs prepared by

reversed micellar systems.
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6. SUGGESTIONS FOR FUTURE WORK

. The process for the entrapment of Rhodamine 101 and Bodipy dye should be
improved. Dyes should be modified so that they would be more hydrophilic.

. Fluorescence emission spectra of the pure Rhodamine 101 and Bodipy dye

should be observed in apolar media.

. The entrapment efficiency and the release kinetics of the dyes from the Silica

NPs should be determined.

. In order to use fluorescent dye-doped silica NPs in specific biomolecule
detection, the surface of the Silica NPs should be modified with various

functional groups.

. The surface area of the NPs produced can be determined by using BET

Instrument.



APPENDIX A: THE PARTICLE SIZE ANALYZER RESULTS

The following pages (47-62) present the results for the particle size analyzer.
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Figure A. 1.

Particle size data of sample S1
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Figure A. 2. Particle size data of sample 040308-5
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Figure A. 3. Particle size data of sample S3
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Figure A. 4. Particle size data of sample S4
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Figure A. 5. Particle size data of sample S5
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Figure A. 6. Particle size data of sample S6
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] 118 25.4 0.052 8.6/100.00%
7 1125 g2i:q 0.041 9.3/100.00%
8 110.4 26.0 0.056 9.6/ 95.58%
9 109.7 30.7 0.078 9.7/100, 00%
10 110.9 a3:3 0.044 89.6/100.00%
Sample ID T-04-08-10rk (Combined) oo
Operator I sinan Ik
Elapsed Time 00:10:00 2@
Mean Diam. 1165 nm Ex
]
Rel. War. 0.050 'am a:-:u::
Skewy 0402 D lame®r s
dinm) () Cid dinm) i) Cid dinm) Gl Cid)
1.0 0 1] 7. 0 0 494 0 0
1.2 0 o G4 0 0 58.0 0 0
1.4 0 o 10.0 0 0 04 12 3
1.7 0 o 120 0 0 541 45 18
20 0 ] 143 0 0| 1004 83 43
24 0 u] 1741 0 ol 4185 400 72
29 0 1] 204 0 0] 1431 G5 92
35 0 o 243 0 0| 1708 23 100
41 0 1] 290 0 0| 2039 0 100
49 0 o 346 0 0] 2435 0 100
548 0 1] 41 .4 0 0| 2907 0 100

Figure A. 7. Particle size data of sample S7
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|08-04-08 TR (Combined)| = & Lognonl
Effective Diameter: 234.7 nm ;
Polydispersity: 0.016
Avg. Count Rate: 335.7 keps
Baseline Index: 8.9/ 74.37%
Elapsed Time: 00:10:00
7h
2
E a0
25
" i
500 5000.0
Diameter (nm}
Run EFf. Diam. (rm] Half ‘width frmn) Polydispersit Baseline Index
1 233,85 27.7 0.014 7.0/ 78.67%
s 3372 16.8 0.008 7:82 713.78%
) 233 .2 75.4 0.105 8.0/ 58.22%
4 228.3 82.5 0.131 5.4/ 73.78%
b 240.3 52.4 0.048 1.5/ 72.44%
B 234 .4 41.2 0.0 8.9/ 71.24%
7 239.0 16.9 0.00% 8.0/ BE.67%
a 234.7 16. 6 0.005 7.6/ B6.67%
g 231, 2 3r.1 0.0286 9.8/ 72.89%
10 232.5 27.5 0.014 9.6/ 89.33%
Mean 234. 4 39.4 0.038 7.4/ 74.37%
Std. Ermor 1:1 7.8 0.014 0.8/ 2: 89
Combined 234.7 29.8 0.016 8.9/ 74 .37%
Sample ID 03-04-08 TR (Combined) 10
Operator I =sinan Rk
Elap=ed Time 00:10:00 g @
=
Mean Dism.  235.5nm =
(1]
Rel. Var. 0.000 ;.m a:-:u::
Skewy 0.032 Dlamet 1 o
dinm) &id) Cid dinm) Gid) Cid dinm)  Gld) Cid)
2274 0 0 2331 1] 0 2354 o 100
2283 0 0 2336 1] 0 23849 o 100
2288 0 0 2340 1] 0 2394 o 100
2293 0 0 2345 3 10 23949 o 100
2298 0 0 2350 BE 32 2404 o 100
2302 0 0 2355 100 64 2409 o 100
2307 0 0 23|00 arv 2413 o o100
232 0 0 2364 36 99 2418 o 100
23 E 0 0 23849 2 100 2423 o 100
2321 0 0 2374 o100 2428 o 100
2326 0 0 2379 o o100 2433 o 100

Figure A. 8. Particle size data of sample S8
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[17-06-08-7 (Combined)]| . : : . :
Effective Diameter: 80.4 nm g / : : i .
Polydispersity: 0.065 ] : ) ! 1 ;[ bt
Avg. Count Rate:  406.1 keps ; | ' : i :
Baseline Index: 8.0/ 95.17% f § : ] ] :
Elapsed Time: 00:10:00 i : : ; i :
1 1;3 WEI; WEIGI 1EI‘; WEI; 1I]':
7 (ps)
Run EFf. Diam. (rm) Half ‘width frmn) Polydispersit Baseline Index
1 a0.1 16.1 0.040 8.9/ 95.56%
s ) 21.6 0.075 7.8/ B2.22%
) an. 4 22.6 0.073 9.5/ 95.58%
4 80.7 16.8 0.043 7.6/ 95.58%
b 80. 8 21 .4 0.070 9.2/100.00%
B 3.5 21.7 0.074 8. 7 91 9%
7 80.9 22.7 0.079 9.3/100.00%
a an. 3 218 0.072 9.0/100.00%
g a0.9 193 0.058 8.87 91 15%
10 80.1 2231 0.07g 9.2/100.00%
Mean 80.3 20.6 0.067 8::94 951 1%
Std. Error o 2 a7 0.0056 0.2/ 1. 80
Combined 0.4 20.5 0.065 B.04 85 17%
Sample T 17-06-08-7 { Combined) 100 ;
Cperstor D =inan =15
Elap=zed Time 00:10:00 2 = E
B 1
hean Diam.  &4.4 nm S !
Rel var. 0027 L -
50
Skew -3.216 DlameEr (i)
dinm) Gld) CldY  dinm) Gld) CidY dinm) Gid) Cid)
185 1] 0 365 1] 4 b= 1] 4
200 1] 0 381 1] 4 B4 33 14
M2 1] 0 45 1] 4 g2 70 36
226 4 1 44 2 1] 4 G563 100 66
240 3 3 459 1] 4 Ma 71 Ga
235 4 4 4548 1] 4 975 33 99
27 1] 4 230 1] 4 | 1037 4 100
2E5 a 4 565 a 4 | 1102 o 100
306 1] 4 288 1] 4 1 MM7A o 100
326 1] 4 B3.7 1] 4 | 1245 o 100
346 1] 4 =T 1] 4 | 1323 o 100

Figure A. 9. Particle size data of sample S10




[17-06-08-10 (Combined)|
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Effective Diameter: 84.2 nm i :
Polydispersity: 0.059 ! b | EelFioe
Avg. Count Rate: 535.2 keps ;
Baseline Index: 1.4/ 92.27% f
Elapsed Time: 00:10:00 i
()
1 1:] 1IJ;
Run EFf. Diam. (rm) Half ‘width frn) Polydispersit Baseline Index
1 83.5 .9 0.014 7.3/ 49.12%
s 84 .9 2%:3 0.071 887 B1.15%
) 85. 5 16. 6 0.038 q 95.58%
4 842 23:0 0.074 % 100.00%
b 84 .3 218 0.087 10 100.00%
B 82.2 219 0.08% 10 95.58%
7 85.0 19.0 0.050 8 100.00%
a 83.7 19.6 0.055 ] 100.00%
g 84 .2 2¥. 8 0.078 [ 95.59%
10 84.0 9.2 0,052 8 95.59%
Mean 84.2 19.9 0.058 5 92.26%
Std. Error o3 1.3 o.o007 o 28
Combined 84.2 20.4 0.059 1 92.27%
Zample ID 17-06-05-10 (Combined) ;
Operator D 2inan 21 : :
Elapsed Time 00:10:00 g : i
Mean Diam.  85.1 nm Ex : :
Fel. Var. 0.026 'sﬂ i J::
Skewy -3.2 D e (s
dinm) Gid) Cid dinm) id) Cid dinm)  Sid) Cid)
246 o ] 423 0 5 728 5
254 ] 1] 44 5 0 5 TE5 5
272 3 1 467 0 =] a0.4 10
285 4 2 491 0 5 o4 4 26
ana 5 3 S1E 0 5 asy o3
i 3 4 54 2 0 5 932 79
331 3 5 5649 0 5 gra a5
3448 ] 5 598 0 5| 1028 100
365 o 5 G258 0 5| 1080 0o 100
354 ] 5 GE.0 0 S 1135 0o 100
40.3 il =] 693 0 S 1192 o 100

Figure A. 10. Particle size data of sample S11
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[070708-5D (Combined)| = EER—
Effective Diameter: 54.7 nm ;
Polydispersity: 0.273
Avg. Count Rate: 391.3 keps
Baseline Index: 1.1/ 69.90%
Elapsed Time: 00:10:00
7h
=
E a0
25
" i
05 5000.0
Diameter (nm}
Run EFf. Diam. (rm] Half ‘width frn) Polydispersit Baseline Index
1 53.4 27.6 0.268 0.4/ 73.89%
s 8.2 29.0 0.275 1.2/ 65.04%
) 54 .1 28 .1 0.270 0.0/ 73.01%
4 54.3 28.0 0.267 0.0/ B0.62%
b N5 8 28.6 0.266 2.1 B3:.19%%
B 56.0 £9.9 0.28% 4.7/ 69.03%
7 54 .8 27.6 0. 2586 0.5/ B1.06%
a 54.5 27.8 0. 261 0.0/ 63.27%
g 8%. 3 29.9 0.291 1.8/ B4.44%
10 5.2 £9:3 0.282 1.9/ B5.40%
Mean 54.8 28. 6 g.272 1.3/ 69.90%
Std. Ermor 0.2 0.3 0.004 0.5/ 2.80
Combined 54.7 28.6 0.273 1.1/ 69.90%
Zample ID 0707 03-50 (Cambined) o0
Operator ID0 =inan s
Elapsed Time 00:10:00 2 5
B
Mean Diam.  &2.0 nm =
Rel.war. 0347 i
50
Skewy -0.095 Dlamet
dinm)  &id) Cid dinm) Gd) Cid dinm)  Gid) Cld)
19.4 ] 0 421 o 46 a1.2 o 46
208 ] 0 451 o 46 a7 A o 46
223 ] 0 45.4 0o 46 | 1030 23 449
238 ] 0 214 o 46 | 1127 =T
b LT . 4 557 0 46 [ 1209 400 73
2768 B2 13 a8 0 46 | 1297 ar 88
296 93 28 642 0o 46 | 1392 B1 a7
37 VB 40 EE.8 0o 46 | 14493 19 100
340 38 46 734 0o 46 | 1602 o 100
365 0o 46 a2 o 46| 1739 o 100
392 o 46 as.0 o 46 | 1844 o 100

Figure A. 11. Particle size data of sample S13




60

[30-06-08-7 W5hson (Combined)| = EER—
Effective Diameter: 88.1 nm ;
Polydispersity: 0.202
Avg. Count Rate: 389.4 keps
Baseline Index: 6.7/ 78.18%
Elapsed Time: 00:10:00
7h
2
E a0
25
" i
50 5000.0
Diameter (nm}
Run EFf. Diam. (rm] Half ‘width frn) Polydispersit Baseline Index
1 85.7 349.0 0.208 8.1/ 78.67%
s 87.9 41.7 0.225 9.1/ 69.03%
) 85.5 329 0.143 5.6/ 65.33%
4 87.5 39:1 0.200 2,97 89:79%
b 89.9 42.3 0.221 9.8/ 78.32%
B 89.9 42.3 0.222 6.9/ 55.75%
7 89.7 40.2 0.201 6.3/ B0.53%
a 87.9 ) 8 | 0.187 6.4/ 91.11%
g 87.1 36.3 0.174 5.5/ 82.22%
10 89 .4 42.7 0.228 837 A10A5%
Mean ge.1 395 0.201 6.9/ 78.19%
Std. Ermor 0.5 1.0 0.008 0.7/ 3.73
Combined aa.1 39.6 0.202 6.7/ 78.18%
Sample ID 30-06-08-7 Wahzon (Cambined) i1
Operator I =inan =75
Elapsed Time 00:10:00 2@
B
Mean Diam. 1115 nm =
Rel.var. 0194 ar
S0
Skewy -0.342 D lame®r s
dinm) Gid) Cld dinm) Gid) Cid dinm)  S0d) Cid)
358 1] ] G633 0 40 |1 1199 0 40
4049 ] ] 718 0 40 | 1263 0 40
430 ] ] TSE 0 40 | 1329 16 43
453 5 1 TaE 0 40 | 1399 49 53
47 7 32 E aza 0 40 | 1472 93 o
a0.2 B0 17 e 2 0 40 | 1550 100 ar
5248 4 29 az8 0 40 | 16831 55 ar
256 46 37 ary 0 40 | 177 19 100
285 18 40 | 1029 0 40 | 1807 0o 100
E1.6 o 40 | 1083 0 40 | 1902 o 100
G648 o 40 | 1140 0 40 | 2002 o 100

Figure A. 12. Particle size data of sample S14
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(210708 10W (Combined)] = e
Effective Diameter: 93.2 nm i ESDF ‘
Polydispersity: 0.161 i & b
Avg. Count Rate: 348.5 keps : i |
Baseline Index: 6.3/ 79.78% :
Elapsed Time: 00:10:00
75
=
E 50
25
! i
5000.0
Diameter (nm)
Bun Eff. Diam. [nm] Half \Width [nm] F Baseling Index
1 92.% 36.0 0.152 6. 4/ 88 88%
2 93 .4 30.2 0.104 5.7/ 72 44%
3 §3.7 3.7 0.129 9.8/ BB .E7%
4 25 3.1 0.169 9.5/ 73.78%
5 83.2 378 0.164 9.3/ 86 E7%
] 94 1 43.0 0.209 8.8/ 92.00%
7 96. 9 47.6 0.241 8.3/ 28.00%
8 89.7 41.8 0.217 9.8/ BB B7%
9 94 6 22.9 0.121 8.9/ 95 .56%
10 3.1 33.2 0.127 8.5/ 87.11%
Mean 3.3 7.4 0.163 8.4/ 79.78%
Std. Emor 0.8 1.7 0.014 0.4/ £:19
Combined 83,2 374 0.161 6.3/ 79.78%
Sample ID 210708 100 [Combined) 10 .
Cperator D sinan =15 E
Elapsed Time 00:10:00 2 = ;
E = 1
hean Diam. 1129 nm i '
Rel.var. 0175 A :
a0
Skewy -0145 Dlamer )
dinm)  Gled) Cid dinm) Gld) Cid dinm) Gid)] Crd)
45 6 o ] 763 0 45 | 1277 o 45
475 o 1] 9.3 0 45 ] 1338 o 435
50.0 1] ] 3.5 o 43 ] 1402 3% 51
524 ] ] a7 o 45| 14659 B B2
550 18 3 92.0 0 45| 1540 100 79
576 49 N 96 .4 o 45| 1614 T3 92
G604 52 25| 1010 0 45| 164941 41 99
633 37| 1059 0 45 | 1772 6 100
663 40 44 | 11089 0 45 ] 1857 0 100
59.52 4 45| 1163 0 43 ] 1946 o 100
728 0o 45| 1218 o 45 ] 2039 o 100

Figure A. 13. Particle size of sample S15




[070708-5TRW SONIC (Combined)|
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@ Lognormal
Effective Diameter: 86.0 nm = i
Polydispersity: 0.173
Avg. Count Rate: 405.5 keps
Baseline Index: 7.9/ 56.69%
Elapsed Time: 00:08:00
7h
=
E a0
25
" i
50 5000.0
Diameter (nm}
FAun EH. Diam. (rm] Hall width [nun) Palpdispersit Baselne Index
1 24. 6 32.1 0.148 3.4/ 77.88%
2 83.14 34 .4 0.170 9.97 B9:03%
3 87.2 33.9 0.152 6.2 ¥ 89%
4 86. 8 35:9 0.172 8.3/ B65.04%
g 86 B 371.6 0.188 B .7/ 4B.46%
g 86.8 38 .7 0.173 7.7/ 58.85%
9 86.9 47.4 0.29%8 1.17 ). 27x
10 87.3 36.6 0.17%8 5.9/ 49.12%
Mean 86,2 36.9 0.185 B.1/ 56.69%
Std. Ermor 0.5 1.8 0.017 1.0/ 7.34
Combined 86.0 35.8 0.173 7.9/ B6.B9%
Sample D O707OS-2TRW SORIC [Combined) 100
Operator I =inan =
Elap=ed Time 00:08:00 2@
Mesn Dism. 1018 nm Ex
Rel.var. 0113 i - =
Skewy -1.108 Dlane®r ()
dinm)  Gid) Cid dinm) Gy Cid dinm)  Gid) Cid)
28.8 ] ] 52.5 o 23 956 o 23
0.5 ] ] 554 0o 23| 10049 o 23
322 ] ] 58.5 0o 23| 1085 M i |
34.0 ] ] B1.8 0o 23| 1125 B4 4B
359 3 1 653 0o 23| 1188 100 70
F9 16 4 G8.9 0 23| 1255 77 &8
400 28 M 728 0 23| 1325 43 98
422 18 769 0o 23| 1399 7100
446 17 22 812 0 23| 1477 0 100
471 4 23 as7 0 23| 1560 0 100
497 o 23 an.s 0 23| 1647 0 100
Figure A. 14. Particle size data of sample S16




[17-06-08-7 Wsonic16.09+5hson (Combined)]

100 & Lognomal
Effective Diameter: $3.9 nm
Polydispersity: 0.200
Avg. Count Rate: 360.1 keps
Baseline Index: 7.7/ 68.37%
Elapsed Time: 00:10:00
75
=
é a0
=
25
a
50 5000.0
Diameter (nrm)
Fun Eff. Diam. (nm] Half Width {rim] Polpdispersit Baseline Index
1 80.9 36. 3 0,208 7
2 83.4 38.6 0213 §
3 83.2 37.5 0.203 8
4 84 .9 397 0219 9
5 85.4 371 0183 4
& 4.0 42.7 0. 259 El
7 85.4 34.6 0. 164 7
8 85.5 35.7 0174 ]
q 83.3 33.6 0163 8
10 887 394 Ay 8
Mean 84.2 376 0.200 7
Std. Emor 0.5 0.8 0.009 o
Combined 83.19 a7 0.200 7

Figure A. 15. Particle size data of sample S10 in water (sonicated Shours)

[17-06-08-W25 H (Combined)]

00 & Lognomal
Effective Diameter: 85.0 nm
Polydispersity: 0.199
Avg. Count Rate: 273.1 keps
Baseline Index: 8.1/ 88.54%
Elapsed Time: 00:10:00
75
&
< &
£
*
o
50 5000.0
Diameter {urm)
FRun EFf. Diam_{nm] Half Width [nm) Polydispersit Baseline Index
1 84.5 .1 0.181 13
2 g84.0 40.2 0.229 q
3 85.0 41.6 0.240 k]
4 86.0 361 0.176 8
5. 84.9 3%.:9 0.175 7
g 84.5 38.8 0.211 2
¥ 86.8 35.5 0.167 8
8 84.2 34 .6 0.169 8
g 4.3 40.0 0.225 E
10 85.7 39.89 0.217 T
Mean 85.0 37. 8 0.1399 8
Std. Error 0.3 0.8 0.00%9 0
Combined 85.0 37. 9 0.139 8

Figure A. 16. Particle size data of sample S10 in water (after 25hours)
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[30-06-08W25H (Combined)]
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100 & Lognomal
Effective Diameter: 85.2 nm
Polydispersity: 0.176
Avg. Count Rate: 319.0 keps
Baseline Index: 6.7/ 89.56%
Elapsed Time: 00:10:00
75
Z
2
S &0
k=
o)
o
50 5000.0
Diameter {nm)
Fun EFf. Diam. (nm] Half width [rim) Polydispersit Baseline Index
1 84.4 36.0 0.182 6.2/ 96.00%
2 259 38.2 0.202 747 91.11%
3 25.85 37.9 0.148 9.2/ 91.68%
4 84.5 361 0.182 6.0/ 96.00%
B 85.1 35 4 0.172 & 7/ 86 .00%
E 86.2 36.0 0.174 6.0/ 96.00%
7 ar:2 351 0.162 3.1/ 54.67%
8 85.5 37.2 0. 183 8 6/ 81 .11%
g 86.6 35.8 0.171 3.9/ BB.B7T%
10 #a.2 357 0.188 7.0/ S6.44%
Mean 85:.3 35.8 0.177 6.5/ 89.56%
Std. Errer 0.4 o4 o 005 0.7/ 4.01
Combined 85.2 35. 8 01786 6.7/ 89 56%

Figure A. 17. Particle size data of sample S14 in water (after 25hours)

[300608-W-5DAYS (Combined)|

100 & Lognomal
Effective Diameter: 84.4 nm
Polydispersity: 0.161
Avg. Count Rate: 373.5 keps
Baseline Index: 6.3/ 68.59%
Elapsed Time: 00:03:00
75
=
g
g =
£
%
0
50 5000.0
Diameter (nm)
FRun Eff_Diam. (rm] Half Width [nm) Polydispersit Baseline Index
1 82.7 %0 0.185 7.1/ 82 22%
2 84.8 3. 0.182 8.6/ 82.87%
3 87.0 19.4 0.050 0.6/ 40.89%
Mean 848 30.7 0.142 5.4/ 68 .59%
Std. Ermor T2 5.7 0.04E 2.4/ 13 .85
Combined 24,4 3.9 o181 6.3/ £68.59%

Figure A. 18.

Particle size data of sample S14 in water (after Sdays)
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APPENDIX B: SEM RESULTS

The following pages (63-69) present the SEM results of the synthesized Silica NPs.

ot Magn = Det WD
B 200000x SE 5.1

Figure B. 1. SEM image of sample S1



AccY Spot Magn Det WD |——— 200 nm
20.0 kv 3.0 150000x SE 66

Figure B. 2. SEM image of sample S3

AccV  Spot Magn Det WD |—— 200nm
200kv 30 150000x SE 6.7

Figure B. 3. SEM image of sample S4
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"

AccY Spotl Magn Det W'D F=—=1 200 nm

200kv. 30 200000x SE B.7 i ﬂ

Figure B. 4. SEM image of sample S10

AccY® Spot Maan _
200 kKV'3.0 160000x SE

Figure B. 5. SEM image of sample S8
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AegcY Spot Maagn Det WD }——— 200 nm
B8 kY 3.0 150000k SE 75

Figure B. 6. SEM image of sample S9

AccN  Spot Magn Det' WD |—— ] 200 nm
160KV 30 2000008 SE 7.7

Figure B. 7. SEM image of sample S10
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V3

s

AccY Spot Magn, Det WD |——— 200 nm
15.0kV 3.0 150000 SE 7.7

Figure B. 8. SEM image of sample S11

.

25

AccY Spot Maan, Det [e——H 500 i &
120 kv 3.0 160000x SE 5 % A

Figure B. 9. SEM image of sample S12
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AccY SpotMagn Dt == 4" 200 nm
150KY.80 150000x/SE,.

Figure B. 10. SEM image of sample S13

E Spot Magn Det —— 200 nm
3.0 150000x SE

&

Figure B. 11. SEM image of sample S14

70



AccMa§pot Magn  Det WD |— 200 nm
200 kv 80 1500006SE 65

Figure B. 12. SEM image of sample S15

AcgcV Spot Magn  Det |———
160KV 30 150000x SE

Figure B. 13. SEM image of sample S16
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