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Abstract

Sol-gel methods combined with the adaptive structuring properties of soft matter,
have been used to create templates and synthesize mesoporous materials or nanoparticles
from them. For example, micelles formed with non-ionic surfactants containing ethylene
oxide have been previously used as templates to produce mesoporous silica with a
particular structure. These templates are known to be dynamic and adaptable to
temperature changes. When combining these surfactant micelle templates with a
precursor, a silicate/surfactant hybrid micelle is formed, which was demonstrated to be
dynamic as well. In a first step, this thesis explores further the structure and dynamics of
these hybrid micelles, and up to which point they resemble the initial micelle.
Tetraethylorthosilicate (TEOS) was used as the silica precursor to make silicate hybrid
micelles using these non-ionic surfactants and their behaviour as a function of
temperature and silicate concentration was investigated.

In a second step, we expand the concept of soft matter-based structuring directing
objects by replacing micelles with O/W nanoemulsions prepared by Phase Inversion
Composition. These structures were already used as nanoreactors and porosity templates,
but their use was somehow limited by their liquid nature. Therefore, we explored if solid
templates could be obtained by replacing the original paraftin oil by a mixture of oil and
wax. We extended further the concept of using W/O nanoemulsions as nanoreactors by
testing the preparation and use of W/O nanoemulsions, and preliminary results in this
strudy show that Prussian Blue analogues could be successfully synthesized.

In a final step, we increased the system complexity further by combining

structure-directing soft matter with inorganic nucleation and condensation in a one step
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reaction where 3D porous micrometric silica particles are obtained in a one-pot fast

synthesis, and resulting materials were tested for HPLC application.

v



Acknowledgements

I would like to thank my supervisor Professor Eric Prouzet for all of the support and
guidance he provided. I learned not only a lot about science and soft chemistry, but also
about the conduct and attitude required in doing research. I would also like to thank my
committee members Professor Linda Nazar and Professor Jean Duhamel for their time
and support. A special thank you goes to Lu Li from Professor Duahmel’s lab for her
help with the fluorescence studies and to my laboratory members, Moacir Forim from
Tadeusz Gorecki’s lab for help conducting the HPLC tests, and my family for their

assistance and their continued support and encouragement throughout all of my work.



Table of Contents

DIECIATATION ..ottt sttt sttt sttt she e sttt saee ii
ADSEIACT ...ttt st ettt sttt st st sttt sttt ii
ACKNOWIEAZEMENLS ....eoeeieiiiieiie ettt et et e ettt et e st e e s bt e enteeenteeeneeesnseesnseennns v
LISt OF FIGUIES ...evieiiieeiie ettt ettt et e st e st e st e s te e e st e enteesnaeesnseesnseesnseean viii
LSt OF TaDLES ..ottt sttt sttt xi
LiSt OF ADDIEVIALIONS....ceouiiiiiiiiiiiiiiiti ettt sttt st xii
Chapter 1: INtrodUCTION .......cuieiiiieiieie ettt ettt ae e e eabeesbeeseneensees 1
R B 2 - Tod ¢4 (01034 U« PSSP 1
1.2 SOTt CREMISIIY ..evieiiieiiieeiie ettt ettt e et e et e ettt e st e st e enteeenteesntaeesnteesnseesaseesnseas 1
1.3 SOI-GEl MEhOAS ...ttt 2
L4 SOft Matter SYSTEIMS ..ouuvieeiieiiieeiieesiee ettt e eteeeieeetteerteeeteeessteeseteesbeesnseeeseeessseesnseesaseesnsens 3
141 EMUISIONS. c.ciiiiiiiiiiiciiceteet ettt sttt et et e b beesre e 3
1.42  Microemulsions vs. NaNOCMUISIONS .......c.eeecuirriiiririieiieeeiee et eieeeiee et 4
1.4.3  NanoemulSion Preparation..........ccceecueeriieiiiieeiieeriee et eeteesieeeiee e eeeeesneeesreesseesneeas 5
1.4.4  Pure Oil NanO@MUISIONS .....ocuiriiriiiiiniiinitinienite sttt ettt 8
1.4.5 Pure Wax and Wax/Oil NanoemulSions ...........ccceerererireriieeriiieeiiieeseeeiie e esveesvee e 9
1.5  MESOPOTOUS S1lICA . ..eeiiiiiiiiiitiieiieesieeeieeetee ettt ettt e staeesateesateesbeeesaeeseeesseeesnseesnseesseeenes 10

L T 3501 o) RSP SRUSUSRPPR 12
1.6.1 Nanoemulsion TemPlates..........ccccvveeriieriieriie et stee e seeeeeae e 13

1.6.2  Liquid Crystal Templates........ccceerieeiiieiiieeiie ettt eeiee e 15

1.6.3  Surfactant Micelle Templates ........cccccuveriieriiiiiiieeie et 18
Chapter 2: Characterization TeChNIQUES.........c.cevvieriieriieiiieiieeie et 21
2.1 Small Angle X-1ay SCALEIING .....cveerriierieeriieeiteetieecieeeteeeteesiteeeteesreesteesteesseesnnneenes 21
2.2 Nitrogen Adsorption/Desorption ISOtherm ...........c.ceeceiiiiiiiiiiiiieeieeeeecee e 22
2.3 Scanning Electron MiCTOSCOPY ...vveerurreriireriiierieeettesiteeeieeesiteestteeseeesseesseesseessseesssnennns 23
2.4 Dynamic Light SCAEIING .....ccvvieiuiriitieeiieeiiteeieeettesteeeteeeteette e eeesteesteesnteesseesnnneenes 23
2.5  FlUOTESCENCE SPECITOSCOPY viovvrerrirerieariieeriiterteesttesteesteesseesssaeessseesnseesnseesseesnseessseeenns 24
2.6 Fourier Transform Infrared SpectrOSCOPY.....ccccvvrrrirriiiiiiiieeiie ettt 25
2.7  X-ray Powder Diffraction (XRD) ....ccceeviiiiiiiiiieiiie ettt 25
Chapter 3: Structure and Dynamics of Silicate Hybrid Micelles...........ccccccuvrrverirenennne. 26
3.1 Experimental Methods .......coouiiiiiiiiiiiiieeie ettt 26
3.2 Silicate Hybrid Micelle ANALYSIS ....c.eevovieriieriiireiiieeeiieerieesieesieesieesieeeieeseeeeseeeesneeesenes 28
3.2.1 Temperature Dependent Structural Evolution: the X-DLS-N series.........ccccceeueeuee. 29
3.2.2  Steady State Fluorescence of Tergitol 15-S-12 Silicate Hybrid Micelles................. 39
3.2.3 Lifetime Fluorescence of Tergitol 15-S-12 Silicate Hybrid Micelles............c.......... 42

3.3 Model of the Silicate Hybrid Micelle SyStem.........cccveriieriiieriieniieeiie e 42
Chapter 4: Nanoemulsions and their Application as Nanoreactors .............cceceeeveenennne. 44
4.1  Experimental MethOds ........ccooiiiiiiiiiiiiiicie ettt st e st e e 44
4.2 Droplet Size Control of Wax/Oil in Water Nanoemulsions..........ccccceeeereenecneeneeneenne 46
4.3  Preparation of Water in Oil Nanoemulsions Using the PIC Method............ccceeeerennnnn. 48
4.4 PBA-MSU Synthesized Using Water in Oil Nanoemulsions as Templates.................... 49
4.5 The Nanoemulsion System and their Use as Templates ........cccccveeveveriieeniiieniieniieeieene 51
Chapter 5: Silicate Hybrid Micelles Used for Synthesis of HPLC Beads......................... 53
5.1 Experimental Methods .......coouiiiiiiiiiiiiieciie ettt 53
5.2 Mesoporous Silica Prepared from Silicate Hybrid Micelle Templates.........cc.cccccevueennen. 54

Vi



5.3  HPLC Column Preliminary TESES ........cceeeruierriirriieeiieenieesie et e eieesieeeiee e seeeesneee e 58

5.4 Mesoporous Silica and its Application for HPLC..........cccccccovviiiiiiiiiieiieeie e 60
Chapter 6: Conclusion and Future Work ...........ccccoocvieiieiiiiniieiiiciecceece e 62
RETETEICES ...ttt et sttt et sb e 64
Appendix A: Silicate hybrid micelles ..........ccooviiriiiiriiiiiiiiieiee e 75
Appendix B: Silica HPLC Beads.......cc.coociiiiiiiiiiiieieeieee ettt 80
Appendix C: Nanoemulsions and PBA-MSU.........cccccooiiiiiiiiiienieiiieeeeeee e 84

vii



List of Figures

Figure 1: Structure of Nanoemulsion Oil Droplets™ ..............cocoovvvvreieeroseeseseesesrsnns 5
Figure 2: Phase Inversion Composition Phenomenon®® ...........ccccccoovevevvoreeerroeresesnns 6
Figure 3: Phase Inversion Temperature Method for Decreasing Temperature® ................ 7
Figure 4: Templating Using Nanoemulsions®™ .............c.ccocoveeoeereoeireeeeeeeeee e 13
Figure 5: TEM of Porous Silica from Nanoemulsion Templating™ .............cccocovveueeuane. 14
Figure 6: TEM of Composite Structure from Nanoemulsion Templating™ ..................... 15
Figure 7: Sponge Like Silica from Swollen Liquid Crystals®™ ...............ccccoovvirreerrennn. 17
Figure 8: TEM of Hexagonal Mold with Nanowire Interconnections’' ......................... 18
Figure 9: Silicate hybrid micelle Structure®” ............coccoovevieeeereeeseeeeseeeesseesesee s 19
Figure 10: MSU Silica from Hybrid Micelles® ...........ccoooviroevereeeeeereeeereeseses e 20

Figure 11: Evolution of hydrodynamic diameter as function of temperature of (®) T15-S-
12-DLS-0 V¥ heating of T15-S-12-DLS-10, and A cooling of T15-S-12-DLS-
L0, et sttt 30
Figure 12: Evolution of hydrodynamic diameter as function of temperature of (@) T15-S-
12-DLS-0 V¥ heating of T15-S-12-DLS-20, and A cooling of T15-S-12-DLS-
20 ettt et a e aesa e re e 32
Figure 13: Evolution of hydrodynamic diameter as function of temperature of (@) Brij35-
DLS-0 V¥ heating of Brij35-DLS-10, and A cooling of Brij35-DLS-10. ......... 33
Figure 14: Evolution of hydrodynamic diameter as function of temperature of (@) Brij35-
DLS-0 V¥ heating of Brij35-DLS-20, and A cooling of Brij35-DLS-20. ......... 34
Figure 15: Evolution of hydrodynamic diameter as function of temperature of (®)
Tween20-DLS-0 V¥ heating of Tween20-DLS-10, and A cooling of Tween20-

DILS-T0. ettt st 36
Figure 16: Evolution of hydrodynamic diameter as function of temperature of (e) P123-
DLS-0 V¥ heating of P123-DLS-10, and A cooling of P123-DLS-10. ............. 38
Figure 17: Evolution of hydrodynamic diameter as function of temperature of (e) P123-
DLS-0 V¥ heating of P123-DLS-20, and A cooling of P123-DLS-20. ............. 39
Figure 18: I1/I3 ratios calculated for T15-S-12/FSS/N/c series for all concentrations. ... 40
Figure 19: IE/IM Ratio at Various TEOS/Surfactant Ratios ...........ccccevveeveevienvinenniennene 41
Figure 20: Onset Temperature of Different Paraffin Wax/Oil Mixtures ........c...ccccevueeee. 47
Figure 21: Hydrodynamic diameter of wax/oil nanoemulsions as function of weight
percent in wax with &£ 2 M ACCUTACY ......ccueiviiieriieeiieiie ettt 48
Figure 22: Wax Nanoemulsion (30% Wax/Oil Ratio).........ccccceevieniiiinieniiieniecie e 48
Figure 23: (Left): W/O Nanoemulsion containing K3;Co(CN)¢ (Right): W/O
Nanoemulsion containing FeCly - 4H20 ......ocoiiiiiiiiiiiiiieeieeeeeeeeeeeen 50
Figure 24: Mixture of K3Co(CN)¢ and FeCl, - 4H,O resulting in blue Fe(IT)Co(III) PBA
.......................................................................................................................... 50
Figure 25: FTIR Spectrum of Fe;(Co(CN)s), showing a distinct peak at approximately
2180 O™ oot 51
Figure 26: SEM of HPLC Brij58 8 25 (overnight) showing low magnification of silica
particles with high surface area..........c.ccooceeveiiiniiiiiniineeeee 55
Figure 27: SEM of HPLC Brij58 8 25 showing silica particles having a low surface area
.......................................................................................................................... 55



Figure 28: SEM of HPLC Brij98 2 25 showing silica particles having a relatively high

SUMTACE ATCA.....euiiiiiieniiierieettetet ettt 56
Figure 29: SEM of HPLC Brij98 4 25 showing silica particles having low surface area

.......................................................................................................................... 56
Figure 30: SEM of HPLC T15-S-12 2 20 showing spherical particles ........................ 57
Figure 31: SEM of HPLC T15-S-12_4 20 showing spherical particles with cavities.... 57
Figure 32: SEM of HPLC T15-S-12_6 20 showing gyroid like structures .................... 58
Figure 33: Chromatogram showing separation of uracil, toluene, naphthalene, and 2-

fluorobiphenyl in 10 minutes using 40:60 ACN:water mobile phase.............. 60

Figure A 1: Evolution of hydrodynamic diameter as function of temperature of (®) T15-
S-30-DLS-0 ¥ heating of T15-S-30-DLS-10, and A cooling of T15-S-30-DLS-
L0, et sttt 75
Figure A 2: Evolution of hydrodynamic diameter as function of temperature of (e) T15-
S-30-DLS-0 ¥ heating of T15-S-30-DLS-20, and A cooling of T15-S-30-DLS-
20 ettt et a e aesa e re e 75
Figure A 3: Evolution of hydrodynamic diameter as function of temperature of (@) TNP-
10-DLS-0 V¥ heating of TNP-10-DLS-10, and A cooling of T15-S-30-DLS-10.
.......................................................................................................................... 76
Figure A 4: Evolution of hydrodynamic diameter as function of temperature of (@) TNP-
10-DLS-0 V¥ heating of TNP-10-DLS-20, and A cooling of T15-S-30-DLS-20.
.......................................................................................................................... 76
Figure A 5: Evolution of hydrodynamic diameter as function of temperature of (®)
Tween20-DLS-0 V¥ heating of Tween20-DLS-20, and A cooling of Tween20-
DILS-20. ittt 77
Figure A 6: Evolution of hydrodynamic diameter as function of temperature of (®)
Brij98-DLS-0 V¥ heating of Brij98-DLS-10, and A cooling of Brij98-DLS-10.
.......................................................................................................................... 77
Figure A 7: Evolution of hydrodynamic diameter as function of temperature of (@)
Brij98-DLS-0 ¥ heating of Brij98-DLS-20, and A cooling of Brij98-DLS-20.

Figure A 8: Normalized steady state fluorescence spectra for T15-S-12/FSS/0/c series . 78
Figure A 9: Zoom in of normalized steady state fluorescence spectra for T15-S-

12/FSS/0/c series showing the I1 (370 nm) and 13 (382 nm (peaks).............. 79
Figure B 1: SEM of HPLC Brij58 4 25 .ottt 81
Figure B 2: SEM of HPLC Brij98 4 25 ..ottt 81
Figure B 3: SEM of HPLC Brij98 8 25 ..ottt 81
Figure B 4: SEM of HPLC T15-S-12 4 20 ..ciiiiiiiiieiieieeeeeeteee et 81
Figure B 5: SEM of HPLC T1I5-S-12 2 25 ittt 82
Figure B 6: Pressure as Function of Flow Rate of ACN in HPLC T15-S-12 6 20 Packed

COTUIMI L.ttt ettt et 82
Figure B 7: Pressure as Function of Flow Rate of Methanol in HPLC T15-S-12 6 20

Packed COIUMMN.....c..cooiiiiiiiiiiieeeeeee e 83
Figure B 8: Pressure as Function of Flow Rate of 9:1 Ratio of Water:ACN in

HPLC TI15-S-12 6 20 Packed Column..........cccoevuerienieniieniinenienieieeieene, 83

iX



Figure C 1: (Left to Right): Fe[Fe(CN)¢], Niz[Fe(CN)s]2, Fes[Fe(CN)s]o. Sm[Fe(CN)s],

CU3[FG(CN)6]2, CO3[F€(CN)6]2 ......................................................................... 84
Figure C 2: (Left to Right): Fe3;[Co(CN)e]2, Co3[Co(CN)s]2, Sm[Co(CN)g].
Ni3[Co(CN)g]2, Fe[Co(CN)g], Cus[CO(CN)6]2 vervvemververieeienienieenieeienieeieniens 84
Figure C 3: FTIR Spectrum of Co3(Co(CN)e), showing a distinct peak at approximately
2180 CIM™ oottt 84
Figure C 4: FTIR Spectrum of Cu3(Co(CN)e), showing a distinct peak at approximately
2180 CIM™ oottt 85
Figure C 5: FTIR Spectrum of Fe(Co(CN)s) showing a distinct peak at approximately
2180 CIM™ ettt sttt 85
Figure C 6: FTIR Spectrum of Ni3(Co(CN)e), showing a distinct peak at approximately
2180 CIM™ oottt 86
Figure C 7: FTIR Spectrum of Sm(Co(CN)e) showing a distinct peak at approximately
2180 CIM™ vttt sttt 86
Figure C 8: FTIR Spectrum of Cos(Fe(CN)e), showing a broad peak at approximately
2180 CIM™ oottt 87
Figure C 9: FTIR Spectrum of Cus(Fe(CN)e), showing a distinct peak at approximately
2180 CIM™ oottt sttt 87
Figure C 10: FTIR Spectrum of Fe(Fe(CN)e) showing a distinct peak at approximately
2100 CIM™ oottt ettt 88
Figure C 11: FTIR Spectrum of Ni3(Fe(CN)s), showing a distinct peak at approximately
2180 CIM™ oottt 88
Figure C 12: FTIR Spectrum of Sm(Fe(CN)e) showing a distinct peak at approximately
2180 CIM™ oottt 89
Figure C 13: FTIR Spectrum of Fes;(Fe(CN)g), showing a distinct peak at approximately
2100 CIM™ oottt 89
Figure C 14: XRD Pattern of Ni3(Co(CN)s), showing clear diffraction peaks confirming
Prussian Blue Analogue StrucCture ............c.cceccveeviieniieniienieeieeie e 90
Figure C 15: XRD Pattern of Co3(Co(CN)s)> showing clear diffraction peaks confirming
Prussian Blue Analogue StrucCture ............c.cceecveeiieniieniienieeiieeie e 90



List of Tables

Table 1: Water Droplet Hydrodynamic Diameter of W/O Nanoemulsions ..................... 49
Table A 1: Relevant Parameters for Lifetime Fluorescence Analysis (Pure Micelle and

TEOS:SUIT 5) ettt et e s 79
Table A 2: Relevant Parameters for Lifetime Fluorescence Analysis (TEOS:Surf 10 and

L ) ettt ettt ettt et 79
Table B 1: Chemical Composition of HPLC Brij98 y T Series........ccccceeeveerierveeneanne. 80
Table B 2: Chemical Composition of HPLC Brij58 y T Series.......ccccccevvvienierieeneenne. 80
Table B 3: Chemical Composition of HPLC Brij98 y T Series.......cccccccevvvierierieenenne. 80
Table B 4: Chemical Composition of HPLC Brij58 y T Series.......ccccccevvvierierieeneenne. 80
Table B 5: Chemical Composition of HPLC T15-S-12 y T Series.......ccccceevverveenennne. 81

xi



List of Abbreviations

Brij35: (C;H40)~23C12H260

Brij98: C;5-H35(OCH,CH>)20-OH

DLS: Dynamic Light Scattering

EIP: Emulsion Inversion Point

HLB: Hydrophilic-Lipophilic Balance
MSDS: Material Safety Data Sheet

P123: EO5-PO79-EOy

PEO: polyethylene oxide -(CH,CH,0),-
PIC: Phase Inversion Composition

PIT: Phase Inversion Temperature

SAXS: Small Angle X-ray Scattering

SEM: Scanning Electron Microscopy
Span80: sorbitane monooleate

TEOS: Tetraethyl orthosilicate

TNP10: Tergitol NP-10

Tween20: Polyoxyethylene sorbitan monolaurate
Tween80: ethoxy sorbitane monooleate ester
T15-S-12: Tergitol 15-S-12

T15-S-30: Tergitol 15-S-30

xii



Chapter 1: Introduction

1.1  Background

This project is relevant to integrative syntheses as defined initially by S. Mann' and
C. Sanchez,” and more recently by R. Backov.’ Integrative chemistry spans the
combination of soft chemistry methods with the use of soft matter systems used as either
templates or nanomolds.* This emerging area in material chemistry, obviously resulting
from previous works and studies carried out within the last 20 years, still provides a new
vision to material chemistry, as it focuses first on the structure and function required for a
given material to fulfill a given function, and combines/integrates methods and precursors
to achieve this structure. My project will explore how some dynamic and adaptive
structures relevant to soft matter, such as silicate hybrid micelles and nanoemulsions,””
can be combined with methods that lead to the successful synthesis of mesoporous
materials.'’ This domain was first explored by Hessien who reported how nanoemulsions
can be tuned and combined with usual silica sol-gel methods.'® My project focuses more
on explaining the dynamic behavior of templates (like silicate hybrid micelles) by
extending the knowledge on existing materials and using them to make mesoporous
materials. Therefore, I will combine methods and know-how relevant to sol-gel, soft
chemistry, soft matter, and templating processes. A summary of the prior art in these

domains is provided hereafter.

1.2 Soft Chemistry
Soft chemistry and soft matter stems from the idea of “chimie douce” developed

by French scientists Jacques Livage and Jean Rouxel. The main goal was to develop



more advanced and complex materials because those prepared by high temperature
methods target only thermodynamically stable phases. Indeed, materials synthesized at
high temperature can hardly provide many of the properties and functions that can be
achieved through soft chemistry such as permeability, porosity, high surface area, and
multi-functionality. Soft chemistry, which is related to room temperature methods
combining organic and inorganic moieties in order to achieve metastable states, is
directly linked to sol-gel chemistry and the hybrid materials that come from it, synthesis
of mesoporous and hierarchically structured materials, and designing thin and ultra-thin
films from porous materials.” Classical preparation of inorganic materials is typically
conducted at relatively high temperatures (quite often the melting temperatures of the
materials being used). Soft chemistry uses low temperature to synthesize inorganic
materials. The synthesis of materials at low temperature also increases the purity of the

materials and arguably allows for much easier tunability."'

1.3  Sol-Gel Methods

Sol-gel chemistry spans most of the methods that involve the creation of inorganic
or hybrid solid frameworks at room or moderate temperature. Ebelman and Graham were
two of the investigators who observed that the hydrolysis of tetraethyl orthosilicate
(TEOS) formed glass-like silicon dioxide."” For example, a network can be created by
the polymerization of metal alkoxide precursors denoted by M-(OR), where M is the
metal center and RO groups are alkoxides that can have varying alkyl chains to form

13-14

glass-ceramics. In the activation step of the metal alkoxide, it undergoes a reaction of

hydrolysis that creates terminal OH groups in place of the alkoxide OR groups (1). Then



the 3D polymerization occurs through a condensation that links metal centers via a M-
OH-M bond, named olation (2) or a M-O-M bond named oxolation (3)."”'® The letter X

denotes either a hydrogen or another alkyl chain.

M-OR + H-O-H ——3> M-OH + R-OH (1)
M-OH + X-OM —— > M-(OH)-M-0OX 2)
M-OH + X-OM ———> M-O-M + X-OH 3)

With this type of sol-gel methods, the solvent is usually the alcohol parent of the
M(OR), alkoxide and water is used as a reagent. The structure formed through
condensation is greatly affected by the synthesis conditions. Depending upon the
concentration of metal oxide precursors, amount of water, pH of the solution, temperature
of solution, and the rate of condensation, the structure of the gelled network will vary.'”°
Most of the metal alkoxides are very reactive in the presence of water or even water
traces, whereas silicon alkoxides are generally quite inert and react only when hydrolysis
and condensation catalysts (acid, base, fluoride) are added. Depending on the reaction
kinetics and the way that the sol-gel is processed after reaction, one can generalize the
final product as a gel or a powder. Generally speaking, gels will be formed when the

nucleation and growth mechanism is hindered and powders will form when the

. . . 21
nucleation and growth mechanism is accelerated.

1.4  Soft Matter Systems
1.4.1 Emulsions
Emulsions consist of two immiscible liquid phases in which one of the phases is

dispersed as droplets (the dispersed phase) into the other phase (the continuous phase).**



In order to stabilize the interface between the droplets of the dispersed phase and the
continuous phase, an amphiphilic molecule is used, which provides the required interface
between the two incompatible media. This molecule, called a surfactant (for SURFace
ACTive AgeNT) usually surrounds the dispersed phase.> When discussing an A/B
emulsion, where A and B are two arbitrary and distinct liquids, it is implied that liquid A
is the dispersed phase and liquid B is the continuous phase. Thus, for an emulsion that
consists of dispersed oil droplets in a continuous water phase, it can be indicated as an

O/W emulsion.

1.4.2 Microemulsions vs. Nanoemulsions

There is still a great deal of confusion regarding the key differences between
microemulsions and nanoemulsions. Generally speaking, the term “microemulsion” is
often used to describe a system of oil, water, and surfactants that is thermodynamically
stable. Depending on composition, the microemulsion can be oil continuous or water
continuous. It has been mentioned that emulsions go through a bicontinuous phase, but
this phenomenon has not yet been evidenced. Also, the dispersed phases can adopt a
number of different morphologies such as spheres, cylinders, or sponges.

Nanoemulsions have been referred to as ultrafine emulsions, submicron
emulsions, and miniemulsions in the past. Their studies resulted from a growing interest
in formulation, pharmaceuticals, and cosmetics for smaller objects that could contain
active agents. However, compositionally they are considered to be conventional
emulsions that have very small droplets in the dispersed phase. The size threshold can

vary greatly. Some consider nanoemulsions to require droplet diameters of less than 100



nm*>>** while others consider droplet diameters as large as 500 nm* to still fall into the

nanoemulsion category. For an oil-water system, nanoemulsions are classified into either
O/W or W/O nanoemulsions. Unlike microemulsions that exhibit also bicontinuous
phases, nanoemulsions always refer to very small objects in a dispersed phase.
Microemulsions are usually prepared by mechanical processes (i.e. high shearing and
mixing) and are stable. The main drawback of nanoemulsions was that they were
thermodynamically unstable when prepared with conventional methods. They can be
synthesized at slightly higher temperatures, but they cannot withstand those temperatures
for extended periods of time.

Figure 1 displays the schematic structure of a nanoemulsions droplet. It is quite
clear that both O/W microemulsions and nanoemulsions have similar structures with the
hydrophilic surfactant head groups assembling on the outside of the oil droplet (into the

aqueous phase) and the hydrophobic surfactant tails assembling on the inside of the

hydrophobic oil core.*®
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Figure 1: Structure of Nanoemulsion Oil Droplets™

1.4.3 Nanoemulsion Preparation
Methods for preparing nanoemulsions can generally be divided into two major

categories: high-energy and low-energy methods. High-energy methods involve

25, 27

sonication or homogenizers. One concern with using high-energy methods for

5



preparing nanoemulsions is the energy consumption and consequential cost, especially
for scaling up. Another drawback is that most high-energy methods can be harsh on very
fragile molecules. As an example, if one was using a nanoemulsion as a drug carrier,
there is a very high probability that a method such as sonication will disrupt or even
destroy the drug.”> Besides, the main drawback in the high-energy preparation methods
is the thermodynamic instability of the resulting nanoemulsions that prevents their
storage or use.

Low energy preparation methods of nanoemulsions have been reported only a few

5-6, 28-29

years ago. They can be divided into catastrophic phase inversion >

and
transitional phase inversion. Catastrophic phase inversion has also been referred to as

3334 or the emulsion inversion point (EIP)*> method.

phase inversion composition (PIC)
Considering an O/W nanoemulsion, the starting phase would be pure oil and surfactants,
in which the volume fraction of water would be increased slowly. As the water volume
fraction is increased, the system goes through a bicontinuous phase prior to a phase

inversion that turns the oil phase, initially the continuous one, into the dispersed phase

with the opposite for water. This phenomenon is depicted in Figure 2.%

A

Figure 2: Phase Inversion Composition Phenomenon™



The transitional phase inversion technique is also called the phase inversion
temperature (PIT) method. This type of method uses rapid changes of temperature to
generate small droplets in the dispersed phase. Figure 3 illustrates the impact that a rapid
decrease of temperature has on the system. The structuring agent is usually an
amphiphilic molecule that contains ethoxy groups (CH,CH,0) as hydrophilic moieties.
Hydrophilicity of the ethoxy groups results from the hydrogen bonds that the oxygen
atom creates with water, but this interaction disappears at high temperature (the transition
temperature is called the Cloud Point) and the system becomes mostly hydrophobic.
When prepared at temperatures above the Cloud Point and with the suitable choice of
amphiphilic molecules and mixture of oil and water, the initial phase is bicontinuous.
Once the system is cooled down rapidly, the ethoxy groups become hydrophilic, which
changes drastically their interaction with water, resulting in the homogeneous formation
of O/W droplets in any point of the reaction. By doing so, the bicontinuous phase is said
to “collapse” and thus forms oil droplets making a nanoemulsion. It is also important to
note that if the temperature change is not rapid enough, coalescence will predominate and

the size of oil droplets will not be homogeneous and phase separation may result.”’
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Figure 3: Phase Inversion Temperature Method for Decreasing Temperature’’



1.4.4 Pure Oil Nanoemulsions

When delving deeper into the area of nanoemulsions, it becomes clear that the
topic is quite complex. Liu et al. reported the preparation of oil-in-water nanoemulsions
with paraffin oil, Tween80, Span80, and water by using the phase inversion composition
(PIC) method. With all of these components come a large number of influential factors
on the system.”®” One of them is the hydrophilic lipophilic balance (HLB) that is a
semi-experimental scale ranging from 1 to 20, which ranks molecules from highly
hydrophobic (HLB = 1) to highly hydrophilic (HLB = 20). HLB of surfactants is usually
between 4 and 15, as they must demonstrate some amphiphilicity. At this stage, it is
worth mentioning that amphiphilic molecules are described either as surfactants (ionic,
zwitterionic) or copolymers (i.e. diblock, triblock). We will include all of them under the
generic term of surfactant in the following for sake of simplicity. Combining surfactants
with different HLB is a way to modify the resulting HLB. Depending on the ratio of each

0" If the HLB value is not within a certain

surfactant, the droplet size can vary greatly.
range, then the droplet size of the emulsion falls out of the nanometer range.® According
to the work done by Hessien,” decreasing the HLB leads to a reduction in oil droplet size,
but Hessien demonstrated that HLB is an apparent controlling parameter of the
phenomenon. In this case, Span80 (HLB = 4.3) and Tween80 (HLB = 15) were the
surfactants used. An increase in the number of moles of Span80 results in a dramatic
increase in the total surface area of the oil droplets.

Another parameter that impacts nanoemulsions is the preparation temperature.

Temperature will directly affect the surfactant HLB. For nonionic surfactants, the

relationship between HLB and temperature is inversely proportional. Increasing the



temperature by as little as 10 degrees Celsius can cause a decrease in the HLB value of
one unit. In conjunction with the HLB, temperature affects the forces that are present and
the size of the oil droplets formed. As temperature is increased, the size of oil droplets
has been found to decrease, but this phenomenon is only observed during the formation
of the nanoemulsion, and temperature has no effect on the oil droplet size after the
droplets have been formed.’

Another parameter that has an effect on the system is the surfactant concentration.
By changing the surfactant concentration, the total interfacial area changes. Liu et al.
found that increasing the surfactant concentration made the particle size distribution very
narrow.” Hessien did a more detailed study on the effect of the surfactant/oil ratio alone
on the final size of the oil droplets. It was found that as the surfactant/oil ratio increased,
the oil droplet size decreased.’ This is explained by the fact that higher surfactant
concentrations create a higher interfacial surface that can be adapted only for a given

volume of the oil phase by creating smaller oil droplets.*'**

1.4.5 Pure Wax and Wax/Oil Nanoemulsions

Although it is very common to create nanoemulsions with two liquid phases, Liu
et al. have also demonstrated the ability to use paraffin wax/oil mixtures instead of
paraffin oil.” The paraffin wax is solid at room temperature, which requires the synthesis
to be done at an elevated temperature. The PIC method was still used, but the synthesis
needed to be performed at the melting temperature of the wax. It is very common to keep
the synthesis temperature between 60 °C and 70 °C in order to ensure a homogeneous

liquid phase without causing significant evaporation of the water phase. Therefore, the



temperature range when dealing with wax nanoemulsions is much narrower than working
with pure oil. Once the synthesis is complete and the final emulsion is allowed to cool,
the oil droplets are said to be in a solid phase due to the state of paraffin wax at room
temperature.

However, it has been observed that paraffin wax nanoemulsions are only stable
for shorter periods of time than oil based nanoemulsions. Backov attributes this
phenomenon to something called a jamming transition. The reasoning behind this
phenomenon is largely related to the effect that wax density has on the merging or
“jamming” of the oil droplets.** Wax nanoemulsions generate irregular spheres in the
dispersed phase. It is believed that this irregularity and increased surface roughness of
the wax allows a jamming transition to occur much more easily.*

Destribats et al showed that high-energy methods of creating wax nanoemulsions,
was also possible and resulted in similarly successful results.*> Their procedure involved

adding molten wax to a heated water phase while stirring with a homogenizer.

1.5 Mesoporous Silica

Even though the term mesoporous silica referred initially to a range of porosity
between 2 and 50 nm, it is now often used as a reference to specific syntheses where
micellar systems are combined with silica precursors in order to achieve the preparation
of a porous material that exhibits a very well-defined pore size (usually in the 2-10 nm

range), potentially with pore tunability, and with a very high surface area (usually > 600

mZg-l)

62 The researchers at Mobil were the first to report ordered mesoporous silica

from the family M41S.> Porosity was created with a templating mechanism where silica

precursors self-assembled around micelles of cationic surfactants, leading to a long-range
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order marked by specific X-ray diffraction patterns. The porosity was created after the
full reticulation of the silica network by calcination or extraction of the organic phase.
The surfactants that were used by the researchers at Mobil were cationic.
Bagshaw et al. were able to use nonionic surfactants whose hydrophobic moiety was a
poly(ethylene oxide) (PEO) as the micelle templates, and mesoporous silica synthesized
with the use of nonionic PEO surfactants as a template was classified as MSU type

a1 54.55
silica.

When considering the synthesis of silica through this type of mechanism there
are many parameters that can be adjusted in order to control the final structure. However,
the definition of the reaction parameters based on sol-gel methods must adapt to the
additional requirements relevant to the structure and stability of soft matter systems. As
an example, most of the reactions using metal alkoxides are based on alcohols employed
as solvents, but alcohols, which are very good solvents of both hydrophilic and
hydrophobic groups, preclude the formation of surfactant-based mesophases, hence
micellar-based templating.

One simple synthesis route for creating MSU silica with nonionic PEO-based
surfactants was developed with the formation of hybrid micelles, where silica precursors
can agglomerate in a diffuse shell around the initial micelle of nonionic surfactants.’®
Unlike all other methods that combine together templating and reaction, the stability of
these hybrid micelles allows to control the initiation of the silica condensation by the
addition of a condensation catalyst, usually a fluoride that induces silica formation
without changing the pH. Once these hybrid micelles had been demonstrated as being

adaptive “nanobricks” that could be tuned for the synthesis of mesoporous silica with

various pore sizes, they were used in what was called a hybrid micelle concentration
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process. This method uses solutions of pre-assembled hybrid micelles that are
progressively concentrated in order to achieve the formation of monolithic materials
instead of powders, with the ability to embed any additive (i.e. atoms, particles) added
beforehand. Unlike the direct preparation of solutions with the same high concentration,
which would react before the silica precursor can interact with the surfactant mesophase,
the progressive concentration of a diluted system allows one to preserve these
independent hybrid micelles without any unforeseen reaction.

In a typical synthesis, the first step is to dissolve a surfactant into water. Once
dissolved, the water is then acidified to a pH of approximately 2, which allows for
hydrolysis of the silicon alkoxide (TEOS: tetraethyl orthosilicate Si(OCH,CHs)4), but
prevents silica condensation. The result is a clear solution of hybrid micelles that is left
at rest for 12 hours at low temperature to achieve the assembling mechanism between
silicate and surfactants. The second main step is to concentrate the hybrid micelles
further by evaporating the solvent leaving a highly concentrated hybrid micelle system.
The system gelled over time and is processed to provide MSU silica. As mentioned
before, this synthesis pathway also allows for entrapment of different elements in the
silica matrix. This was achieved by doping atoms into the mixture after the evaporation
of solvent (before gelation occurred). Once the gel was formed, the elements added

would be trapped inside the structure.’’

1.6 Templating

There is a large interest in using soft-matter as a structure-directing agent. The
process of templating in chemistry refers to the process of integrating a soft-matter

template (i.e. organic molecules) in order to synthesize a structure with a continuous
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property (i.e. pore size)."” Templating through the use of micelles and ionic surfactant
molecules has been used as a way to synthesize inorganic mesoporous materials with

particular physical properties.”* '

Precursor phases are organized in the micellar
structures through surfactant templating.®> Liquid crystals have also been exploited for
templating purposes due the crystal-like arrangement of the molecules and their
uniformity. Nanoemulsions are a more recent type of soft matter that have been used to
template mesoporous silica. The different templating approaches are based on the type of
material that one wishes to synthesize. In terms of mesoporous materials, the different
templating approaches provide a different range of pore sizes and can also provide
different morphologies. The various templating methods can be used not only to control

the final structure of materials, but also to help synthesize more complex and new

materials.®

1.6.1 Nanoemulsion Templates

These templates can be exploited to synthesize nanoparticles (reactions in
dispersed phase), porous materials (reactions in continuous phase), and composites
(reactions in both phases). Figure 4 illustrates the resulting structure that forms through
the self-assembly of materials in the dispersed and/or continuous phase due to their

properties (i.e. hydrophobic vs. hydrophilic).

Reactionin | Reactionin |  Reaction in
Disperged phase | Contino‘us phase |

both'phases

Nanoparticles Porous materials Composites
Figure 4: Templating Using Nanoemulsions®
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In the work done by Hessien, the surfactants that are used are non-ionic and
contain PEO (Span80 and Tween80). It is believed that the silica precursors interact with
the PEO chains of the nonionic surfactants. Under the appropriate conditions, the silica
precursors will self-assemble around the oil droplets through hydrogen bonding with the
ethylene oxide.”* The TEM image shown in Figure 5 depicts a porous structure that is
globular in nature, which indicates the silica encapsulating the oil droplets and using

them as a template to create a particular porous structure.

Figure 5: TEM of Porous Silica from Nanoemulsion Templating™

In addition to using the oil droplets to create porous structures by surrounding them, a
composite was also made by using the oil droplets as carriers for an iron oleate
(hydrophobic iron molecules) encapsulated within the oil droplets.”® Combining this with
the silica precursors discussed above, the nanoemulsion is used as a template for
nanoparticles and porous structures simultaneously, resulting in a composite structure.

Figure 6 shows this composite structure, also referred to as a hierarchical structure.
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Figure 6: TEM of Composite Structure from Nanoemulsion Templating™

1.6.2 Liquid Crystal Templates

Lyotropic liquid crystals (LLCs) are another soft template candidate that is believed to be
able to synthesize novel materials.”” The true LLC templating method is able to
synthesize porous materials with very uniform pore size and morphology. It also allows
for easy tunability of the pore size through changing the composition of the liquid crystal
template. Its structure is known to consist of hexagonally packed tube-like structures.

In the liquid crystal templating mechanism, the inorganic material occupies the
continuous solvent (usually water) creating the inorganic layers/walls between the
surfactant (cylinder templates). The template is then removed to provide the desired
inorganic structure.”” However there is no literal understanding of what happens during
synthesis. The work done by Attard demonstrates the synthesis of hexagonally arranged
silica through liquid crystal templating.®

Another type of silica that has been synthesized through true liquid crystal
templating is of material referred to as class SBA-15. Traditional techniques for
synthesizing this type of silica involve using the cooperative self-assembly method. This
method starts with acidic conditions, low surfactant concentrations (tri-block copolymers

are common), and silica precursors. The liquid crystal phase is formed during
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condensation and does not exist as a template prior to the reaction occurring. This type
of self-assembly creates a heterogeneous silica structure with mesopores formed from the
hexagonal structure and randomly distributed micropores.®®

The true liquid crystal templating approach, used by Attard et al. to synthesize
MCM-41, involves synthesis of the template first and then addition of the silica
precursors as illustrated in Figure 4. The research done by Wainwright shows that this
method could be used to synthesize hexagonal SBA-15 that has a much more
homogeneously uniform mesoporous structure.®

In addition to the structure of the liquid crystal template, the type of precursor
seems to also have an effect on the final structure of the material. Zhang et al. showed
that using the same tri-block copolymer template yet varying the silica precursor at a
particular pH affected the final silica structure. The two silica precursors studied were
tetramethyl orthosilicate (TMOS) and tetraethyl orthosilicate (TEOS). The use of TMOS
as the silica precursor resulted in the formation of highly ordered mesostructures while
using TEOS instead produced vesicle or foam structures. The main reason for this
structural difference is due to the effect of pH on the silica precursors. Here, a pH of 4.7
was used, which caused a “differentiating effect” between TEOS and TMOS. Under
more acidic conditions, one could expect that both would be able to form mesostructures
due to what is known as the “leveling effect”.’

Swollen liquid crystals have also been used to synthesize mesostructured silica.
In general, the template of liquid crystals is gel like in nature. Here, the template is a
fluidic solution that has a sponge-like structure.’® The silica precursor that was used in

this study is based on a silicate hybrid micelle (arguably another type of template)
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consisting of TEOS and a surfactant. This solution is used as the aqueous phase in the
liquid crystal. Once silica condensation is induced, the structure is formed. During the
reaction, there is confinement within the swollen liquid crystals that expels the surfactant
from the silica framework. The resulting silica structure is quite dense. However, the
shape is controlled by the sponge-like structure of the swollen liquid crystals as a
confinement matrix.”® Figure 7 shows the resulting sponge-like silica that is formed

through this swollen liquid crystal templating process.

Figure 7: Sponge Like Silica from Swollen Liquid Crystals68

Liquid crystal templates are not only restricted to use for synthesis of
mesostructured silica. They can and have been used to synthesize metals and metal
containing structures. Transition metal salts are often combined with surfactants in a
mesophase to produce mesostructured metal oxides, metals salts, and metals that cannot
be synthesized using other methods.*

Surrendran et al. worked on synthesizing palladium nanoballs through the use of a
swollen hexagonal mesophase. The template itself consists of water, surfactant,
cosurfactant, and oil. The mesophase has oil-swollen tubes with a surfactant and
cosurfactant monolayer covering the tubes. These tubes can be doped with metal salts
and are used as nanoreactors. The reduction of the palladium and its confinement in the
tubes gives rise to the synthesis of three dimensional porous palladium nanoballs.”® This

process is considered to be a nanomold process.
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Lehoux et al. have also looked into oil-swollen surfactant tubes as templates for
synthesizing nanostructures made of metals. Similar to the work done by Surrendran,
metal salts are used to dope the mesophases and are then reacted through radiolysis.
However, this study involves the synthesis of bimetallic nanoballs containing palladium
and platinum. The only change that needs to be made from previous works involving the
synthesis of single metal nanoballs is the addition of two different metal salts. This
shows the versatility and simplicity of synthesizing nanostructured materials through soft
templates like liquid crystals. Figure 8 shows the resulting hexagonal cell and the

detailed structure of the nanoballs that are synthesized.”"

Figure 8: TEM of Hexagonal Mold with Nanowire Interconnections’'

1.6.3 Surfactant Micelle Templates

Using surfactant micelles as templates is a well-known and quite simple way to
synthesize nanostructured materials with specific and desired properties.  lonic
surfactants are quite commonly used in order to synthesize ordered mesostructures that
are hexagonally packed.” >* However, another interesting pathway is to use nonionic
surfactants and their interaction with silica precursors (hydrogen bonding) to synthesize
different materials. This mesostructured silica is named MSU-X with the X denoting the

type of surfactant that is used for the template.’® 7>
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In order to better understand the mechanism that takes place in this templating
method, Bagshaw et al. conducted a study where they made a dilute solution of micelles
using a surfactant that is known to form spheres. First, the size of the micelles alone was
measured. Then, after addition of the silica precursor (in this case TEOS) the size of the
particles was measured again. It was concluded that there was an increase in the size of
the particles. This indicated that silica precursors assembled on the surface of the PEO
chains.>* This interaction between nonionic surfactants with ethylene oxide and silica
precursors generates aggregates referred to as “silicate hybrid micelles”.”® The structure
and assembly of components of these hybrid micelles can be seen in Figure 9.

W85 silica
M% ‘,’%,“h framework
d

. hydrophobic
core

. |
hydrophilic ‘g
shell nonionic

surfactant

Figure 9: Silicate hybrid micelle Structure’’

Silicate hybrid micelles alone and the use of simple micelles as templates shows
great control in the synthesis of nanostructured materials. Work done by Prouzet et al.”®
showed the ability to synthesize MSU-X type silica with control over the pore size and

structure. The interesting property that exists for surfactant micelle templates is their

dynamic behavior. Temperature variations cause the size of micelles to either shrink
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(lower temperature) or swell (higher temperature). The hybrid micelles containing the

>6:72 This property alone

silica precursors have been shown to have the same adaptability.
sets this template apart from the nanoemulsions. Liquid crystals have the potential to
show some dynamic behavior, but not with the same ease as hybrid micelles. An image

taken by SEM of the spherical silica synthesized through this template is shown in Figure

10.

Figure 10: MSU Silica from Hybrid Micelles®

In addition, this template is quite versatile in that the shape of the template depends
strongly on the type of surfactant that is used. It is even possible to synthesize hexagonal
structures through the use of block copolymers (i.e. pluronics) to form the micelle

template in solution.”®

20



Chapter 2: Characterization Techniques

2.1 Small Angle X-ray Scattering

Small angle x-ray scattering (SAXS) is a powerful characterization technique that
can be used to study ordered arrays of atoms. Diffraction peaks are produced based on
the constructive interference of X-rays as they pass through the sample. For amorphous
and crystalline materials, the size of very small particles (or the surface area) can be
determined based on the intensities of the X-rays at very small angles of 26 < 5°.

SAXS is able to determine contrasts from the fluctuations of electron densities
over lengths as small as 10 nm. The scattering of the X-ray beams related to the structure
of the sample is denoted as a function of ¢, which is known as the scattering vector and is
the difference between the incident and scattered wave vectors in units of nm™. In order
to get a best estimate of distance between nano-objects in a particular system, it is very

common to use the following relationship where d represents the distance.””

d="— (1)

From Bragg’s law it is known that nA = 2dsinf where 7 is the refractive index, A is the
wavelength of the incident beam, and 6 is the angle between the incident beam and the
scattered beams. By taking n to equal 1 this relationship can be rearranged for d and

substituted into the Bragg equation to yield the relationship shown in (2).

_ 4sinb 5
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The SAXSess system by Anton Paar will be used to perform measurements with the
SAXSquant and OptiQuant software. A 2.2 kW copper anode having a wavelength of

1.54 A and an angle range of 20 from 0° to 40° will be used.

2.2  Nitrogen Adsorption/Desorption Isotherm

Nitrogen adsorption and desorption isotherms are useful for characterizing the
pore size distributions and surface area of porous materials.”* There are many different
models that are used when analyzing nitrogen isotherm plots, which all depend on the
pressure range being looked at. For the calculation of the surface roughness, Equation 3

can be used.

=K [log <&>]—" 3)

P
where 6 is the relative adsorption for normalization of the curve using the highest
adsorption value, K is a constant, v = 3 -D;, P, and P are the are the equilibrium vapor
and partial pressures respectively, and D, is the surface fractal dimension.” To easily
convert the equation in a way that D is more easily obtained, the logarithm of each side

is taken as shown in Equation 4.”

log(0) = log(K) — v -log [log <%>] (4)

To determine the surface area of the materials, one must employ the Brunauer,
Emmett, and Teller (BET) theory. It is an extension of the Langmuir theory with the

difference that it can be applied for more than one layer of adsorbate. Multiple layers
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will be adsorbed as the pressure increases. The relationship that is used for the BET

model is the following:

" ¢ i (Ec-n)) Lt 5
where n is the number of adsorbed moles per unit area, 7,,, is the number of moles

adsorbed for a full monolayer per unit area, and C is approximated by the relationship

Q1-Q;
e w7 with Q; being the heat of adsorption for the first layer, O; being the heat of

condensation of the liquid and R and 7 being the gas constant and temperature

respectively.”®

2.3  Scanning Electron Microscopy

Scanning electron microscopy will be used to investigate the shape, size,
composition, and surface of the materials that will be prepared. SEM can be visualize
pores in a silica matrix. Analysis of gold sputtered samples can provide three-

dimensional images with high resolution.

2.4 Dynamic Light Scattering

Dynamic light scattering is a very useful technique that can be used to determine
the hydrodynamic diameter of small particles in solution. Based on the Brownian motion
of particles in solution, light will scatter differently over time. The diffusion coefficient
is then used to determine the hydrodynamic diameter of the particle using the Stokes-

Einstein equation shown below where k3 is the Boltzmann constant, 7 is the temperature
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in Kelvin, # is the viscosity of the solvent at the given temperature, and D, is the

hydrodynamic diameter.

kgT
D =
31D,

(6)

The instrument used was a Cordouan DL 135 Particle Size Analyzer with a 65 mW
monomode red laser (A = 658 nm). Two models were used to fit the results: a single size
cumulant fit and a Padé-Laplace fit. The autocorrelation function for every scan was
fitted with the Padé-Laplace model. The statistical size distribution was deduced from
sizes obtained for every single scan with the average size of all scans being taken.
2.5 Fluorescence Spectroscopy

Fluorescence spectroscopy is used to determine dynamic and structural
information at the nanometer scale on macromolecules and their supermolecular
assemblies. Steady-state fluorescence measurements were carried out to obtain the
fluorescence spectra with a Photon Technology International (PTI) LS-100 steady-state
fluorometer equipped with an Ushio UXL-75Xe xenon arc lamp and a PTI 814
photomultiplier detection system.”’

Fluorescence decays were carried out with an IBH time-resolved fluorometer
fitted with a 340 nano-LED light source. Filters were applied to eliminate background
and light scattering effects in order to fit the decays. A sum of exponentials, such as the

one shown in Equation 7, was used to fit the fluorescence decay curves
n
exp ¢

i(t) = z a; - e(_ﬁi) 7

i=1

24



where nexp represents the number of exponentials used, a;the amplitude of the it
exponential, and 7; is the decay time of the ith exponential.””
2.6 Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy (FTIR) is a technique that is used to
confirm the molecular structure of materials. The absorption of IR light by molecules at
well-defined frequencies results in patterns reflecting the energies associated with
particular molecular motion in the molecule. The instrument used was a Brucker Tensor
27 spectrometer (OPUS software). Spectra were recorded from 400 to 4500 cm™ using
16 scans. Samples were prepared by mixing x grams of sample with y grams of KBr
(Fisher Scientific) to generate a pellet that was then scanned.

2.7 X-ray Powder Diffraction (XRD)

X-ray powder diffraction (XRD) is a technique that is used to determine crystal
structures and identify different crystalline materials based on the diffraction peaks that
are obtained. The interplanar distance, d, can be obtained by using the Bragg relationship
show in in Equation 8 where 4 is the X-ray wavelength and 26 is the angle of incidence of
the X-ray beam.

A = 2dsind (8)
XRD patterns were obtained using a Bruker D8-ADVANCE powder diffractometer
operating at 40 kV using Cu Ka radiation (A = 1.5405 A) operating from 26 values of 10°

to 80°
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Chapter 3: Structure and Dynamics of Silicate Hybrid Micelles

The synthesis used in this research was based on earlier work reporting on the
structure of silicate hybrid micelles used for the synthesis of mesoporous silica.”® The
present study extends the previous results, significantly by generalizing to a broad range
of surfactants compared to the original study that focused on a single surfactant.

3.1 Experimental Methods

In a typical synthesis for silicate hybrid micelles, 2 x 10~ mol of a nonionic
ethylene oxide based surfactant was dissolved in 100 mL of water (pH 2). After
complete dissolution, 20 x 10~ mol TEOS was added drop by drop under stirring at 500
rpm. The solution turned cloudy immediately after the addition of TEOS. The solution
was left to stir until it turned clear, indicating the hydrolysis of the TEOS. This solution
was left overnight in the refrigerator to age.

For DLS studies, 20 scans were performed at every temperature (from 15 to 65 °C
at 10 °C intervals). The amount of surfactant was kept constant at 2 x 10~ mol, while the
amount of TEOS was set to be either 0.0 mmol, 20 mmol (TEOS/surfactant = 10) or 40
mmol (TEOS/surfactant = 20), The naming convention used for these samples is X-
DLS-N, where X is the surfactant name and N is the TEOS/surfactant molar ratio.

Silicate hybrid micelles prepared for fluorescence studies used 2 x 10° mol
Tergitol 15-S-12 as the surfactant. The TEOS/surfactant molar ratios used were 0, 5, 10,
and 15. These solutions of hybrid micelles were diluted with water (pH 2) to produce a
series of 10 mL samples with different concentrations. Pyrene was added to these
samples as a probe for fluorescence measurements. Since the amount of pyrene required

was very small, the amount to be added was obtained by first diluting pyrene in THF
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until a specific absorbance was obtained as determined by UV-Visible spectrometry. The
concentration in pyrene was deduced from the absorbance of the solution. A given
volume of this solution was extracted, and THF was evaporated under nitrogen bubbling,
leaving the suitable amount of pyrene behind. This amount was then combined with a
diluted aqueous solution of silicate hybrid micelles and left to shake for 3 hours to ensure
full transfer of pyrene into the micelles.

Two types of fluorescence analyses were conducted: steady-state and time-
resolved fluoresence. For steady-state fluorescence, a solution of pyrene in THF having
an absorbance of 0.2 was prepared. From this solution, 0.5 g was taken out and the THF
was evaporated leaving behind the pyrene. This amount of pyrene was combined with
dilutions of four different aqueous solutions of silicate hybrid micelles prepared with
different TEOS/surfactant molar ratios. Each solution was studied at 10 different
dilutions of hybrid micelles. These samples are refered to as T15-S-12/FSS/N/c, where N
is the TEOS/surfactant ratio and c is the surfactant concentration. The concentrations
with respect to the surfactant used for the steady state analysis were 0.04 mM, 0.047 mM,
0.062 mM, 0.10 mM, 0.12 mM, 0.14 mM, 0.18 mM, 0.21 mM, 0.28 mM, and 0.84 mM.

For time-resolved fluoresence, the surfactant concentration for the four aqueous
solutions of silicate hybrid micelles was fixed at 0.52 mM and various amounts of pyrene
were added. A 0.13 mM solution of pyrene in THF was initially prepared, with its
concentration determined by UV-Vis absorbance. Increasing amounts of this solution
(0.083 g, 0.166 g, 0.249 g, 0.332 g, 0.498 g, 0.664 g) were evaporated to sample different

amouns of pyrene, which were added to the aqueous solution of silicate hybrid micelles.
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These samples are referred to as TI15-S-12/FLT/N/0.52 with N representing the

TEOS/surfactant ratio.

3.2  Silicate Hybrid Micelle Analysis

The structure and dynamics of silicate hybrid micelles have been previously
studied using one type of alkyl (PEO) surfactant. This chapter extends and validates the
previous results to a broader range of surfactants, and it probes the differences between
different types of non-ionic surfactants.

These results are important to increase our knowledge on the type of nonionic
surfactants used to synthesize mesoporous silica, and how the features of the final
material was affected by the different structures of the initial silicate hybrid micelles. The
surfactants that were chosen for study were Tergitol 15-S-12 (d = 0.993, M,, = 740 g, C»-
14H25.200[OC,H4]xH), Tergitol 15-S-30 (d = 1.055, M,, = 1520 g, Cji.i5Hos-
310(0C,H40)H), Tergitol NP-10 (d = 1.060, My, = 645 g, C;sH240(C,H40),), Tween20
(d = 1.095, My, = 1230 g, CigH3406(C,H40),), Brij98 (d = 1.070, M,, = 1150 g,
Ci3H35(OC;H4)200H), Brij35 (d = 1.060, My, = 1198 g, (C;H40),C12H260), and P123 (d =
1.040, M,, = 5800 g, HO(CH,CH,0),o(CH,CH(CH3)O)70(CH2CH,0)20H). The silicate
hybrid micelles prepared with these surfactants were studied by DLS between 15 °C and
65 °C with measurements taken every 10 °C intervals. Once the sample reached 65 °C,
the silicate hybrid micelles were cooled back down to 15 °C and measurements were
again taken every 10 °C intervals. The average value of the hydrodynamic diameter of
the scans at each temperature were plotted to provide the trends. Hydrodynamic diameter
values for individual scans at each temperature were also plotted, with “x’s” used for the

silicate hybrid micelles and “+’s” being used for pure micelles. There is a 1% error
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associated with the average values unless otherwise indicated. Some samples could not
be studied at high temperatures because of the silica condensation reaction being initiated

by temperature, despite the absence of catalyst (NaF) usually used for these syntheses.*®

3.2.1 Temperature Dependent Structural Evolution: the X-DLS-N series

Silicate hybrid micelles were first studied in detail using Tergitol 15-S-12 as the
surfactant.  Figure 11 shows the evolution of the hydrodynamic diameter of T15-S-12-
DLS-10, deduced from the diffusion coefficient, as a function of temperature.

We observe that the size of the silicate hybrid micelles is noticeably larger than
that of the surfactant micelles alone, but both populations are monodisperse. For
example, at 15 °C, T15-S-12-DLS-0 has a hydrodynamic diameter of 8 nm (+ 0.1 nm),
and T15-S-12-DLS-10 a hydrodynamic diameter 11 nm (+ 0.1 nm). This observation
confirms that the addition of TEOS and its further hydrolysis does create micellar objects
that integrate the silicates resulting from the hydrolysis. This was described previously as
the formation of a diffuse silicate palisade interacting with the hydrophilic PEO shell.

The second observation confirms the previous preliminary results regarding the
similar evolution of silicate hybrid micelles, compared with pure micelles. It is well
known that nonionic micelles increase in size with temperature as a result of an
increasing hydrophobicity of the PEO chains with temperature.”® Our analyses
demonstrate that the silicate hybrid micelles adopt the same adaptive evolution. T15-S-
12-DLS-10 increases from 11 nm (+ 0.1 nm) at 15 °C to 19 nm (+ 0.2 nm) at 65 °C. In
addition, the dynamic behavior is retained when the sample is cooled down, with the
hydrodynamic diameter getting back to a smaller value and still following the same size

trends as that of the heating curve. When T15-S-12-DLS-10 is cooled back down to 15
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°C, the original hydrodynamic diameter of 11 nm (£ 0.1 nm) is once again obtained. This
demonstrates that the silicate hybrid micelle responds to temperature in the same manner
as the pure micelles do, which means that the surfactant is still controlling the structure

and dynamics of this hybrid object.
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Figure 11: Evolution of hydrodynamic diameter as function of temperature of (o) T15-S-12-DLS-0
V heating of T15-S-12-DLS-10, and A cooling of T15-S-12-DLS-10.

As it was demonstrated previously that the amount of TEOS used to form the
silicate hybrid micelles affects the initial hydrodynamic diameter,”® we tried to
understand if an increased amount of TEOS would affect the temperature dependence of

these hybrid micelles.
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Figure 12 displays the temperature dependence of T15-S-12-DLS-20. We observe
that the initial hydrodynamic diameter at 15 °C is 12 nm (£ 0.1 nm), which is slightly
larger than the T15-S-12-DLS-10 sample. However, unlike T15-S-12-DLS-10, the
variation of the hydrodynamic diameter with temperature is limited: the hydrodynamic
diameter of T15-S-12-DLS-20 heated up to 65 °C is only 14 nm. We conclude that the
structure of the hybrid micelle as the amount of silicate increases is still dynamic and able
to adapt to temperature changes, but within a smaller range, as a result of the increasing
stiffness created by a thicker silicate layer. The adaptive structure is confirmed with the
cooling ramp where the hydrodynamic diameter recovers its initial value of 11 nm (£ 0.1

nm).
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Figure 12: Evolution of hydrodynamic diameter as function of temperature of (o) T15-S-12-DLS-0
V heating of T15-S-12-DLS-20, and A cooling of T15-S-12-DLS-20.

These analyses were reproduced with Brij35, which has a higher molecular
weight than Tergitol 15-S-12, and showed easier adaptability at higher TEOS
concentrations. Figure 13 displays the heating and cooling behaviour of Brij35-DLS-10.
This sample shows only a slight increase in hydrodynamic diameter from 16 nm (+ 0.2
nm) at 15 °C to 19 nm (£ 0.2 nm) at 65 °C. This increase in hydrodynamic diameter is
not as large as for T15-S-12-DLS-10, but it still follows the trends of Brij35 pure
micelles, with a diameter increasing from 9 nm (+ 0.1 nm) at 15 °C to 14 nm (= 0.1 nm)

at 65 °C. Upon cooling Brij35-DLS-10, the evolution of the hydrodynamic diameter
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displays the same reversible trend, with an evolution back down to 16 nm (+ 0.2 nm) at

15 °C.
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Figure 13: Evolution of hydrodynamic diameter as function of temperature of (o) Brij35-DLS-0
V¥ heating of Brij35-DLS-10, and A cooling of Brij35-DLS-10.

Increasing the silicate ratio (Brij35-DLS-20) shows that the dynamic behavior is
still observed for Brij35, which is opposite of Tergitol 15-S-12. Figure 14 shows the
hydrodynamic diameter of Brij35-DLS-20 increases from 13 nm (£ 0.1 nm) at 15 °C to
20 nm (£ 0.2 nm) at 65 °C, which is totally reversible.

The TI15-S-30-DLS-N series showed a similar dynamic behaviour with
temperature dependent change for both TEOS/surfactant ratios (N= 10 and N = 20) (See

Appendix A).
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Our analyses show that the influence of adding silicate depends on the nature of
the non-ionic surfactant or copolymer. For example, hybrid micelles can be prepared
with Tween20 and lead to the same type of mesoporous silica as for Tergitol 15-S-12.>°
However, the DLS analysis of hybrid micelles (Tween20-DLS-10 series) reveals a
different influence of silicate (Figure 15). Only a slight increase in size is observed upon
TEOS addition with a diameter varying from 12 nm (+ 0.1 nm) at 15 °C to 17 nm (£ 0.2
nm) at 65 °C compared to the pure micelles (10 nm at 15 °C to 16 nm at 65 °C). The
smaller difference results from the different distribution of EO groups, distributed in 4

different sites of the molecule, compared with the alkyl-PEO surfactants like Tergitol 15-
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S-12 where the EO groups are on the same chain. It results probably from this different
structure that the swelling influence of the silicate groups is “diluted” throughout the
micelles instead of forming an external palisade.

Adding more silicate confirms the partial loss of structural dynamics and
Tween20-DLS-20 shows a similar evolution with a lower evolution with temperature
than T15-S-12-DLS-20 (Appendix A). There is no noticeable evolution of the
hydrodynamic diameter observed until the maximum temperature of 65 °C is reached. As
an overall behaviour, the silicate hybrid micelles follow the same type of trends as the
surfactant micelle alone, which indicates the template retaining dynamic behaviour even
in the presence of TEOS.

The other samples that show the same resistance to change with temperature are

those prepared with Tergitol 15-S-30 and Brij98 (Appendix A).
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Tri-block PEO-PPO-PEO copolymers display another molecular structure, with
the combination of two PEO chains connected by a hydrophobic PPO linker. Pluronic
123 is one of the most common copolymers used for the synthesis of mesoporous silica
since its report for the preparation of hexagonal SBA-15 materials by the Stucky group in
highly acidic medium.* It was demonstrated that similar well-ordered hexagonal
structures could be obtained by using mild acidity and starting from silicate hybrid
micelles, if the synthesis temperature was optimized.” This temperature-dependent
structure was assigned to the higher stiffness of the micelles resulting from the self-

assembly of these (EO2-PO7p-EO») copolymers.
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Figure 16 shows how P123-DLS-10 changes as a function of temperature with a
3% error associated to the average values. The hydrodynamic diameter of P123-DLS-0
at 15 °C 1is surprisingly high (26 nm + 0.9 nm), but we observe a large statistical
distribution of results. These PPO-based copolymers possess a critical micelle
temperature (CMT) below which the PPO groups are too hydrophilic, resulting in the
molecules being fully dissolved. This CMT is close to 10 °C, which means that micelles
at 15 °C are not strongly structured and look probably more like loose aggregates than
well-defined micelles. This is confirmed with the results at 25 °C, displaying a smaller
diameter (16 nm + 0.5 nm) and a narrower distribution of values. If we take this 25 °C
value as a starting point, we observe that the size of pure micelles is not significantly
changing with temperature. The heating and cooling trends of P123-DLS-10 confirms
the same size stability, except at 65 °C, where a drastic increase of the micelle size from
20 nm (£ 0.6 nm) to 40 nm (+ 1.2 nm) is observed. This brutal size evolution cannot

result from silica condensation because it is reversible.
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Figure 16: Evolution of hydrodynamic diameter as function of temperature of (¢) P123-DLS-0
V heating of P123-DLS-10, and A cooling of P123-DLS-10.

Figure 17 shows the trends observed for P123-DLS-20. If we take again as a
starting point the value of the hydrodynamic diameter at 25 °C, we still observe the same
evolution as P123-DLS-10 micelles retain a fairly constant size until the temperature is
significantly increased. The threshold here is at 45 °C and the hydrodynamic diameter of
the silicate hybrid micelles varies from 30 nm (£ 0.9 nm) to 90 nm (+ 2.7 nm) at 65 °C.
Still, this evolution is fully reversible and the hybrid micelles recover their initial

diameter when cooled down to 35 °C.
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Figure 17: Evolution of hydrodynamic diameter as function of temperature of (¢) P123-DLS-0
V heating of P123-DLS-20, and A cooling of P123-DLS-20.

3.2.2 Steady State Fluorescence of Tergitol 15-S-12 Silicate Hybrid Micelles

We carried out steady-state fluorescence measurements to probe the influence of
TEOS on the formation and structure of micelles. Only silicate hybrid micelles
synthesized with Tergitol 15-S-12 as the copolymer were used for these fluorescence
measurements. Figure 18 shows the evolution of the I1/I3 ratio with concentration in
micelles (we used the surfactant concentration as a reference) for the T15-S-12/FSS/N/c
series. This evolution allows us to follow how polar the environment of pyrene is (I11/13
varies from 1.87 in polar water to 0.66 in aploar cyclohexane). The I1/13 ratio decreases

as the concentration in surfactant increases up to a 0.11 mM concentration beyond which
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the 11/I3 ratio remains constant The results demonstrate that more pyrene molecules,
initially dissolved in water (the polar environment), enter the micelle (the non polar
hydrophobic environment) as the surfactant concentration increases. For a concentration
of 0.11 mM, all pyrene has entered the core of the micelles, and this threshold
concentration does not vary with TEOS/surfactant ratio. We conclude from this analysis

that the presence of the silicate shell does not disturb the formation of micelles.
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Figure 18: I1/I3 ratios calculated for T15-S-12/FSS/N/c¢ series for all concentrations.

Steady-state fluorescence measurements also provide the relationship between the
excimer (IE) resulting from dimer formation, and monomer (IM) intensities through the
IE/IM ratio, which helps determine the critical micelle concentration (Figure 19). Figure
A 8 in Appendix A displays the fluorescence spectra for the different surfactant
concentrations. The IM value is the average intensity between 468 nm and 474 nm and

the IE value is the average intensity between 500 nm and 530 nm. The IE/IM ratio,
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initially low, increases with increasing surfactant concentration until a maximum value is
reached. The excimer is initially formed in the core of the few micelles present. Adding
more surfactant generates more micelles that draw more pyrene. In leading to increased
excimer formation. The maximum of the curve corresponds to the critical micelle
concentration (cmc). As the surfactant concentration is increased further, the IE/IM ratio
gets smaller as the few pyrenes available distribute themselves which prevents pyrene
excimer formation. The maximum IE/IM ratio for the surfactant alone is 0.11 mM and
the same cmc is obtained for the silicate hybrid micelles of all TEOS/surfactant ratios
(0.12 mM). These measurements confirm the previous observation, with a cmc

undisturbed by the presence of silicates.
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Figure 19: IE/IM Ratio at Various TEOS/Surfactant Ratios
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3.2.3 Lifetime Fluorescence of Tergitol 15-S-12 Silicate Hybrid Micelles

Lifetime studies were performed on silicate hybrid micelles in order to determine
the effect of TEOS on the micelle aggregation number. To determine the aggregation
number, we first look at the relationship in Equation 9 where /Py ] is the concentration in
excited pyrene, [Py*]o is the initial concentration in excited pyrene, <n> is the number
average degree of polymerization, &, is the fluorescence quenching rate, and ¢ is the time.

[Py*] = [Py"]y el=/my=<n>(1=e ™50 9
Using the fits from this equation, we can determine and plot <n> versus [Py*] to get a
linear equation. The slope of this line corresponds to the following equation, from which
we can deduce the aggregation number. Tables A 1 and A 2 (Appendix A) displays some

of the relevant parameters used for these calculations.

“eo (10)

[surfactant]-cmc

The aggregation number for T15-S-12/0/0.52 was determined to be 98 = 2. When
TEOS was added, the aggregation number increased with aggregation numbers for T15-
S-12/5/0.52, T15-S-12/10/0.52, and T15-S-12/15/0.52 being 103 + 2, 108 + 2, and 107 +
4 respectively. This increase in aggregation number indicates that in the T15-S-12/0/0.52
sample, there may be an interaction between micelles causing exchange of pyrene, which

diminishes as soon as silicate is present.

3.3  Model of the Silicate Hybrid Micelle System
Silicate hybrid micelles show changes of their hydrodynamic diameter as a
function of temperature. Although different surfactants exhibit a different behavior, the

structure itself still consists of a micelle as the core and a silicate layer as the inorganic
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shell surrounding it, whose thickness can be deduced by the increase in size from the
initial micelle without TEOS. We observe that the types of surfactants show different
variations with temperature. However, the type of behavior that is observed for the
surfactant micelles over the temperature gradient is similar to that of the silicate hybrid
micelles synthesized using the same surfactant. This indicates that the silicate layer
formed around the micelle core is not rigid enough to prevent swelling of micelles. Some
stiffness is observed as the amount of silicate, hence the thickness of the silicate layer
increases, which partially or totally prevent the temperature-dependent size evolution of
hybrid micelles, depending on the nature of the copolymer used.

Fluorescence studies demonstrated that the silicate layer had an effect on the
interaction of the particles in solution, but does not influence the formation of the
micelles. The critical micelle concentration is not affected by the presence of TEOS.
However, the silicate layer does influence the interaction between micelles as observed
from lifetime fluorescence analysis. The presence of a silicate layer hindered the
exchange of pyrene from micelle to micelle, but was not dependent on the amount of
silicate present. Even a small amount of TEOS was able to prevent the exchange of

pyrene indicating less interaction between the micelle cores.
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Chapter 4: Nanoemulsions and their Application as
Nanoreactors

The silicate hybrid micelle template was demonstrated to be adaptive and flexible.
Studies on more complex O/W and W/O nanoemulsions used as porosity templates and
nanoreactors were conducted. The intrinsic dynamics and flexibility of these systems
have proven to be a drawback for their broader use in material synthesis. This study was
aimed at exploring the ability to reduce these intrinsic properties by introducing a liquid-
to-solid switch replacing the internal liquid oil phase with a solid wax phase. The present
chapter describes how the structure and stability of nanoemulsions are influenced by the

chemical composition and synthesis conditions.

4.1 Experimental Methods

Span80 and Tween80 were the surfactants used to synthesize oil in water
nanoemulsions. Span80 (sorbitane monooleate) has an HLB value of 4.3 while Tween80
(an ethoxy sorbitane monooleate ester) has an HLB value of 15. Both contain a similar
structure with the same backbone, which allows these two surfactants to mix easily so

that the HLB of the mixture can be controlled, according to Equation 4.1."
HLBT = HLBSpango X wt%Span8O + HLBTween80 x wt%Tween&80 (41)

where HLBr is the HLB of the final mixture of surfactants, wt%Span80 and
wt%Tween80 are the mass percent of Span80 and Tween80 respectively, and HLBgpango
and HLBryeenso are the HLBs of Span80 and Tween80, respectively.

Wax/Oil in water nanoemulsions were synthesized using the PIC method.” For a

typical 100 g synthesis, approximately 2.25 g of Span80, 4.77 g of Tween80, and the oil
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phase were weighed out into a round bottom flask. The oil phase was a mixture of
paraffin oil and paraffin wax (Cy0Ha42) with approximately 6 g of wax and 14 g of oil.
The surfactants and oil phase were submersed in a water bath heated to 70 °C (in order to
melt the wax) and mixed under gentle magnetic stirring (between 60 and 200 rpm). Once
mixed, 73.0 g of water heated to 70 °C is added drop-by-drop at a rate of approximately 2
mL/min. Once all the water was added, the solution was removed from the water bath
and left to stir at room temperature until cooled. DLS was used to determine the
hydrodynamic diameter of the nanoemulsions.

Water-in-oil nanoemulsions were prepared using the PIC method using the work
done by Hong et al. as a basis.”® For a typical 100 g synthesis approximately 69.18 g of
paraffin oil, 1.55 g of Brij35, and 6.21 g of Span80 were weighed in a beaker. The
surfactants and paraffin oil were heated to 70 °C and mixed under gentle magnetic
stirring (between 60 and 200 rpm). In a round bottom flask, 23.06 g of deionized water
was weighed out and submersed in a water bath at 70 °C under gentle magnetic stirring
(between 60 and 200 rpm). The oil and surfactants were added to the water drop-by-drop
at a rate of approximately 2 mL/min. Once all of the oil phase was added, the solution
was taken out of the water bath and left to stir until it cooled. Surfactant composition and
synthesis temperature were varied for other samples. DLS was used to determine the
hydrodynamic diameter of the nanoemulsions.

Prussian blue analogues (PBAs) were synthesized by using the water phase in the
W/O nanoemulsions as reactors. The same procedure was used as for the typical W/O
nanoemulsion synthesis with 34.59 g of paraffin oil, 0.78 g of Brij35, 3.11 g of Span80,

and 11.53 g of deionized water. For these nanoemulsions, either metallocyanate or metal
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salt was dissolved in the water before addition of the oil phase. The final product was
obtained by mixing the two different nanoemulsions.

Eight separate nanoemulsions with two containing metallocyanate precursors,
K;3Fe(CN)g (0.30 g) and K3Co(CN)s (0.30 g), and six containing a different metal salt,
FeCl;s - 6H,0 (0.41 g), Ni(NOs), - 6H,0 (0.44 g), FeCl, - 4H,O (0.30 g), Sm(NO3)3 -
6H,0 (0.67 g), CuCl, - 2H,0 (0.26 g), and Co(NOs), - 6H,O (0.44 g). To synthesize the
PBAs, 5.00 g of each nanoemulsion containing cyanate precursor was mixed with 5.00 g
of each of the nanomemulsions containing the metal salts producing twelve samples. We
did not observe a very fast reaction, as usually observed when mixing aqueous solutions.
The mixture was allowed to react overnight. The resulting mixture was washed with
acetone and centrifuged at 5000 rpm to extract the solid PBA-MSU particles.

4.2 Droplet Size Control of Wax/Oil in Water Nanoemulsions

A brief test was done on the wax nanoemulsions in order to check whether or not
droplet sizes could be controlled with a solid dispersed phase. Different ratios of paraffin
wax to paraffin oil were used in this experiment to study the effect of the amount of wax
on droplet size. Previous studies have been performed with different ratios of paraffin
wax and paraffin oil in order to determine the melting temperature of the mixtures. Once
the mixtures are heated up, one homogeneous phase is formed. Figure 20 displays the
melting temperature for these mixtures as a function of the weight percent in paraffin

wax.
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Figure 20: Onset Temperature of Different Paraffin Wax/QOil Mixtures
The percentages of wax by mass of paraffin used were 0%, 10%, 20%, and 30%.
All samples were prepared at 70°C and were cooled with an ice bath in an attempt to
freeze the oil droplets before they coalesced. The particles hydrodynamic diameters as a
function of weight percent in wax that were measured by DLS are shown in Figure 21
with a visual of the nanoemulsion displayed in Figure 22. The DLS measurements of the
wax/oil nanoemulsions (Figure 23) have an accuracy of = 2 nm. It is quite evident that
increasing the amount of wax increases the oil/wax droplet size especially from 20% wax

to 30% wax.
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Figure 21: Hydrodynamic diameter of wax/oil nanoemulsions as function of weight percent in wax
with £ 2 nm accuracy

Figure 22: Wax Nanoemulsion (30% Wax/Oil Ratio)
4.3  Preparation of Water in Oil Nanoemulsions Using the PIC Method
Water-in-oil nanoemulsions were prepared at different temperatures with
surfactant mixtures having different HLB values to probe variations in the hydrodynamic

diameter of the water droplets. The two synthesis temperatures studied were 70 °C and
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80 °C and the two HLBs had values of 6.4 (1.30 g of Brij35 and 6.46 g of Span80) and
6.8 (1.54 g of Brij35 and 6.22 g of Span80). Table 1 displays the size (hydrodynamic
diameter) of these 4 nanoemulsions. Although it is a very brief look into the w/o
nanoemulsion system, it demonstrates the ability to adapt the water droplet size based on
modification of HLB and synthesis temperature, as was previously demonstrated for the

O/W nanoemulsions.

Table 1: Water Droplet Hydrodynamic Diameter of W/O Nanoemulsions

HLB Size (nm) 70 °C Size (nm) 80 °C
6.4 153 70
6.8 54 140

4.4 PBA-MSU Synthesized Using Water in Oil Nanoemulsions as Templates

A brief study was performed to determine if the water droplets in W/O
nanoemulsions can be used as nanoreactors to synthesize PBA-MSU. Figure 23 shows
the nanoemulsions with the metallocyanate (K3Co(CN)g) and metal salt (FeCl, - 4H,0),
while Figure 24 displays the resulting mixture once the two are combined. The resulting
mixture is later washed and centrifuged with acetone to obtain the PBA-MSU particles.
The resulting powders formed from all combinations of metal salts and metal cyanates

can be seen in Appendix C.
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Figure 23: (Left): W/O Nanoemulsion containing K;Co(CN)g (Right): W/O Nanoemulsion containing
FeClz * 4H20

Figure 24: Mixture of K;Co(CN)¢ and FeCl, - 4H,O resulting in blue Fe(II)Co(I1I) PBA

The PBA-MSU particles were analyzed using FTIR to identify if a reaction
occurred between the two precursors. The unreacted free CN™ ions show a stretch in the
FTIR spectra at approximately 2080 cm™', whereas the reacted CN ions (in this case
forming the Fe;Co(CNg), complex) show a vibrational mode at 2180 cm™. Figure 25
shows the vibrational mode with a distinct peak indicating the reaction taking place
between the two W/O nanoemulsions. Appendix C displays the FTIR spectra for the
other eleven samples. With the exception of the samples combining K;Fe(CN)e with
Co(NOs3),.6H,0 and K;3Fe(CN)s with FeCl,.4H,0, all other samples showed clear peaks

at 2180 cm™ indicating reaction of the cyanate ions with the metals.
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Figure 25: FTIR Spectrum of Fe;(Co(CN);), showing a distinct peak at approximately 2180 cm™
In addition, the samples producing Co3(Co(CN)s), and Niz(Co(CN)s), were
characterized using X-ray diffraction to deduce whether or not the diffraction peaks
common to Prussian Blue Analogues were present. These figures can be seen in
Appendix C (Figure C 14 and Figure C 15). Both of these samples showed four clear

diffraction peaks, which are labeled with their respective miller indices in the figures.

4.5 The Nanoemulsion System and their Use as Templates

Nanoemulsions have been more commonly known to have a liquid dispersed
phase. This work demonstrates the ability to synthesize nanoemulsions that have a solid
dispersed phase by using a combination of wax and oil for the apolar phase. We show
the ability to control the size of the dispersed phase by varying the percentage of wax
used.

We also briefly investigate the use of a new w/o nanoemulsion system and the

ability to tune the size of the water droplets. Based on synthesis temperature and HLB
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alone, there is evidence that droplet size can be controlled. The previous works carried
out in the group demonstrated that O/W nanoemulsions could be used for the synthesis of
metal oxide nanoparticles within the water phase. However, the use of the confined oily
phase required that the metal precursors had to be complexed with hydrophobic ligands
to be inserted into the nanoemulsion. The present report demonstrates that the same
chemistry could be conducted with aqueous nanoemulsions, which expands the domain
of synthesis much further. With control of these droplet sizes, we can then synthesize
nanoparticles having particular dimensions. Prussian blue analogues were shown to be
synthesized using the water phase as the reactors for metal salts and metal cyanates to
react and form PBA-MSU. This was verified by characterization through FTIR and

XRD. No additional analysis was conducted due to a lack of time.
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Chapter 5: Silicate Hybrid Micelles Used for Synthesis of
HPLC Beads

We demonstrated the adaptability and dynamic behaviour of soft matter systems.
This study focused on the silica particles that could be synthesized using silicate hybrid
micelles as templates. We show how the rate of silica condensation and nucleation and
growth controlled by catalyst concentration and temperature can affect the final
morphology of the silica particles. Previous studies done by Nakanishi demonstrated
how to synthesize silica with a gyroid like structure. These structures proved to have an

79-81
C.

effective pore topology for HPL Our silica powders displayed the same type of

gyroid structures and were validated for their potential as HPLC column beads.

5.1 Experimental Methods

Silicate hybrid micelles provide a useful template that can produce mesoporous
silica with a variety of properties. Once in solution, a silica reaction can be initiated
using a catalyst and mesoporous silica is formed through nucleation and growth. A
variety of surfactants were used as templates to prepare mesoporous silica (see Appendix
B for other surfactants and compositions that have been tested). Tergitol 15-S-12 was
one of the surfactants investigated due to previous knowledge regarding the behavior of
this template. In a typical synthesis, 11.10 g of Tergitol 15-S-12 was dissolved in 150
mL of water (pH 2). After complete dissolution, 62.5 g of TEOS was added drop by drop
under stirring at 500 rpm. The solution turned cloudy immediately after the addition of
TEOS. TEOS was left to stir until it turned clear, indicating that it had been hydrolyzed.
This solution was then split into 4 equal amounts. A second solution was prepared by

dissolving 2.0 g of sodium alginate in 30 mL of water (pH 2). This solution was also
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split into 4 equal amounts. The 4 solutions of silicate hybrid micelles were each poured
into the solutions of sodium alginate and mixed until 4 homogenous solutions were
obtained. These solutions were then reacted using sodium fluoride to initiate the silica
condensation. A 1.0 M solution of sodium fluoride was prepared. From this solution, a
different amount of sodium fluoride was placed in each of the four solutions prepared:
1.5 mL, 3.0 mL, 4.5 mL, and 6.0 mL. The solutions were then left at room temperature
for 1.5 hours and then placed in the oven for drying at 90 °C overnight. Each sample was
then sonicated in order to break the solid structure into a powder and was vacuum filtered
using ethanol. All samples were calcined (see Appendix B for calcination profile). The
synthesis can be performed at different temperatures by heating the samples before
addition of sodium fluoride. These samples are referred to as HPLC X y T where X is
the type of surfactant, y is the percentage of sodium fluoride with respect to the number

of moles of TEOS added, and T is the synthesis temperature.

5.2  Mesoporous Silica Prepared from Silicate Hybrid Micelle Templates

This study was an extension of the work done by Sean O’Neil (initial work) and
was done in collaboration with Takuto Kwok and Susan Nguyen. Synthesis was
performed at 20, 25, and 30 °C in order to study the influence of temperature on the
structure of the silica particles, giving a total of 12 different samples. In order to observe
the type of structure produced, SEM photos were taken. Figures 26 and 27 show the
SEM photos of HPLC Brij58 8 25 (overnight) and HPLC Brij58 8 25 respectively.

The overnight sample was left to age for one day before the catalyst was added to react
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the silica. The overnight sample had a BET surface area of 671.2 m*/g while the other

sample had a BET surface area of 19.1 m*/g.

Figure 26: SEM of HPLC_Brij58 8 25 (overnight) showing low magnification of silica particles with
high surface area
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Figure 27: SEM of HPLC_Brij58_8_25 showing silica particles having a low surface area
Another surfactant used for this synthesis was Brij98. Figures 28 and 29 show the
SEM pictures of HPLC Brij98 2 25 and HPLC Brij98 4 25. Their respective BET
surface areas are 137.9 m*/g and 6.0 m*/g.
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Figure 29: SEM of HPLC_Brij98 4_25 showing silica particles having low surface area
A third surfactant was used, Tergitol 15-S-12, which would ultimately produce
the particles with the highest potential for HPLC. Figure 30 and 31 display the SEM
photos for HPLC T15-S-12 2 20 and HPLC T15-S-12 2 20, which have respective

surface areas of 70.5 m*/g and 7.9 m*/g.
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Figure 31: SEM of HPLC_T15-S-12_4 20 showing spherical particles with cavities
For samples synthesized at low temperatures with low sodium fluoride concentrations,
conventional spherical particles with no observable pores and relatively high surface
areas were obtained. Figure 32 shows the SEM photo of HPLC T15-S-12 6 20 at the
200 nm scale. These silica particles showed porosity with an open structure. The open

structure of these particles is due to the amount of space that the pores take up. This type
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of structure has potential applications in HPLC columns for separation. Molecules of
different sizes will travel through the gyroid surfaces and remain in the column for
different amounts of time based on their size. Silica particles synthesized at 25 and 30 °C
showed the presence of this type of structure, with only the homogeneity being different

(HPLC T15-S-12_6 20 showed the most homogenous gyroid structure).
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Figure 32: SEM of HPLC_T15-S-12_6_20 showing gyroid like structures
Additional SEM photos for other synthesis parameters are displayed in Appendix
B. The general trends that were observed were that a faster reaction (i.e. more sodium
fluoride or higher temperature) resulted in a more open structure with a lower BET

surface area.

5.3 HPLC Column Preliminary Tests
The HPLC T15-S-12 6 20 sample was grafted using trimethyl(octadecyl)silane.

The resulting sample was sent to Belgium to be packed in a column. The column was
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packed with 80:20 wt% hexane/isopropanol for 120 minutes at 650 bar. The column has
a 2.1 mm inner diameter, 5 cm length, and 5 micron frits. The analyses were performed
using an Agilent 1260 Series Liquid Chromatography apparatus (agilent Technologies)
with a G1379B degasser, G1312B binary pump, G1329B autosampler, G1316B column
oven, and G1315C DAD detector.

This column was tested first using three different mobile phases each at 25 , 40
and 50 °C in order to determine the pressure in the column as a function of the flow rate
of these phases. The three mobile phases used were acetonitrile (ACN), methanol, and a
water:ACN mixture containing a 9:1 ratio of water to ACN. All of these liquid phases
showed a linear increase in pressure with increasing flow rate. At 25 °C, methanol
increased from approximately 50 bar at 0.050 mL/min to 400 bar at 0.400 mL/min. At
the same temperature, ACN had a pressure of 60 bar at 0.050 mL/min increasing to 510
bar at 0.400 mL/min. The mixture of water and ACN produced a pressure of 190 bar at
0.050 mL/min increasing to 520 bar at 0.150 mL/min. We observe that there is a drastic
increase in pressure for the water and ACN mixture even at low flow rates because the
viscosity of this liquid mixture is much higher than that of ACN or methanol. When the
temperature was increased to 40 °C and 50 °C, there was a decrease in the pressure
created by all three mobile phases. This is due to a decrease in the viscosity of the liquid.
These trends can be found in Appendix B (Figure B 6 to Figure B 8).

A second test was performed where 4 compounds were placed in a mobile phase
of a 40:60 ratio of ACN to water with a flow rate of 0.150 mL/min to be separated. The
mixture contained 65.0 pg/mL of uracil, 64.9 pg/mL of toluene, 55.0 pg/mL of

naphthalene, and 65.0 ng/mL of 2-fluorbiphenyl. We used a wavelength of 210 nm to

59



detect the presence of any compounds. Figure 33 displays the resulting separation of the
4 different compounds. The total process took approximately 10 minutes. We observe

very sharp elution peaks demonstrating that the column is quite selective.
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Figure 33: Chromatogram showing separation of uracil, toluene, naphthalene, and 2-fluorobiphenyl
in 10 minutes using 40:60 ACN:water mobile phase.

5.4 Mesoporous Silica and its Application for HPLC

We demonstrated that the morphology of mesoporous silica synthesized from
silicate hybrid micelle templates can be tuned based on the synthesis temperature and
catalyst concentration. There are optimum kinetics that must exist for the gyroid like
structures to be formed. The work done by Nakanishi led to the synthesis of similar

gyroid like structures. However, the size of these structures was on the order of microns
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and they were monolithic.”™ Our structures are on the order of nanometers and are
powders containing silica beads. Unlike Nakanishi, we employed sodium fluoride as a
condensation catalyst. The results showed that the faster the reaction was (more catalyst
added), the smaller our particles would be (and surface area was significantly decreased).
Having the rate of condensation increased by increasing the catalyst concentration
increases the rate of nucleation and prevents the particles from growing. During the
condensation process, it is also believed that the surfactant template is expelled from the
system. This is believed to be the reason for the formation of the open structure, where
the voids are formed due to the presence of surfactant during the expulsion process.
Removal of the surfactant later leaves only the open structure.

Once synthesized, these gyroid structures can be grafted with
trimethyl(octadecyl)silane, which is a common compound for HPLC. Once packed into
an HPLC column, we show that these silica particles can be used for chromatography
with great success. Separation of 4 benzophenones was successfully performed in a short
period of time with good selectivity, showing a great potential for these silica particles in
this application. The drawbacks of the monolithic structures synthesized by Nakanishi
are the lack of homogeneity in sub-micron structures that would greatly improve the
HPLC column effectiveness.” We synthesized particles that have nanometer scale
structures, while still retaining the properties of micrometer monolithic structures used
for HPLC. With improved homogeneity, these particles could prove to be a leader in

HPLC columns.
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Chapter 6: Conclusion and Future Work

This work has examined a number of different surfactants that can be used as
templates for silicate hybrid micelles. Previous results have shown that the size of
silicate hybrid micelles is a function of temperature. We demonstrate that the size of the
silicate hybrid micelles varies in the same way that the surfactant micelles behave over
the same temperature range. It was initially believed that micelles increase in size with
increasing temperature due to the surfactant molecules becoming more hydrophobic.
This behavior is not observed for all types of surfactant due to the differences in their
structures. Some surfactant micelles do not vary significantly in size as a function of
temperature. However, the behavior that is observed for the surfactant micelles alone is
also observed for the respective silicate hybrid micelles, indicating that the behavior is
retained even with a silicate layer added.

We also investigate the impact of the silicate layer on the formation and
interaction of micelles for one surfactant by using fluorescence spectroscopy. The
presence of silicate at all concentrations had no impact on the critical micelle
concentration. However, silicate hybrid micelles have an inorganic shell that prevents
them from interacting with each other. This was not the case with pure micelles, which
showed interaction with each other in solution.

We also briefly examined nanoemulsions and their potential as nanoreactors to
synthesize silica nanoparticles of a particular size. We used metals salts and metal
cyanates to synthesize Prussian blue analogues. We showed that nanoemulsion droplet
sizes can be varied based on synthesis parameters and that w/o nanoemulsions in

particular can be used to synthesize PBA-MSU.
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We applied the silicate hybrid micelle template to synthesize mesoporous silica.
With a particular synthesis temperature and catalyst concentration, we were able to obtain
open silica structures with gyroid shapes. This morphology has a lot of potential in
HPLC applications to improve upon the speed and efficiency in separating compounds.
Preliminary tests were performed on the separation of 4 compounds with very good
selectivity observed in a reasonably quick elution time.

Future work for the silicate hybrid micelles would include extending the number
of surfactants that have been used as templates. It is also necessary to finish fluorescence
studies on more than one of the surfactants used to synthesize silicate hybrid micelles to
determine how silicate can affect the formation and interaction of micelles if the
surfactant has a different structure.

The nanoemulsions and PBA-MSU require further experimentation to better
understand the systems. Knowledge regarding the tunability of the nanoemulsions and
the parameters that influence droplet size are required. For PBA-MSU, further
characterization needs to be done regarding the final structures in order to deduce
whether or not the template and particle dimensions coincide with each other. XRD
should also be performed on the remaining samples to confirm the synthesis of PBAs.

For the mesoporous silica with open gyroid structure, the synthesis parameters
must be investigated further to improve upon the homogeneity of the particles formed.
Currently, gyroid structures are evident, but there are a lot of solid silica spheres that can
be seen as impurities for HPLC applications. HPLC tests using a packed column with the
silica should also be tested further to determine the optimal parameters to be used for

separation.
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Appendix A: Silicate hybrid micelles
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Figure A 1: Evolution of hydrodynamic diameter as function of temperature of (o) T15-S-30-DLS-0
V heating of T15-S-30-DLS-10, and A cooling of T15-S-30-DLS-10.
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Figure A 2: Evolution of hydrodynamic diameter as function of temperature of (o) T15-S-30-DLS-0
V heating of T15-S-30-DLS-20, and A cooling of T15-S-30-DLS-20.
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Figure A 3: Evolution of hydrodynamic diameter as function of temperature of (o) TNP-10-DLS-0
V¥ heating of TNP-10-DLS-10, and A cooling of T15-S-30-DLS-10.
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Figure A 4: Evolution of hydrodynamic diameter as function of temperature of (o) TNP-10-DLS-0
V¥ heating of TNP-10-DLS-20, and A cooling of T15-S-30-DLS-20.
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Figure A 5: Evolution of hydrodynamic diameter as function of temperature of (o) Tween20-DLS-0
V¥ heating of Tween20-DLS-20, and A cooling of Tween20-DLS-20.
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Figure A 6: Evolution of hydrodynamic diameter as function of temperature of (o) Brij98-DLS-0
V¥ heating of Brij98-DLS-10, and A cooling of Brij98-DLS-10.
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Figure A 7: Evolution of hydrodynamic diameter as function of temperature of (o) Brij98-DLS-0
V¥ heating of Brij98-DLS-20, and A cooling of Brij98-DLS-20.
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Figure A 8: Normalized steady state fluorescence spectra for T15-S-12/FSS/0/c series
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Figure A 9: Zoom in of normalized steady state fluorescence spectra for T15-S-12/FSS/0/c series
showing the I1 (370 nm) and I3 (382 nm (peaks)

Table A 1: Relevant Parameters for Lifetime Fluorescence Analysis (Pure Micelle and TEOS:Surf 5)

Surfactant Only TEOS:Surfactant 5

[Pyl @M) [ <n> [ kG | Koo | [PYIGM) | <0> | kgD | Kea
1.91 0.3786 | 0.0102 | 187.1 0.793 0.1419 | 0.0095 | 192.7
9.56 1.5982 | 0.0114 | 177.9 0.798 0.2282 | 0.0086 | 230.8
7.33 1.1861 | 0.0111 | 185.6 3.22 0.5604 | 0.0096 | 189.9
2.06 0.4221 | 0.110 | 185.7 4.32 0.8535 | 0.0084 | 1953
4.47 0.7987 | 0.0108 | 191.7 5.42 0.9438 | 0.0090 | 205.6
8.08 1.4017 | 0.0092 | 212.6

9.56 1.6873 | 0.0097 | 2054

Table A 2: Relevant Parameters for Lifetime Fluorescence Analysis (TEOS:Surf 10 and 15)

TEOS:Surfactant 10 TEOS:Surfactant 15

Pyl@M) | <n> | k(D | Ko | [PYI@M) | <> | k) | Kea
1.40 0.3181 0.0097 | 198.9 0.307 0.1924 | 0.0058 | 230.7
1.84 0.3586 | 0.0096 | 192.0 0.684 0.2366 | 0.0072 | 214.6
3.19 0.6472 | 0.0098 | 212.9 3.27 0.5816 | 0.0089 | 212.2
4.05 0.7591 0.0102 | 2123 4.63 0.8933 0.0082 | 196.9
6.19 1.1744 | 0.0106 | 194.0 5.24 1.0569 | 0.0086 | 207.8
7.97 1.4859 | 0.0093 | 227.0

9.91 1.7385 | 0.0094 | 210.6
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Appendix B: Silica HPLC Beads

Table B 1: Chemical Composition of HPLC Brij98 y T Series

Surfactant | TEOS | Water pH2 | NaF | Alginate | Temperature | Surface Area
(2) (2) (mL) % (2) ‘0 (m’/g)
4.92 18.2 60.6 8 1.165 25 137.9
4.92 18.2 60.6 16 1.165 25 6.0
4.92 18.2 60.6 24 1.165 25 6.1
4.92 18.2 60.6 32 1.165 25 DNP

Table B 2: Chemical Composition of HPLC Brij58 y T Series

Surfactant | TEOS | Water pH2 | NaF | Alginate | Temperature | Surface Area
(2) (2) (mL) % (2) ‘0 (m’/g)
491 18.2 60.6 8 1.165 25 19.1
491 18.2 60.6 16 1.165 25 4.7
491 18.2 60.6 24 1.165 25 DNP
491 18.2 60.6 32 1.165 25 10.2
491 18.2 60.6 8 1.165 25 671.2
491 18.2 60.6 16 1.165 25 487.7
491 18.2 60.6 24 1.165 25 426.2
491 18.2 60.6 32 1.165 25 393.9

*Highlighted samples indicate TEOS solutions that were stored in the fridge overnight before

adding the NaF

**DNP means that the surface area measurements were not performed

Table B 3: Chemical Composition of HPLC Brij98 y T Series

Surfactant | TEOS | Water pH2 | NaF | Alginate | Temperature | Surface Area
(2 (2 (mL) % (2 9 (m’/g)
4.21 15.625 45 2 0.525 25 DNP
4.21 15.625 45 4 0.525 25 DNP
4.21 15.625 45 6 0.525 25 DNP
4.21 15.625 45 8 0.525 25 DNP

**DNP means that the surface area measurements were not performed

Table B 4: Chemical Composition of HPLC Brij58 y T Series

Surfactant | TEOS | Water pH2 | NaF | Alginate | Temperature | Surface Area
(2 (2 (mL) % (2 9 (m’/g)
4.21 15.625 45 2 0.525 25 DNP
4.21 15.625 45 4 0.525 25 DNP
4.21 15.625 45 6 0.525 25 DNP
4.21 15.625 45 8 0.525 25 DNP

**DNP means that the surface area measurements were not performed
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Table B 5: Chemical Composition of HPLC T15-S-12 y T Series

Surfactant | TEOS | Water pH2 | NaF | Alginate | Temperature | Surface Area
() (2 (mL) % (2 W9 (m’/g)
2.775 15.625 45 2 0.5 20 70.5
2.775 15.625 45 4 0.5 20 7.9
2.775 15.625 45 6 0.5 20 6.7
2.775 15.625 45 8 0.5 20 6.4
2.775 15.625 45 2 0.5 25 8.2
2.775 15.625 45 4 0.5 25 6.9
2.775 15.625 45 6 0.5 25 7.1
2.775 15.625 45 8 0.5 25 6.5
2.775 15.625 45 2 0.5 30 DNP
2.775 15.625 45 4 0.5 30 DNP
2.775 15.625 45 6 0.5 30 DNP
2.775 15.625 45 8 0.5 30 DNP

**DNP means that the surface area measurements were not performed

Figure B 1: SEM of HPLC_BrijS8 4 25 Figure B 2: SEM of HPLC_Brijo8 4 25
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Figure B 3: SEM of HPLC_Brijo8 8 25 Figure B 4: SEM of HPLC_T15-S-12_4 20
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Figure B 6: Pressure as Function of Flow Rate of ACN in HPLC_T15-S-12_6_20 Packed Column
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Figure B 7: Pressure as Function of Flow Rate of Methanol in HPLC_T15-S-12_6_20 Packed
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Figure B 8: Pressure as Function of Flow Rate of 9:1 Ratio of Water:ACN in HPLC_T15-S-
12_6_20 Packed Column
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Appendix C: Nanoemulsions and PBA-MSU

Figure C 1: (Left to Right): Fe[Fe(CN)gl, Nis[Fe(CN)qls, Fes[Fe(CN)ela, Sm[Fe(CN)gl, Cus[Fe(CN)qla,
Co;[Fe(CN)gl,

Figure C2: (Left to Right): Fe3[C0(CN)6]2, C03[C0(CN)6]2, Sm[Co(CN)G], Ni3[C0(CN)6]2,
Fe[Co(CN)g], Cuz[Co(CN)s]2
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Figure C 3: FTIR Spectrum of Co3(Co(CN),), showing a distinct peak at approximately 2180 cm™
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Figure C 4: FTIR Spectrum of Cu3(Co(CN)g), showing a distinct peak at approximately 2180 cm™

12 LN S B B RN BN BN BN BN RN BN BN RN BN RN BN BN RN BN RN RN BN N B RN NN N RN RN RN SN B B

o
el

Transmittance
o o
ESS ()]
—r | ¢+ rr 11T

o
(V)

0
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm-1)

Figure C 5: FTIR Spectrum of Fe(Co(CN),) showing a distinct peak at approximately 2180 cm™
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Figure C 6: FTIR Spectrum of Niz(Co(CN)s), showing a distinct peak at approximately 2180 cm™
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Figure C 7: FTIR Spectrum of Sm(Co(CN),) showing a distinct peak at approximately 2180 cm™
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Figure C 8: FTIR Spectrum of Co3(Fe(CN)g), showing a broad peak at approximately 2180 cm™
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Figure C 9: FTIR Spectrum of Cuz(Fe(CN);), showing a distinct peak at approximately 2180 cm™
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Figure C 10: FTIR Spectrum of Fe(Fe(CN),) showing a distinct peak at approximately 2100 cm™
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Figure C 11: FTIR Spectrum of Ni;(Fe(CN),), showing a distinct peak at approximately 2180 cm™
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Figure C 12: FTIR Spectrum of Sm(Fe(CN),) showing a distinct peak at approximately 2180 cm™
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Figure C 14: XRD Pattern of Niz(Co(CN)g), showing clear diffraction peaks confirming Prussian
Blue Analogue structure
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Figure C 15: XRD Pattern of Co3(Co(CN)g), showing clear diffraction peaks confirming Prussian
Blue Analogue structure
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