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ABSTRACT OF DISSERTATION

PORE ENGINEERING OF SURFACTANT TEMPLATED NANOPOROLUEILICA
USING SUPERCRITCAL CARON DIOXIDE

The use of compressed ¢Q@rocessing to alter the pore size, structure and
timescale of silica condensation in surfactant teredlatlica thin films and powders is
investigated by systematically varying the template strucimd CQ processing
conditions. Tailoring the mesoporous materials incieaise potential applications, as
demonstrated in catalysis, drug delivery, chromatographic sudrade applications.
This work demonstrates for the first time the appliecgbof fluorinated surfactants as
templates for the synthesis of mesoporous silica thimsfby dip coating. Well-ordered
films with 2D hexagonal close-packed pore structure are sgizidd in an acid-catalyzed
medium using three cationic fluorinated templates of data&l length and branching
(CGF1302H4NC5H5C|, C8F1702H4NC5H5C| and (CE)zCFC;‘,FngH4NC5H5C|). COZ
processing of the fluorinated templated silica resuitsaisignificant and controlled
increase in pore diameter relative to the unprocessed. filthe pore expansion is
significantly greater compared to the negligible expansibserved in hydrocarbon
(C16H23NCsHsBr) templated silica. The greater swelling of the flnated templates is
attributed to the favorable penetration of d@the ‘CGQ-philic’ fluorinated tail and the
relative solvation of each template is interpretexif their interfacial behavior at the
COy,-water interface.

The CQ based pore expansion observed in fluorinated surfactaptaed films
is extended successfully to base-catalyzed silica powederglated with a fluorinated
surfactant (6F13C:H4sNCsHsCI). Pore expansion in silica powders is significantlysle
than in acid catalyzed films and demonstrates thectsffef pH on surfactant self-
assembly in C@and increased silica condensation at basic conditiohghwnhibits
pore expansion.

Finally, the use of fluorescence probe molecules isodetrated for in-situ
monitoring of the of C@processing of surfactant templated silica films to provide
dependent data on the local environment and dynamics pp€aetration. Ceuptake
occurs in surfactant tails even for hydrocarbon templai@sH23N(CHs)s:Br and
C16H23NCsHsBr), which display negligible CObased swelling of the resulting pores.



The timescale of silica condensation increases signifiz in the presence of GO
suggesting opportunities for structure alteration throughicgimn of external forces,
such as magnetic fields and change in substrate chemmgtrgystem humidity.

KEYWORDS: Supercritical fluids, ‘C@philic’ fluorinated surfactants, mesoporous
silica, surfactant solvation, fluorescence spectroscopy.
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CHAPTER ONE

INTRODUCTION

The synthesis of porous materials (ceramics, polyna@ts/ated carbon, metal
oxides, metal-organic matrices) with high surface arehaawell-ordered structure, has
been an important and active field of research fonyngears because of their wide
variety of applications. The most extensive applicabbérsuch materials has been in
catalysis, both as active catalydtsand as catalyst suppdtf, adsorptioff*®> and
separations®?° Applications have also been extended to novel areasasuftfel cell$?
semiconductor§ and biological materiafé In 1992, the synthesis of well-ordered
porous materials was demonstrated through the thermodyslmmontrolled co-
assembly of surfactant templates with metal oxide precsifer the synthesis of porous
silica, thus dictating a high degree of control over final pore structuré® The
surfactant templating technique was later extended to th&afmn of thin porous silica
films with long range order>? Subsequently, porous silica materials have been tailored
to increase their potential applications through chofdée surfactant template (cationic
surfactants, e.g. CTAB anionic surfactants, e.g. S&Snonionic surfactants, e.g. Brij
56% block coplymers, e.g. P12%3?° and fluorinated surfactarifs’), introduction of
functional group¥3°or by introduction of an organic swelling agent to alter pore
structure with a given templat&?°

The many attractive properties of supercritical (scy) C@mpared to traditional
organic solvents suggest its application for tailoring astdnt templated porous
materials. Sc C@is an inexpensive, nontoxic, nonflammable, chemicallyt imed
environmentally friendly (unregulated by the U.S. Environtak Protection Agency)
solvent. Additionally, sc C® possesses high diffusivity, low viscosity, low surface
tension and a pressure tunable solvent strength. Ovéasthievo decades, application of
CO; in diverse areas such as extraction of metals and ,§rffgsolymer synthesis and
processingd®*° nanoparticle synthesf§*® coatings!® catalysis’>* photoresist dryinf
and processing of microelectronic devi¢dsas been investigatedihe application of sc

CQO; in processing inorganic porous materials has also signify increased; its high



diffusivity allows quick diffusion into the nanometered pores while the absence of a
liquid-vapor interface during removal of sc £€frevents pore collapsé®® Sc CQ has
been applied to infuse precursors into preformed temptates/nthesize nanoporous
metals and oxidé$> while nanoparticles dissolved in sc CBave been successfully
impregnated into small micropores of FSM-16 as a redulie favorable penetration of
sc CQ compared to liquid solvents.sc CQ has also been used as the solvent for
alumina functionalization in mesoporous sili€an catalysis applications in mesoporous

silica’’*®and as a solvent for surfactant extraction from stafactemplated porous

silica>%°

The use of sc Cas a processing solvent is limited by its poor solventeppow
particularly for polar solutes. Improvement of this swoivstrength has been achieved in
various studies by creating polar domains in ;Cliased reverse emulsions and
micromeulsions through the use of surfactaht®*However, sc C@is unable to form
emulsions and micromeulsions with most of the comraflycavailable hydrocarbon
surfactant®’ because the lower polarizability of @Bompared to organic solvents results
in weak solvation of the surfactant tails by £® Surfactants having low cohesive
energy density and high free volume (e.g. siloxanes, sanfscwith methyl groups and
tail branching, oxygen containing molecules, e.g. carbonyierg and fluorocarbon
groups) have favorable interactions with £@nd are termed ‘Cfphilic’.®*""*
Alternatively, there has been limited investigation @.(penetration in concentrated
surfactant mesophasés.

Cationic fluorinated surfactants (e.g., perfluoralkyl gimium chlorides)"’® and
nonionic  fluorinated surfactants (FSO-100 {GEFR)4(EO)) and FSN-100
(CR(CR,)5(EO)4))* have recently been demonstrated as templates fosudmessful
synthesis of mesoporous silica powders. Advantages aifrfated templates include the
ability to obtain a wide range of pore sizes in bothragiorous and mesoporous ranges,

a wide variety of pore structures (both hexagonalecfmecked and novel mesh phase
structuresy! novel fluorinated functional group incorporatitn, vinyl functionalized
materials with increased accessibility relative to bgdrbon surfactant (CTAB)
templated powder€, and higher hydrothermal stability compared to hydrocarbon

templated material$. Potential application of such diverse materials fentsuggested



for novel CQ adsorbents, packing materials in chromatography coluomseparation
of fluorocarbon and hydrocarbon compounds, and controlled dteliyery’” "
Perfluoroalkyl pyridinium chloride surfactants have alseen suggested for other

potential applications in novel gene and drug deliveryesyst’

1.1Research Hypothesis

This dissertation examines the overall hypothesis thadrihated surfactant
templating can be extended to porous silica flms andsililasequent processing of these
films by compressed CQwill alter the pore structure. Significant interact@minCO, with
the fluorinated templated materials is expected comparvettatitional hydrocarbon
templated materials. The pressure tunable solvent srem@g@Q along with the use of

templates with varying structure is expected to resué#ilored silica materials.

1.2 Research Objectives

The specific objectives of this research are:

1. To synthesize well-ordered porous silica thin films usingrihated surfactants
as templating agents.

2. To determine pore structure for fluorinated surfactant lateg silica films and
powders as a function of surfactant template and @@cessing conditions using
X-ray diffraction (XRD), transmission electron misaopy (TEM) and nitrogen
sorption measurements

3. To compare the pore expansion observed in fluorinatedlaesspwith that for
traditional hydrocarbon surfactant templates at sin@&r, conditions and to
determine if pore size can be tailored by selective solvaof fluorocarbon
groups in the template.

4. To develop an interpretation of the pore expansion behasdoa function of
surfactant template and its interactions with ,Cddd thereby to provide a
systematic approach to design future surfactant systengemerate specific
tailored pore sizes.

5. To investigate the mechanism of £€@rocessing of surfactant templated silica
films using high pressure spectroscopy techniques.



1.3 Overview of Dissertation Chapters

Chapter 2 provides a brief overview of synthesis and agits of surfactant
templated materials, the thermodynamics of selfrabgeand mesophase formation for
surfactants, the tailoring of the mesostructure by stévecompressed G@rocessing of
surfactant systems, and different techniques used ineBaence spectroscopy to probe
surfactant micelles and G@ystems.

Chapter 3 demonstrates the first synthesis of well-oddacél-catalyzed silica thin
film templated with a fluorinated surfactant, 1-(3,3,4,44%%7,7,8,8,9,9,10,10,10-
Heptadecafluoro-decyl)pyridinium chloride gf&z7C,HsNCsHsCl) and subsequent GO
processing to expand the pore size as a function gfcG@ditions while maintaining the
long range structure before surfactant extraction. Chapteontinues with the CO
processing of nanoporous silica thin films using threeonatifluorinated surfactant
templates (perfluoralkyl pyrdinium chloride surfactantthvgystematic variation in tail
length and branching) and pore expansion is compare€uast@on of template structure
and CQ conditions. The relative pore expansion for each lat@mpas a function of
processing conditions is further interpreted from théerfacial behavior of the
surfactants at Cwater interfaces.

Chapter 5 successfully extends the,(@cessed pore expansion observed in porous
silica films to base-catalyzed silica powders templatéh the fluorinated surfactant 1-
(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluoro-octyl)-pyridiniutmocide  (GF13C,H4sNCsHsCI)
and compares pore expansion as a function ofc@@ditions between mesoporous silica
films and powders. Chapter 6 investigates the abilit¢©f to preferentially solvate
CO,- philic groups in concentrated surfactant mesophases byirggugore expansion as
a function of the percentage of fluorocarbon segmeémtshe surfactant template.
Finally, Chapter 7 establishes high pressure steady &tatedcence spectroscopy as a
powerful technique to investigate ¢@enetration and delivery of solutes by £O

processing of surfactant templated films in real time.
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CHAPTER TWO
BACKGROUND

The chapter briefly introduces the different types ofops materials, their
applications and provides a description of the synthesissurfactant templated
mesoporous ordered materials. Self-assembly of surfactangenerate micelles and
ordered liquid crystals are discussed next. The chaptetinges with a detailed
discussion of the synthesis of ordered mesoporous siicafilms and methods of
tailoring the structure of templated porous silica. Titeractions of compressed €O
with surfactant aggregates is discussed next followed byied review of different
techniques in fluorescence spectroscopy and its applicatiprobe surfactant micelles,
templated materials and high pressure, 6@tems.

2.1 Porous Materials

Porous materials have been the subject of many inveshgalbecause of their
wide application in a variety of industrial areas. Porowsganic oxides and carbons
have found application in cataly§isadsorption, membrane separatférend in-vitro
tissue engineeriny Porous polymers are applied as packing materials for
chromatograph§? adsorbents, ion exchange mateffadsd catalyst support& The large
number of applications of the porous materials is duehéwr thigh surface area and
porosities. Their unique dimensions determine their agdics. Porous materials are
classified into three groups according to their sizescroporous materials having pore
sizes less than 2 nm; mesoporous materials with poes between 2 and 50 nm; and
macroporous materials having pore sizes greater than 50 nm.

Zeolites are the most widely used microporous mdsebecause their crystalline
aluminosilicate netwof{ and very narrow pore size distributirprovide important
advantages in numerous applications in catdf/sind adsorptiol> However most
available zeolites have pore sizes between 4 A t8'%Aich limits their application for

larger organic molecules. Porous materials synthesizednteycalation of layered



materials such as metal phosphates and ¢laysl porous glasses and delsave pore
size in the mesoporous range but their broad pore sizédigin limit their applications.
In 1992, researchers from Mobil Corporation discovered fits¢ controlled

method to synthesize mesoporous materials with long rarggr?* Surfactants were
used as pore templates with their self-assembled mesepbatating the pore structure.
The inorganic precursor formed a solid network around tinpleges through interaction
with the surfactant head group and subsequent removal daémmgate resulted in the
final ordered material. The synthesis of ordered mesoporaterials greatly increased
the application of porous materials in catalysis, ad&brpseparation, photocatalysis,
hydrogen storage, solar cell technologies, drug delivery, talysss and
bioadsorptior?>*%°

2.2 Surfactant Self Assembly

Surfactants are surface active molecules with onehaaing an affinity for polar
media while the other region interacts favorably witn-polar media. The interactions
direct the molecules to spontaneously form an ornemt®nolayer at the water-air
interface thus lowering the surface tension. Surfastané classified into four major
groups according to the nature of their head groups: aniongatjmely charged head
group), cationic (positively charged head group), non-ionictiawge on the head group)
and zwitterionic (both positive and negative charges ohehd group§™*

Surfactants present in very low concentration in agusolusions adsorb mainly
at the interface and remains dispersed in solution a®mers. Increasing the surfactant
concentration above the critical micelle concerarafcmcf®! results in the formation of
aggregates called micelles with the hydrophobic tails atoetl within the micelle
interior and the hydrophilic headgroup facing the aqueous médfufme formation of
such micelle aggregates is a thermodynamically contkoieocess driven by the
hydrophobicity of the surfactant taff$: Several researchers, most notably Nagarajan and
Blankschtein, have investigated the thermodynamics akliai formation and have
determined the theoretical cmc and micelle structuraindastants by investigating the
Gibbs free energy change for the proc8&8’ Several interactions of the surfactants
were determined to be important for the micelle foromatprocess including the



hydrophobic interactions (enthalpic) between surfactalst amd water, conformational
effects (entropic) associated with chain packing inntineelle core, interfacial effects at
the micellar core-water interface, and finally steffentropic) and electrostatic
interactions (enthalpic) between surfactant headgrtlpBifferent combinations of
these interactions leads to different micelle shapds asispherical, cylindrical, lamellar,
etc.

The micellar structure is related to the geometryofastant using the surfactant
packing parameteng = v/al,"°® wherev is the volume of the hydrophobic chalnthe
length of the chain andh the head-group area per molecuke. is actually a

Y2 wherea is a

thermodynamic quantity and can roughly be definedaas (o/o)
headgroup interaction parameter amds the interfacial free enerd{’'° Spherical
micelles are obtained for g < 1/3, a cylindrical struciarebtained for 1/3 < g < 1/2, a
bilayer is obtained for %2 < g < 1 and inverse structuresoatained for g > 1% An
increase in surfactant tail length makes the surfactame rhydrophobic resulting in
easier self-assembly and a corresponding lower vdluwano. Branching of surfactant
tails also result in micelle formation at a lowenc and in aggregates that are more
loosely packed!*

A progressive increase in surfactant concentratiorveltoe cmc results in the
micelles packing together and forming a variety of liquigstal structures. The resulting
liquid crystal structures are functions of surfactanmtcemtration and packing parameter.
The different micelle structures and liquid crystal @sabserved for a model
hydrocarbon surfactant, cetyltrimethylammonium bromide AB)I is schematically
presented in Figure 2.1. At the lowest surfactant condeniréor micelle formation,
spherical micelles are observed with a high curvature aadgheup area per molecule.
With an increase in surfactant concentration, the ¢urgaof the structures decreases and
cylindrical micelles are formed. Liquid crystal structu® formed at even higher
surfactant concentration and decreases in curvaturangitbase in concentration to form
hexagonal, cubic and finally lamellar phd&e.

Fluorinated surfactants are a special class of suniscteéhere one or more of the
hydrogen atoms in the surfactant tail are replaced byifieoihe presence of fluorine
results in many unique properties including fluorinated surfestaging considerably
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Figure 2.1. Phase diagram and schematics of surfactant liquidatiylsases for
CTAB (adapted from Eer et. a9

more hydrophobic than hydrocarbon surfactants and thus formatgassembled
structures at lower cmc valugs.Fluorinated tails are also more rigid due to a higher van
der Waals radius of fluorine compared to hydrogen, rieguih lower surface tensions
and also self-assembled structures having lower curvaturgared to hydrocarbon
surfactants!**** This translates to fluorinated liquid crystals gengrédrming ‘mesh-
phase’ structures (random mesh and rombohedral mesbh@tntrations corresponding

to cubic structures for the hydrocarbon surfactants. Othan advantageous self-



assembly properties, fluorinated surfactants are alse megistant to oxidation and have
excellent thermal and chemical stabifity.

2.3 Mesoporous Silica Thin Film — Synthesis and Characterization

The synthesis of mesoporous silica powders via the sanfatemplating
route has received increasing attention ever sinceirgs $ynthesis in 1992. The
application of a variety of templates (cationic suidats, nonionic polyethylene oxides
alkyl ethers and triblock copolymers), different silmacursors (sodium silicate, TEOS
and TMOS) and varying synthesis conditions (acidic aidpahave resulted in new
families of mesoporous materials including HMSMSU*® KIT,*° FSM!?° SBA®
Studies have shown the ability to tailor the pore sZze 80 nm), shape and structure
(hexagonal, cubic, disordered) for a variety of apfibees **?* Fluorinated surfactants
have also been applied recently as templates for essistbf mesoporous silica and have
demonstrated significant advantages. The high hydrophobitifju@ocarbon groups
has resulted in the successful use of a small singéencHuorinated surfactant,
C,Hs(CH,)2NCsHsCl as a pore template to design porous silica with paes s small
as 1.6 nm. These pores are among the smallest formeldebgutfactant templating

route!®

thus providing potential applications in catalySislesoporous silica with novel
intermediate ‘mesh-phase’ structure was synthesized) asiother fluorinated surfactant
template, @H;:7(CH,).NCsHsCl and represents a structure difficult to obtain using
traditional hydrocarbon templat&é. Novel fluorinated functional groups have been
incorporated in fluorinated templated silica powders and tienmals were demonstrated
to have application in chromatography towards separatibnflumrocarbon and
hydrocarbon compound$.

The synthesis of surfactant templated mesoporous $ilia films with precisely
controlled pore geometry has increased the applicatigpoaius silica even further to
areas such as membranes, sensors, semiconductors,e sadatings, optical and
electrical molecular devicé$>***Thin films were first prepared around the same time by
Ogawa using spin coatifiyand Lu and colleagues through dip-coafingf surfactant
and hydrolyzed precursor solutions on substrates. The sysittiedip-coated silica thin
film proceeds through an evaporation induced self-assemnbbtess (EISA) and a
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Figure 2.2 . Thickness of film during dip-coating of a solution of
silica, surfactant, alcohol, and water. Surfactant entration
increases with dip-coating time and distance aboveedervoir
surface (adapted from Lu et.?).

schematic of the the different processes occurring guISA is presented in figure 2.2
(adapted from ref. 26). A homogenous solution of hydrolyzikcthsand surfactant in a
dilute acidic solution (pH ~ 2) of mainly ethanol andevas first prepared, such that the
surfactant concentration is well below cmc and surfastaxist as monomefS As the
substrate is dip-coated with the silica solution, peefeal evaporation of alcohol first
increases the concentration of the surfactant abosecihc driving silica-surfactant
micelle formation (t ~ 4.5 s after start of dip-cogtim Fig. 2.2) and further ethanol
evaporation results in the formation of liquid crystellsilica-surfactant mesophases (t ~
6 s after dip-coating start). Continued evaporation aaditgtional draining results in the
formation of the initial silica-surfactant film mesnscture in about 10 s (Fig. 2.2). The
pH of 2 for the dip-coating solution is near the isa&le point of silica and keeps silica

condensation rate at a minimum during this initial mesostredormation and drives co-
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assembly between surfactant and hydrolyzed silica uwsted separate silica
precipitation?® The silica condensation begins mostly after theahitiesostructure is
formed and proceeds for a considerable period called the IsMudBteady State (MSS)
period, when the aggregate structure can still be modifiekteynal force$>*

The silica hydrolysis and condensation reactions vettaéthoxy silane (TEOS)
as precursor are given below:

Hydrolysis:

S-OCH_+ HO = S-OH + CH_OH (2.1)
Condensation:

S-OH + S-OH > §-0-§ + HO (2.2)
In acidic conditions, silica is protonated (represenésd[) and association with
surfactant templates occurs through two different mesh@depending on whether the
surfactant is cationic or anionic: A counter-ion (X) is thought to be needed to mediate
the self-assembly between positive silica @nd cationic surfactants(So form SX'17,
whereas for an anionic surfactant)(8irect interaction with silica occurs to form the
assembled §. Silica thin films with a final ordered structure vamyifrom 2D hexagonal
(p6m) to 3D hexagonal R63/mmc) and cubic Pm3n) mesostructures have been
synthesized through EISE®**® The final porous structure is obtained after the template
extraction or removal by calcination.

The numerous complex processes that occur in a veny 8me period during
film synthesis by dip-coating has been followed in-situ ébyariety of techniques
including 1D XRD, small angle X-ray scattering (SAXS),zing incidence small angle
X-ray scattering (GISAXS), NMR, interferometry and sfgescopy probing to gain
insight into the mechanism of formation of final filstructure****3"139142 Brinker and
coworkers have used spatially resolved 2D GISAXS exmarisnin combination with
optical interferometry, to demonstrate that the faiomaof the final 2D hexagonally
ordered silica thin films is nucleated initially by the rfation of a lamellar phase
oriented parallel to the substrdfd.Babonneau and coworkers have performed in-situ
characterization using SAXS combined with interferogneteasurements to confirm the
formation of an intermediate 3D hexagonal phaseeafiliih/air interface during the final
formation of a cubic mesostructuf¥,while in another study the formation of silica with
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cubic pore order was demonstrated to proceed through the ifmnwdt lamellar and
hexagonal intermediaté$’ Babonneau’s group has also extensively investigated through
various in-situ techniques the effects of variables suckolgion aging time, ethanol
vapor concentratiotf* pH**! and CTAB/Si molar ratit* on the final film structure. In-

situ 2’0 NMR spectroscopy has been performed to analyze the lyisisrbehavior of
TiCl, precursor in solution and the polymerization kineticttahia during the formation

of mesoporous titania film through dip-coatitg.

Cagnol and coworkers investigated dip-coating of thin filleg in-situ SAXS
combined with interferometry and suggested that synthesisepds via four major
stepst®* The steps are 1) initial preparation of the solutiorev@poration of the volatile
components during dip-coating which occurs in the first $@eonds of dip-coating, 3)
the MSS period which follows directly after evaporatemd corresponds to the time
when the volatile molecules equilibrate between the enment and film media and
silica condensation is incomplete and 4) the formatiotine final hybrid mesostructured
film when the silica condensation is complete. Thiedtstage (MSS) was identified as a
very important step because even though the initial stesture is formed by that time,
the silica structure is still flexible enough to be nfiedi by external forces. Change of
relative humidity or ethanol vapor pressure during thé&SN8riod was shown to alter the
final mesostructur&® The kinetics and timescales of silica condensatighiinfiims has
also been investigated for various surfactant templates\gusn-situ FTIR
spectroscopy’ Silica condensation times increase with size of tieptate molecule
from CTAB to Brij 56 to P123, in which case the silicawmrk was incompletely cured
for > 1 h. Post-coating manipulation of the structa@ing this finite period of
continuous silica condensation was demonstrated by charg&ntation of the porous
channels from parallel to a direction orthogonal te #gubstrate by placing the as-
deposited film in contact with a chemically neutral staie’*® In-situ fluorescence
spectroscopy probing has also been used to follow the chleamd structural changes
during surfactant templated silica film synthesis ansulte from those studies also
demonstrates the presence of a MSS period. as descriBedtion 2.6.

Ex-situ characterization to determine the final ordad gore structure of
surfactant templated thin films is mostly performed usingXtiay diffraction (XRD)
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and transmission electron microscopy (TEM). 1D XRDpé&formed in the Bragg-
Brentano geometry where the x-rays scattered frorsdahgle are captured by a detector
that moves in a circular path and perpendicular to tinepka surface. Peaks in the
scattering spectra are observed when diffraction odcars patterns / pores / atoms
spaced at regular distand@nd Bragg's law (Eq. 2.3) is satisfied:

nA = 2dsind (2.3)
where/ is the wavelength of the x-rays,is an integer andfis the angle between the
direct beam and the diffracted bedthFor ordered porous materiats,is one of the
characteristic d-spacing values associated with a partiqi@se. Hillhouse has
demonstrated that for 2D hexagonally ordered thin film pitbferential orientation of
the (100) plane of porous channels parallel to the substinateeflection from the (110)
plane will be absent and only (100) peaks and its higher oeflections will be present
in the patterr® TEM uses electrons transmitted through the mesoporauples to
create images of the materials and has been used umctop with XRD to confirm the

pore structure and orientation of the porous channelstmsirates??

2.4 Tailoring of Surfactant Templated Materials

Synthesizing ordered mesoporous thin films with precisentaiion and
geometry of pores significantly increases the poteapalications of mesoporous silica,
as discussed in the last section. Another methodpaneikthe applications of surfactant
templated mesoporous materials is to tailor the potetsire of the materials directly
during synthesis without altering the template structukpplications of tailored
mesoporous materials have been demonstrated in drug deltleomatographic and
electrode application$®*4®

Tailoring pore structure in surfactant templated mesmpmomaterials proceeds by
altering the surfactant liquid crystal structure and givan the effective surfactant
packing parameter. Numerous methods including the additiefectrolyte and alcohols
to alter headgroup repulsidft, or addition of organic swelling agents in hydrophobic
micelle core to increase the valuewf**have been demonstrated as means of changing

the packing parameter and hence pore structure.
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The addition of long chain amines to as-synthesized MIMilica materials
was demonstrated to increase the pore size from 3.5 ran nwst 13.5 nrir° Pore
expansion occured through micelle expansion but was accoenphy a loss of pore
order. Recently, P123 templated mesoporous titania thin filntk tailored pore
diameters between 8.3 nm to 14 nm have been synthesizadylththe addition of
butanol, which acted as a co-surfactant during micellmdtion’*° The most common
method for pore expansion has been the introducti@nafrganic agent that swells the
micelles directly during material synthesis. Differemtganic compounds including
aromatic molecules like benzene, substituted benZergsriisopropylbenzene, etc.) and
mesitylene or alkanes such as octane, nonane, deadeeatie have been successfully
used in separate studies to swell the micelle size.t#fctant and copolymer templat¥s.
39151 gjgnificant pore expansion in surfactant templated mdgenigh pore sizes up to
9.1 nm for MCM-41 and up to 43 nm for SBA-15 materials wasrobsge The pore size
of mesoporous silica templated with a nonionic fluoridasarfactant, C{CF;);C,Hs-
(OCH4)9OH has also been expanded through the incorporatiarflobrinated solvent,
perfluorodecalin, in the micelf&?

The interaction of organic agents with surfactant aggesdaas been investigated
in separate studies by Ulagappan et>3nd by Kunieda and coworkéfsThese results
suggest a systematic guide towards selecting swelling afperdashieving specific pore
expansion. Ulagappan et. al. studied interactions of alkensesrfactant micelles and
suggested a difference in alkane incorporation behaviormadgilecule size, as illustrated
by the schematic in Figure 2.3.

Small alkanes (smaller than octane) were observeestdt in negligible increase
in micelle size suggesting alkane penetration in the ctarfa tails (Fig. 2.3a), whereas
alkanes larger than decane demonstrated a significant sSecireanicelle size indicating
the formation of a separate core in the micelle (RAgb). Kunieda et. al. also
demonstrated that long saturated molecules like decam@the size of liquid crystals
suggesting the formation of a separate core in micelleeggtgs. Kunieda’s group
further demonstrated that for aromatics, such as m-xyland, alcohols, such as
dodecanol, complete solubilization in the surfactaitdecurred and no swelling in

micelle size was observed.
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The difference between organic solvents solubilizing & t&il or forming a

separate core in the micelle can be interpreted fronslihage in free energy of mixing
of the solvents and surfactant tdf$.The penetration of short alkanes in the tails of
surfactant molecule is because of a favorable freeggrdifference between the smaller
alkanes and surfactant tail. For molecules larger deaane however, the beneficial free
energy of mixing of alkanes with the surfactant talsery low and result in the alkanes

being present in a separate core surrounded by surfactatuesl.

2.5 Compressed CQin Surfactant Aggregates

The advantageous properties of sc,JO. = 31.1°C, R = 78.8 bar) as a
processing solvent, including excellent mass transfer prepehigh diffusivity, low
viscosity), a pressure tunable solvent strength and genaé of a vapor-liquid interface
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during depressurization suggests its application as an a#reslvent for tailoring
surfactant templates in mesoporous silica. S¢ 8Qalso nontoxic, nonflammable and
chemically inert and is considered to be an environmenfaéiyndly process solvent.
However, CQ is non-polar with a low dielectric constant and hasak van der Waals
forces (i.e. low polarizability). These properties @ Cesult in its low solvent strength
and limits the applications of sc G@s a processing solvent.

To take advantage of the tunable solvent properties ©@Oscformation of water-
in-CO, (W/C) dispersions such as microemulsions and emulsians been investigated.
Such dispersions have found numerous applications imrgty of areas including
organic and enzymatic reactiottspanoparticle synthesésemulsion templating® and
formation of porous polymers® The formation of W/C microemulsion and emulsion
systems requires surfactants to satisfy several egaints. The surfactant aggregates
need to have preferential curvature about water and uffactant tails need to be
significantly solvated by Cso as to overcome attractive tail-tail interacsiom prevent
aggregatiort? However, designing surfactant tails to have significads @enetration has
been extremely challenging because the low cohesivg\enensity of CQ results in
weak tail solvatior?®

Initial efforts to design C® based dispersions with several commercially
available hydrocarbon surfactants met with limited succbscause of the weak
interactions of C® with hydrocarbon groupS. The first successful surfactant design
with favorable interactions and high €®olubility was reported in 1992 by DeSimone
and coworkers when they demonstrated the solubility of(perfluoroalkyl acrylate)
(Poly(FOA)) with over 2500 repeat units in compressed @Opressures below 150
bar®® Subsequently, experimental techniques such as high pressaiteasgie neutron
scattering (SANS), NMR, and spectroscopic charact&izausing UV-Vis and
fluorescence were used to investigate the formation ofC Vémulsions and
microemulsiond®’*** Researchers successfully designed numerous »-fBic’
molecules capable of stabilizing dispersions in,@&luding fluorinated surfactants
(perfluoropolyether based surfactants and hybrid fluobmeahydrocarbon) and
fluorinated copolymers (PFOA). However, only a fewhs surfactants screened in those
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experiments were successful and initially it was dlfi to design ‘CQ@-philic’
surfactant$?

The first predictive method to design surfactants tdsaforming W/C
dispersions was demonstrated by Johnston’s group by cargelaterfacial tension of
surfactants at Cfwater interfaces with the hydrophilic-G@hilic balance (HCB) of the
surfactant:® The HCB is based on the balance between the inkemacof surfactants
with each phase (GQand water) and self-interaction between the diffepdiatses and is

defined a¥?163

1HCB = e = Ar = Ae (2.4)
A = Aut = Auy

whereAij is the interaction energy (treated here as a pogjtiemtity for favorable
interactions) for the various interactions between @G0, surfactant tail (T), water (W),
and the surfactant headgroup () Figure 2.4 (adapted from reference 67) demonstrates
the effect of CQ@ pressure and temperature on the HCB and interfacidbtemalues>’
At HCB = 1 the surfactant is at its most balancedestath the lowest interfacial tension
At this point of balance, dispersions can be variethfid/C to C/W by tuning different
process variables, such as Qessure and temperature and system pH and s&lifity.
Increase of either salinity, Gressure or temperature or a decrease in pH leads to an
increase in the favorable interactions between @l the surfactant and hence greater
CO; penetration in surfactant (Fig. 24)da Rocha and coworkers used the plot of
interfacial tension values as a function of HCB aguae for the design of a PDMS
copolymer for formation of a C/W microemulsi&hThe number of hydrophilic groups
(EO) and hydrophobic groups (PO) in a PDMS-EO-PO copolymas gradually
changed to form a copolymer with the lowest IFT possible

Another theoretical guide in designing surfactants for shabilization of

dispersions in Cg) the Fractional Free Volume (FFV) of a surfactards suggested by
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Figure 2.4 .Schematic of interfacial tension (IFT) of surfactaat
C/W interfaces as a function of HCB and other foatioh
variables. (adapted from Psathas et/)al.

the same grouf* FFV is defined as
FRV=1- " (2.5)
tA,

whereV, is the van der Waals volume of surfactant'f4it, is the length of the tail in an
optimum gas phase configuration akgis the interfacial area per headgroup. A low FFV
is required for the formation of W/C emulsions and oecnulsions; increasing the
stubbiness of the surfactant tail, which lowers the Rduces the tail-tail overlap. The
corresponding IFT decreases due to a reduction in tegpernetration between G@nd
water.

Recently, the use of theoretical paradigms like FFY @mwolecular simulatiod$
and experimental investigations of ¢@hteractions with surfactant aggregates have
resulted in the design of different ‘G@hilic’ surfactants in addition to fluorinated
molecules. Johnston’s research group has designed stubbylabed branched
surfactant®>**’and bulky trisiloxane surfactant8for stabilizing W/C emulsions and
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microemulsions. Anand et. al. have also used branctetdylated surfactants to disperse
silver nanoparticles in C3°° Small oxygenated hydrocarbon surfactants have also been
established as ‘Cgphiles’® Different molecular characteristics including a low
cohesive energy density, specific interactions with, @@d high free volume were
suggested in a recent review to be important for,*ghiles’ thus suggesting more
predictive ways to design ‘G&philic’ surfactants” The increasing number of ‘GO
philic’ surfactants suggest that applications of ,ClOr tailoring pore structure of
surfactant templated materials through ;C@rocessing of ‘C@philic’ fluorinated
surfactants has potential for tuning pore geometry.

Fluorinated molecules are among the most,@@ilic’ groups, as they posses all
three ‘CQ-philic’ characteristics discussed abd¥elhe large van der Waals radius of
fluorine results in a stubby, high free volume molecwleile electronegative fluorine has
specific interactions with the electron deficient cartof CQ " Fluorine also creates
molecules with weak intramolecular interactions, tresilting in fluorinated molecules

having favorable interactions with G@s demonstrated in numerous studies.

2.6 Fluorescence Spectroscopy Probing of Surfactant Templates danCO,
Dispersions

Fluorescence spectroscopy has proven to be an impddahtfor probing
molecular assemblies such as micelles, vesicles, podyamel in biological applications
such as DNA sequencing, cellular imaging and monitoring pratenformatior.’®*"®
The technique has been used to determine various system opsuch as
micropolarity, microviscosity, and also to probe inégd intra-molecular interactions.
Briefly, fluorescence is the energy emission thatuog when an electron in an excited
orbital (S) returns to the ground-state orbital o)\S(Fig. 2.5)}"" Fluorescence
sepectroscopy follows the fluorescence emission dficermolecules in the system
called fluorphores (generally polyaromatic hydrocarbansheterocycles) to probe
specific interactions of a system (e.g. solvatochcopmiobes estimate environment
polarity, probes with nonzero anisotropies measure mediiseosity). Fluorescence
emission can be accompanied by a number of other phenadueing the return of an
excited electron to the ground state including phosphenesc quenching, energy
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transfer, internal conversion, intersystem crossirysarivent interactions.’ Figures 2.5
and 2.6, representing two different schematics of tiodski diagram (adapted from
ref. 177), illustrate all of these different phenomdRasearchers have used each of these
different emission phenomena to investigate differsolecular aspects of a system and
have established the versatility of fluorescence spsmipy. Another advantage of
fluorescence is its high sensitivity which allows the ateery small concentration of
fluorophores thus ensuring no destruction of other moletlractions in the system.
‘Solvatochromisn’® is the ability of some fluorescent probes to charige i
absorption and emission spectra through change in atimna with the surrounding
solvent and has been used to investigate local polarityhibty and reaction kinetics in
various system¥*8! Solvatochromism behavior is either based on a dezrieashe
excited state energy due to an increase in solventityadarcan be due to specific probe-
solvent interactiony’’ The fluorescence of a probe molecule is the foundaticeveral
‘solvent polarity’ scales. The {€30) scale is based on the solvatochromic probe,
pyridinium N-phenolate betaine dy¥ while the n* scale depends on nitroaromatic
indicators®® The Py-scale is the result of variations in thatieé intensities of pyrene

emission bands with a change in the solvent poldtity

S :
: Internal conversion
S1 - - Intersystem crossing
. Ty
Absorption Fluorescence /
A
hv, hv, Phosphorescence
y y
So

Figure 2.5 One form of Jablonski Diagram demonstrating fluoreseenc
phosphorescence and intersystem crossing (adapted froh7 7gf
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Figure 2.6 A form of Jablonski Diagram showing quenching and
nonradiative energy transfer (NRET)Xk; represents other
nonradiative paths to the ground state.(adapted frorth #&j.

The emission spectra of pyrene at low concentratibe®w excimer formation)
display five sharp vibronic bands. The intensity of the @rlission band (I1 band)
increases in comparison to the other bands in the preseregahr solvent and the
relative increase (as measured by the ratio of 11/I3 lpatid) has been correlated to
solvent polarity’®**® The value of the 11/I3 ratio varies from 0.6 for a mmrar solvent
like hexane to 1.8 for a polar solvent like w&f&rThe polarity dependence of pyrene
was determined to be primarily due to specific soluteesuldipole-dipole coupling and
some effects from the-orbital interactions between solute and solvEft:®

Another technique in fluorescence spectroscopy used frédguentmicelle
systems to determine aggregation numbE¥® probe localization®® reaction
kinetics!?® diffusivity of reactant§" and medium viscosity? is quenching, and its
mechanism is demonstrated in Figure 2.6. Quenching is any pribe¢ssecreases the
emission intensity and can happen through various phenomelo@ing excited-state
reactions, molecular rearrangements, energy trangfeynd state complexation and
collisional quenching’” Quenching can be either dynamic, resulting from diffoai
encounters between probes and quenchers, or statigimgdubm molecular binding

between the fluorophore and the quencher. Both forms ofcuenrequire contact

21



between the probe and quencher and illustrate the impertdrquenching as a method
to investigate localization and diffusivity of molees! Fluorescence quenching can
occur via several mechanisms depending on the quencher. gy both oxygen
and heavy atoms such as iodine, bromide probably occurs dtiee téluorophore
undergoing intersystem crossing to a triplet state witeie quenched in the solvent.
Aromatic molecule such as pyridine quench mainly through elattron-transfer
mechanism, and both static and dynamic quenching for amsmiadis been observed.
Fluorescence quenching is also an important technique in bialogystems and has
been applied to investigation of protein conformation and ibind®**°** and probe
binding to DNA!® A detailed list of quencher-fluorophore pairs is provided
elsewheré!’

Fluorescence non-radiative energy transfer (NRET) resjuhe presence of two
probes in the system and is the transfer of energy &o excited donor to an acceptor
through long range interactions between the donor aneéptmc and without the
appearance of a photofi. Figure 2.7 shows a schematic of the energy transfeepso
and demonstrates the two most important propertiesrniéatl to be satisfied by the
probes for significant NRET occurrence. First, the ssion spectra of the donor must

overlap the absorption spectra of the acceptor, asrigmated by the darkened region in

Acceptor Acceptor

Absorption Emission

I

|
Donor Donor (/ |
Absorption  Emission o

|

|

|

|

|

|

|

|
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|
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\\
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Figure 2.7. Schematic of the mechanism of non-radiative

energy transfer (NRET) between an acceptor and donor
(adapted from ref. 177)
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Figure 2.7. Secondly, the two probes must be localiz¢lde same environment and be in
close proximity. For efficient energy transfer, thstaince between the two probes should
be less than their characteristic Forster distaffcehich is defined as the distance at
which energy transfer is 50% efficient. The rate ofrgpdransfer from a donor to an
acceptor is given by
= (1k)* (Ro/n® (2.6)

where k rate of transferz is decay time of the donor, k& the characteristic Forster
distance and r is the distance between the probesstfbieg dependence of energy
transfer on distance has resulted in wide applicatioNRET to measure distance and
hence localization and conformation of the two probH#RET has been extensively used
in biological systems in investigating foldiny,orientation:®® catalytic reaction rate and
intramolecular interactions in protefi%and in following association reactions in DNA

oligomers?®®

Energy transfer has also been extensively utilinedembrane systems e.g.
in polypeptide membran&s and in membrane bound protéfido measure the distance
of closest approach between membrane bound proteins egpt@cbound lipds. NRET
has also been used in polymer systems to investigate aiogyti®>2%*

The efficiency (E) of energy transfer is generallffirg®l as the fraction of
photons absorbed by the donor that are transmitted tacteptor and can be described
by177

kT
7 +k,

(2.6)

For energy transfer between acceptor-donor pairs sepaaat fixed distance, the above
equation can be rewritten’a5s

E=1 % (2.7)

where, F is the donor fluorescence intensity in presence andnkeissity in the absence
of the acceptor.
The efficiency of energy transfer in membranes folinked donors and acceptors is

expressed a§

A FO
= j F(O) (2.8)
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where, F(t) is the donor fluorescence intensity desa/ F(0) is intensity in the absence
of the acceptor. This form of describing energy transfer been used to calculate the
energy transfer efficiency as a function of surfatensity of energy acceptor in
phospholipids membrané¥,

For the specific acceptor-donor pair of pyrene and naprib, the efficieny of energy
transfer has been previously calculated using the faligormula:

E=lk/Iy (2.9)
where b is pyrene emission at 377 nm ardd naphthalene emission at 338 nm. Energy
transfer efficiency using eqn. 2.9 has been calculateskefeeral polymer systems labeled
with pyrene and naphthalefi&:?%*

In-situ fluorescence spectroscopy has been applied to piffeeent aspects of
the formation of dip-coated sol-gel thin films. The teka change in solvent composition
during dip-coating of a solution of ethanol, water, SD%l &ydrolyzed silica was
monitored as a function of time during the synthesiS$ templated lamellar silica thin
films using pyranine and pyrene as probes for in-situ floerese spectroscofy
Preferential evaporation of alcohol compared to watas wbserved during initial dip-
coating. Using the ‘solvatochromic’ nature of pyrenes study also demonstrated that
the film structure proceeds through initial micelle fotima, then breakup at intermediate
times and finally formation of the lamellar structur@anZ and coworkers used pyrene
and dipyrenylpropane spectrofluorometry and fluorescence bungnoeasurements to
investigate the change in micelle structure due to exehahthe counterions with excess
silicate ions present in the system during synthesismegoporous silic?’ The study
provided insight into the interactions between cationigastants (3, counterions (X
and the silica source *(lor I during porous silica synthesis. Pyrene fluorescence
guenching was used to understand the mechanism of formatmesofporous molecular
sieves by surfactant templating at extremely low stafgcand silica concentratiofi&,
while in another study time-resolved pyrene fluorescepenching probed the synthesis
of mesoporous alumina with SDS as template in an ureak8®S/alumina precursor
systen?®® Fluorescence spectroscopy was also applied to measumethility of various
probes (rhodamine 6G, sulforhodamine B, Oregon Green 514)deetdbén sol-gel silica
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films when placed in contact with different solventgaler or ethanol) by measuring
anisotropy value$:°

Fluorescence spectroscopy has been frequently used taigatesmolecular
interactions in supercritical fluids. Solvatochromiobes, including both the Kamlet-Taft

é12213\yere used in fluorescence studies to demonstrate the

n* scale probeés! and pyren
presence of a solute-solvent clustering phenomena in scSolite-solvent clustering has
been observed in many supercritical fluids and is definednaaugmentation in local
solvent density about a solute molecule compared to the density”’* The density-
dependence of solute-solvent interactions in sg @&@s also monitored using the Py-
polarity scale. Increasing GQlensity resulted in increasing Py values (11 / I3 ratio of
pyrene emission bands), suggesting greater $o®ation of pyrene. However, the increase
was quite nonlinear, with rapid increase in Py value @bskeat reduced density values less
than 0.5 indicating greater solute solvation by,@Cthat density range, followed by much
smaller increase in Py value at higher,@@nsities:*42*3

Fluorescence spectroscopy was also used to investigate &sSBYreCQ
penetration in AOT/water/isooctane reverse micéfledpplication of the solvatochromic
probe, 6-propionyl-2-(dimethylamino)-naphthalene suggested ncants change in
polarity of the micelles with COpenetration, while the viscosity of the micelle caas,
calculated from the polarized emission of 8-anilino-1hthplenesulfonic acid was
observed to decrease with €Qptake. In another study, pyrene fluorescence was used to
interpret the local environment in the microregions of, G@elled fluorocarbon micelles.
Py values demonstrated that with increasing @énetration and micelle swelling, pyrene
was located in an increasingly non-polar environment stimonilar to pure CO(Py =
0.9)° Compressed C{penetration in thin films to alter the dynamics of selmovement
has been investigated by following the diffusivity of pyranepolystyrene films as a
function of CQ penetration using steady state fluorescence quentfiing.

High pressure fluorescence nonradiative energy tranN&ET) with pyrene
labeled polystyrene has been used to investigate theazbteah of various probes in
polymer films during real time COprocessing’’ NRET studies have also been

extensively applied in both surfactant and block copolymieelfar systems to investigate
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the partitioning of probes in different environments, to abirize the microenvironment

of the micelles and also to study the structure of ticeltas?****°

Copyright © Kaustav Ghosh 2007
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CHAPTER THREE

SUPERCRITICAL CARBON DIOXIDE PROCESSING OF FLUORIN ATED
SURFACTANT TEMPLATED MESOPOROUS SILICA THIN FILMS

This chaper is based on work published as:
Ghosh, K.; Lehmler, J.H.; Rankin, S.E.; Knutson, Bllangmuir, 2005 21, 6145.

3.1 Summary

The effect of processing mesoporous silica thin films vetipercritical CQ
immediately after casting is investigated, with a goausihg the penetration of GO
molecules in the tails of fluorinated surfactant tengdato tailor the final pore size.
Well-ordered films with 2D hexagonal close-packed pore &trea@re synthesized using
a cationic fluorinated surfactant, 1-(3,3,4,4,5,5,6,6,7,888,0,10,10-
heptadecafluorodecyl)pyridinium chloride, as a templatiggnt. Hexagonal mesopore
structures are obtained for both unprocessed films aad @ibcessing the cast films in
CO; at constant pressure (69 — 172 bar) and temperatuté (@545C) for 72 hours,
followed by traditional heat treatment steps. XRD aBdMTanalysis reveal significant
increases in pore size for all @@eated thin films (final pore diameter up to 4.22 + 0.14
nm) relative to the unprocessed sample (final pore demad 2.21+ 0.20 nm) before
surfactant extraction. Similar pore sizes are obthwith liquid and supercritical fluid
treatments over the range of conditions tested. Tiessdts demonstrate that combining
the tunable solvent strength of compressed and supedc@i@awith the ‘CQ-philic’
nature of fluorinated tails allows one to use GQfocessing to control the pore size in

ordered mesoporous silica films.

3.2 Introduction

Surfactant templating to create ordered mesoporous @amith pore sizes in
the range of 2 — 50 nm was demonstrated in the early f4%rsl extended the
application of molecular sieves to larger chemicalemoles. Mesoporous thin films are
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of particular interest due to their potential applicatimnsiembrane separations, selective
catalysis, sensing, adsorption, biological and optiaahctions'?®132133221 Thege
applications of mesoporous materials require pores ifmfréd structures, sizes and
functionality.

Surfactant templated mesoporous materials are forrmedgh a liquid phase co-
assembly of the surfactant and an inorganic precursbe Hydrolyzed precursor
associates itself with the hydrophilic head group in the@agiphase and polymerizes to
form a solid network while the hydrophobic tail groups of sufactant pack close
together to form an ordered mesophase. The structurheofsurfactant template
determines the size and shape of the pores that arddbind after extraction or
calcination®® The most common technique for tailoring pore structares sizes is
expansion by introduction of an inert swelling agent, eithemg the preparation of the
micellar solution or after addition of the precurd6t. Hydrocarbon swelling agents (for
example, dodecane and mesitylene) solubilize within the olepdoon tail of the
surfactants or co-polyméfsto achieve significant pore swelling. The addition of dopan
molecules (such as carbazole and fluorine) and codslysuch as tetrahydrofuran and
benzene) has also been reported to influence the finatisre of thin films??? However,
the use of these agents for tailoring pore structure thimmdeads to either complete
transition to a new mesophase or loss of long-ranger ir%222

The tunable solvent strength of compressed and sc (sujpalt O, suggests its
use as a structure altering agent for the controllggaresion of pores formed by
surfactant templating. Compressed or supercriticad 0@ = 31.TC, P. = 73.8 bar)
offers the additional benefits relative to traditibnarganic solvents of being
nonflammable, nontoxic, environmentally acceptable and pimesive. Watkins and
coworkers have recently reported the synthesis of eveitred mesoporous silica films
by the CQ processing of preformed block copolymer (comprising Pluroni@stants)
or Brij surfactant templates containing an acid cataR/sThe silica precursor was
introduced into the preformed template using humidified, @@d condensed in the
hydrophilic domains. Compressed £0ntroduced at 123 bar and 60°C for 2 hours)
acted to swell the template and rapidly remove algah@roduct of the condensation,
leading to improved condensation within the films. In &#ddj Hanrahan and co-workers
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controlled the pore expansion of mesoporous silica throe@®sprocessing of triblock
copolymer templating agents (Pluronic surfactants, P123P&889 in an acid catalyzed
medium??® Significant swelling of the hydrocarbon copolymer tert®laas achieved,
resulting in an increase in pore diameter from 6.5 nm (uegsed) up to 10 nm.
However, pressures as high as 482 bar were used to adh®&level of pore expansion
in the resulting mesoporous silica.

Many fluorinated moieties have been identified as ;@@ilic” based on their
high solubility in CQ.”*?**lonic fluorinated surfactants have been successfullgt e
the formation of reverse microemulsions in £ ®ith significant penetration of the small
CO, molecules into the surfactant tail regf§i®??>*?° Mesophases formed by
fluorinated surfactants generally self-assemble moréyessd form a broader range of
nanoscale structures than their hydrocarbon anatdé<.These mesophases are more
stable, better organized and rigfd.Our group has demonstrated the base-catalyzed
precipitation of silica particles with both 2D hexagoualindrical pore3' and novel
mesh phase poré€ by templating with 1-(3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-
heptadecafluorodecyl)pyridinium chloride (HFDePC). Oa Hasis of their C&philic
nature, ionic fluorinated surfactants such as HFDePC beageal candidates for GO
controlled pore swelling during the synthesis of mesoporoterials.

We report for the first time the acid-catalyzed sysih@f mesoporous thin films
using a cationic fluorinated surfactant, HFDePC, and tleetedf sc CQ processing on
the structure of the thin films templated by this surfatctalhe thin films were
synthesized in an acid catalyzed medium to minimizestioxane condensation rédte
and processed in G@mmediately after coating the sol on a glass substféie effect of
CO; processing on the thin films was investigated at gasetii€ @nd 69 bar), liquid
(25°C and 172 bar), and supercritical £@5°C and 103 to 172 bar) conditions and
compared to non-C{processed films with identical thermal histories.

3.3 Materials and Methods

The synthesis and characterization of 1-(3,3,4,4,5,5,%,8,8,9,9,10,10,10-
heptadecafluorodecyl)pyridinium chloride (HFDePC) has beenrted elsewheré® In
short, pyridine was alkylated with,1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8-heptadecafluoro-10-
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iododecane to yield 1-(3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-
heptadecafluorodecyl)pyridinium iodide. The pyridiniuodide was converted into the
corresponding chloride by ion exchange chromatography and wgbdut further
purification. Its purity was confirmed by mass spectroyjneaind melting point
measurements. The silica precursor, tetraethoxysiEHBEO®$) was purchased from Fluka
and was over 99% pure. Hydrochloric acid (0.1 N standardizieticsg was obtained
from Alfa Aesar. Absolute ethyl alcohol was purchasedmf Aaper Alcohol and
Chemical Co. (Shelbyville, KY). High purity carbon dio&i@©9.99%) was obtained from
Scott Gross Co. (Lexington, KY).

Thin mesoporous silica films were prepared on glass dtgetip coating based
on the procedure of Lu et &l.Before coating, the glass slides were first treatedn
ultrasonic cleaner and then sequentially cleaned withndesd water, isopropanol and
acetone. In a typical preparation procedure a mixtureE@S, ethanol, water and HCI
(mole ratio 1 : 3.8 : 1 : 5*I%) was refluxed at 6& for 90 minutes and a clear solution
with partially hydrolyzed silica was formed. Then, wated HCI were added and the
mixture was aged at 25 for 15 min and then at 8D for and additional 15 min. Finally,
HFDePC in the desired amount was directly dissolvedham®| and this solution was
added to the above aged silica sol with constant gfirfitne final mole ratio obtained
was 1 TEOS : 18 £1s0H : 5 HO : 0.004 HCI : 0.17 HFDePC. Slides were coated with
the above prepared sol at 7.6 cm/sec.

Immediately after coating the thin films were dividetbitwo treatment groups.
One treatment group of thin films was pressurized by i@@ 100 ml stainless steel Parr
Mini Reactor (rated to 623 K and 207 bar) under controllegpezature and pressure for
72 hours. The effects of GQpressure ranging from 69 to 172 bar and temperature of
25°C and 48C on the final pore structure were observed. The seceathtent group of
thin films was not processed in ¢@nd dried in an oven at temperature di26r 45C
for 72 hours. Thus, both processed and unprocessed batdhés fdms were subjected
to the same thermal treatment. After 72 hours, bodtrtrent groups were dried at room
temperature for 24 hours, then at’@0for 24 hours and finally at about £20for a
further 24 hours. The surfactant was then extracted fhenas-synthesized films using a
mixture of 45 ml of EtOH and 5 ml of concentrated HCI (366\v
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X-ray diffraction patterns were recorded on a Siemens 8@#Ff@ctometer using
with Cu K radiation A = 1.54098 A) and a graphite monochromator. The transmission
electron images were taken with a JEOL 2000FX instrunogerating at 200 kV.
Samples were prepared for TEM by scraping the filmshaffglass substrate and directly
depositing them onto a lacey carbon grid. The pore diamatmisd-spacings were
calculated directly from regions of parallel channelsmagnified TEM micrographs
(300%) using ImageJ softwafe. Pore diameters were measured from the distance
between the inside of two adjacent silica walls andkis perpendicular to the parallel
channels. Similarly, the d-spacing was calculated frandistance between the center of
one silica wall and the center of the adjacent wHile reported measurements were
repeated in ten different areas of the micrographs ahidrated with TEM images of
gold particles of known diameter (20 nm). Pore diamatel d-spacing measurements
for all materials were replicated three times by abiarizing samples synthesized in
different batches.

3.4 Results and Discussion

The synthesis of ordered mesoporous silica thin films usgagianic fluorinated
surfactant template under acidic conditions is firshalestrated in the absence of £O
XRD spectra for as-synthesized and extracted thin fipmepared using HFDePC as
templating agent and aged at°@5are shown in Figure 3.1. The trace of the as-
synthesized sample (Fig 3.1a) shows one sharp reflemtidrhas low intensity because
of the presence of fluorinated surfactant in the saMplEollowing extraction of the
sample, the contrast of the XRD spectra increasédvam sharp reflections are evident
(Fig 3.1b), suggesting long range order in the mesoporaterial. These two peaks can
be indexed as (100) and (200) peaks of either a hexagonal dlatasteicture. However
retention of the order of pore structure even afteastant extraction suggests hexagonal
pore structure; a lamellar structure would have collapsed sdirfactant removal. The
apparent absence of the (110) peak is consistent with ¢fiergmtial alignment of the
porous channels of the thin film with the (100) plane peired the substraté®
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Figure 3.1 XRD patterns of thin films prepared without €O
processing (a) as-synthesized and (b) after surfactaacgon

Although the order of the hexagonal structure is retaioethe unprocessed thin
films, surfactant extraction is accompanied by a slaghttraction in the silica channels,
as evident from a decrease in d-spacing from 3.15 nm for tfyn#sesized film to about
2.87 nm for the extracted film. Aging the unprocessed tmmsféit different temperatures
(25°C and 48C) results in the same hexagonal structure for filmo#t bonditions with
similar d-spacing (approximately 3.15 nm). Table 3.1 presentsremnaty of the d-
spacing, lattice parameter and pore diameter for the urgzede@nd COprocessed thin
films.

The long range order of the pore structure for thin fims processed in Gand
aged at 4% is confirmed by TEM micrographs of as-synthesized extdacted films
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(Fig 3.2). Regular arrays of uniform channels parallehto dhannel axis, characteristic
of a hexagonal structure, are evident in both the afasized thin film (Fig. 3.2a) and
extracted film (Fig. 3.2b) However, contrast is lowhe as-synthesized film due to the

Figure 3.2 TEM micrographs of (a) as-synthesized thin films proicessed
in CO; (b) extracted thin films not processed in£ADd (c) thin films
processed in COat 172 bar and 46 before surfactant extraction

MITOTIILTE Ul Huvliniatcu suliavialiit. 111 pPuIitc UidlliCLlTlHIWERL ALlTu thln fllm

(2.02 £ 0.17 nm), determined from its TEM image, varies sgantly from that of
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hexagonally ordered mesoporous particles synthesized byipagaipusing HFDePC as
templating agent in a basic medium (2.78 AhiJhe difference can be attributed to the
silica being neutral or slightly positively charged in gresent films, which is expected
to lower the aggregation number in the cationic micebbesméd from HFDePC relative
to the negatively charged silica present in the previoses. ca

The XRD traces of as-synthesized thin films processedams liquid, and
supercritical CQ are presented in Fig. 3.3. An increase in d-spacing isradxs at all
conditions of CQ processing relative to films with an identical thermiatory prepared
without exposure to CQO(Table 3.1). Thin films processed in scCQ03 bar and 172
bar, 45C) and liquid CQ (172 bar, 2%C) had a similar increase in d-spacing, with the
final value being about a 41% increase compared to the unpedcéfn. Films with
long range order are obtained at all conditions of @©cessing. For example, the XRD
pattern of the film processed at 172 bar antC4/Bas three sharp reflections, indexed as
(100), (110) and (200) reflections (Fig. 3.3a) of a hexagonal steucthe presence of
(110) peak in XRD spectra for the gfrocessed film is surprising and could be an effect
due to the swelling of the thin film by pressurized C&s observed previously for GO
processing of poly(dimethylsiloxane) thin films on silicdh Swelling of the thin film
above a certain critical thickness can lead to a dsereathe ordering ability of the
substrate to confine the porous channels parallel to theratgbsind result in three-
dimensional unconstrained growili. The thin film would then have multiple
orientations and the XRD spectra would show the (110¢atedn, as in the case of
hexagonally ordered powder.

TEM images confirm the hexagonal ordering and the expartdidhe pores of
CO,-processed thin films (Figure 3.2c). The pore diametereofttim film increases from
2.21 nm (x 0.20 nm) for the unprocessed material to 4.22 nm (z@n)4or thin film
processed in CQat 172 bar and 4€, as calculated directly from the TEM images. This
represents a pore size expansion of 91% in the pragessithese thin filmswhich is
much larger than obtained for a previous study on poreritajlof mesoporous silica
powder using C@ In this previous study using a hydrocarbon template, pesas
high as 482 bar were required to achieve a 54% increasaansge (from 6.5 nm to
10nm) in the formation of mesoporous silica powd&he pore diameter of thin films
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Figure 3.3 XRD spectra of thin films before surfactant extracti@pprocessed in
CO; at 172 bar and 46, (b) processed in Gt 172 bar and 28, (c) processed in
CO; at 137 bar and 46, (d) processed in Gt 103 bar and 46, (e) processed in
CO, at 69 bar and 4& and (f) not processed in GO

processed in COat other experimental conditions calculated from Tihages (not
shown) also increases compared to the unprocessed qdiaple 3.1).

Broad broken peaks in the XRD spectra and TEM micrograpl,-processed
thin films after extraction indicate partial collapsiethe hexagonal structure (images not
shown). An alternate pre-extraction procedure following €&atment, heating the films
to 150°C for 24 hours in vacuum followed by normal solvent aotion using EtOH/HCI
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Table 3.1: Summary of d-spacing corresponding to (100) peak, lattice ptenarel
pore diameters of unprocessed thin films and @©Ocessed films before surfactant
extraction as a function of processing conditions

172 bar and 28

Conditions of CO CO, d-spacing Lattice Pore Diameter (nnf)
processing Density (nm) Parameter
(g/ml)**® (nm)"*
Unprocesse50C) - 3.15 3.64 2.21 (£ 0.20)
Unprocesse@250C) - 3.17 3.66 2.23 (£ 0.20)
Unprocessed (4&); - 2.87 3.32 2.02 (£0.17)
extracted
Gaseous CgQ 0.178 3.70 4.27 3.32 (£ 0.15)
69 bar and 48C
Supercritical CQ; 0.544 4.28 4.94 4.03 (x 0.15)
103 bar and 4%C
Supercritical CQ; 0.715 4.24 4.90 4.06 (£ 0.14)
137 bar and 4%C
Supercritical CGQ; 0.779 4.45 5.14 4.22 (£ 0.14)
172 bar and 4%C
Liquid COp; 0.894 4.41 5.10 4.20 (+ 0.15)

" Lattice parameter of hexagonal structure calculateu fiee d-spacing values obtained

in the XRD experiment by the formula: a =Y2)*d100

*Figure in bracket show the absolute value (in nm) efrttaximum deviation of pore
diameter from the average values calculated from téereht TEM images of the same

sample.

mixture, appears to be more successful at maintaininghihefitm structure. XRD
spectra of these extracted £@ocessed thin films (images not shown) have one sharp
peak for the (100) reflection with an intensity countwb® times greater than the films
before extraction. The large increase in contrast oDXdpectra suggests successful
extraction of the surfactant and conservation of orfier the thin film. Further

characterization of these G@rocessed thin films and optimization of the pre-exivact

techniques to maintain structure will be the subject afruinvestigations.
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The solvating power of COfor the fluorinated surfactant tail is hypothesized to
control the expansion of pores in the mesoporous shicafiims. The thickness of the
silica walls (before surfactant extraction) as clmd from the difference of the lattice
parameter and pore diameter is observed to decrease #8mrh. for unprocessed film
to 0.90 nm in the presence of liquid £Q72 bar and Z&). This decrease suggests that
increase of d-spacing with G@ressure is primarily due to swelling of fluorinated tail
and is consistent with the proposed hypothesis. Althougimaease in pore size or d-

spacing due to tail solvation is expected with increasing @®sity,**"°

no significant
difference in the pore diameter was observed for itpeid and scC@ processing
conditions investigated. The lack of a difference mlyer be because the fluorocarbon
tails are swollen so effectively by G@hat they are saturated even at the density of sc
CQOg,, or because the micelle swelling is constrained byitica snatrix.

Finally, we note that while we have shown £O@ocessing to alter pore size in
fluorinated surfactant templated films, recent computewlations by Johnston and
coworkers suggests that g®olvates both fluorinated tail and hydrocarbon tailosin
equally well?®* Thus, CQ may have more general applicability as a structureiragter
agent of surfactant templated thin films, with the po&¢td tailor the pore size of a large

range of mesoporous materials.

3.5 Conclusions

Mesoporous silica thin films with well ordered hexagomsatucture were
synthesized using a cationic fluorinated surfactant undeicamaiditions. This synthesis
extends the advantages of fluorinated surfactant témglauch as high thermal stability
and a broad range of nanoscale structures, to thin fild@ processing of the
mesoporous silica film directly after coating expanded gbees and increased the d-
spacing of the thin flms. The expansion is achieved thra@adyation of ‘CQ-philic’
fluorinated surfactant tail by GO Compressed COwith its high diffusivity, provides a
large degree of control over the pore size while maimgithe long range structure,
unlike some previous investigations using traditional organiests as pore swelling
agents>° The pore expansion increased as the f®cessing conditions were changed
from gaseous (69 bar and°€9 to supercritical or liquid state. Processing in liquidso
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CQO; induced a 90% increase in the pore diameter of the aBesyréd materials (from
2.21 +0.20 nm to 4.22 £ 0.14 nm). Applications of thin films withetble pore sizes are
envisioned in the fields of membrane separation or caalyiSuture work is aimed at
investigating the contribution of the constrained silicatrix on the final pore size
obtained after swelling. An improved description of tinestricted pore expansion as a
function of CQ temperature and pressure would enable us to optimize pragess
conditions and identify new surfactant systems forhnsynthesis and pore size control

of mesoporous silica films.

Copyright © Kaustav Ghosh 2007
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CHAPTER FOUR

TAILORING POROUS SILICA FILMS THROUGH SUPERCRITICAL CARBON
DIOXIDE PROCESSING OF FLUORINATED SURFACTANT TEMPLA TES

This chaper is based on work published as:
Ghosh, K.; Vyas, S.; Lehmler, J.H.; Rankin, S.E.utson, B.L.J. Phys. Chem. B. 2007,
111, 363.

4.1 Summary

The tailoring of porous silica thin films synthesized using
perfluoroalkylpyridinium chloride surfactants as tempigtiagents is achieved as a
function of carbon dioxide processing conditions anéastant tail length and branching.
Well-ordered films with 2D hexagonal close-packed pore &traare obtained from sol
gel synthesis using the following cationic fluorinated factants as templates: 1-
(3,3,4,4,5,5,6,6,7,7,8,8,8-Tridecafluoro-octyl)-pyridinium oclile (HFOPC), 1-
(3,3,4,4,5,5,6,6,7,8,8,8-Dodecafluoro-7-trifluoromethyl-octyhiginium chloride
(HFDoMePCQC) and 1-(3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-Heptadecatlecyl)-
pyridinium chloride (HFDePC). Processing the sol dei fvith CO, (69 — 172 bar, 25
°C and 45 °C) immediately after coating results imsicant increases in pore diameter
relative to the unprocessed thin films (increasing fr2@9 to 80% depending on
surfactant template and processing conditions). Pore sipamncreases with GO
processing pressure, surfactant tail length, and surfaatanthing, The varying degree
of CO; induced expansion is attributed to the solvation of@@,-philic’ fluorinated tail
and is interpreted from interfacial behavior of HFOPEEDoMePC and HFDePC at the
COy-water interface.

4.2 Introduction

Surfactant templated mesoporous thin films have generateld imerest because
of their broad range of potential application in membraeparation, adsorption,
catalysis, biomimetics, and chemical and optical sei§dt?132133.221.236-23hacantly
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synthesized ultralow-k dielectric trimethylsilylated meswmus silica thin films and
cross-linked methylsilsesquioxane low k dielectric thin filwmgh high mechanical
strength have also found application in the microeleateomdustry as insulator metal
interconnect$?®?** The evaporation induced self-assembly (EISA) process f
synthesizing surfactant templated films permits contftthe final mesostructure through
a variety of parameters such as initial sol compositmih, aging time, and relative
humidity13*137:138:140.24 5iloring the pore size and structure of surfactant tataeglthin
films, while maintaining their narrow pore size distribantand large surface area, will
increase their potential applications, as demonstratectailored mesoporous silica
powders in chromatographic and electrode applicafitné®

Porous silica film synthesis by EISA is initiated by tog a substrate with a
dilute solution of the surfactant and silica precurseagddration drives the concentration
of the surfactant above the critical micelle concatian (cmc). Through a co-assembly
process, the hydrolyzed silica precursors associatestigthydrophilic head groups of
the surfactants and the hydrophobicity of the surfactaihtdtives the formation of
micelles. Further solvent evaporation results in asgembled mesophase. The precursor
then polymerizes to form a solid silica network in #tgieous portions of the surfactant
mesophase and, upon subsequent removal of the surfact@mipkated porous silica
material is obtained. The most common technique foortag pore size is the
introduction of an inert swelling agent directly during tbemation of the co-assembled
micelle. Hydrocarbon swelling agents (e.g., polypropylemdade, dodecane and
mesitylene) either solubilize within the tail of tradital hydrocarbon surfactant
templates or form an inner core surrounded by a layeurdécant molecule¥ 39243
When pore expansion occurs through the formation oha@ricore rich in the swelling
agent, progressive solvent addition can lead to vatwbili the final pore size. The
addition of too much swelling agent can cause completsiti@n to a new mesophase or
loss of long-range ordéf:>%#?2

The tunable solvent strength of compressed and sc (supaltr€OG (T, =
31.7°C, R. = 73.8 bar) suggests its use for the controlled expamdipores formed by
surfactant templating. Compressed and s¢ @Gé&s processing advantages relative to
organic solvents; it possesses a high diffusivity wHde &eing nonflammable, nontoxic,
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environmentally acceptable, and inexpensive. The abilit§@f to expand mesoporous
silica pores has been demonstrated for hydrocarbon copotgmefates (P123, P85 and
F127) of mesoporous silica powdéré?® The dilation of hydrocarbon surfactant
templates by C®has also been used to infuse reactive precursor intodahon-based
nanocast templat&sand to introduce a gold nanocrystal dispersion intocifiedrical
pores of mesoporous silié&: More recently, we have demonstrated the ability tollswe
the pores of fluorinated surfactant (HFDePC) templatd@asifiims using CQ
processing®> A 90% increase in pore diameter was observed for filsqssed in sc
CQO, at 172 bar and 45°C prior to surfactant extraction. mparison, pressures as great
as 482 bar were required to achieve a pore expansion of 54fitantemplated with a
hydrocarbon surfactant (Pluronic copolymer, P123).

The dramatic pore expansion achieved in fluorinated surfatéamglated silica
suggests a favorable penetration of,Glecules into the fluorinated tails compared to
hydrocarbon surfactants. Indeed, many fluorinated moietie® been identified as
“CO3z-philic” based on their high solubility in GQand their weak dispersion forces,
which are similar to that of GJ*??*CO, processing of fluorinated surfactant templated
materials has the potential to combine the high degreeladt®n of fluorinated tails
with the tunable solvent strength of €@ achieve a broad range of pore sizes in
nanoporous ceramics. The high diffusivity of sc.30ggests its effective transport into
the surfactant tails compared to traditional organic stdyem property that has already
been exploited in the functionalization of mesopomersmics 242

CO, solvation of surfactant templates leading to pore exparia mesoporous
silica draws many analogies to the formation and Iswgebf self-assembled aggregates
(e.g., micelles) in C® Reverse microemulsion behavior in £lias been the focus of
numerous investigations because the aqueous core providesraepgironment for

organic and enzymatic reactiol$’ extraction’*® nanoparticle synthesgg®2>°

and
‘green’ applications of carbon dioxide technoldgy. The weak solvation of traditional
hydrocarbon surfactant tails by €Qs not sufficient to promote Ckrontinuous
microemulsion formation. The design of fluorinated a@,-philic surfactants for
reverse microemulsion formation and the subsequentlisgvebehavior of micellar

systems has provided a great deal of insight into thetqagio@ of CQ molecules into
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the surfactant tail regiott:"®??>??**The emulsion and microemlusion formation behavior
of a series of surfactants and block co-polymers haa beeelated with interfacial
tension (IFT) at the Cowater interface8’®®"*Low IFT values are required for reverse
microemulsion formation as it decreases the Giblbes émergy penalty associated with
the large surface area formed.

=
1-(3,3,4,4,5,5,6,6,7,7,8,8,8- 1-(3,3,4,4,5,5,6,6,7,7,8,8,9,9, 1-(3,3,4,4,5,5,6,6,7,8,8,8-
Tridecafluorooctyl)pyridinium 10,10,10 - Dodecafluoro-7-trifluoromethyloctyl)-
chloride (HFOPC) Heptadecafluorodecyl)pyridinium pyridinium chloride (HFDoMePC)

chloride (HFDePC)

Figure 4.1.Schematic of the homologous series of perfluoroalkydiryium chloride
surfactants

In this paper we report the acid-catalyzed synthesis copwrous thin films
using a series of perfluoroalkylpyridinium chloride sutdats as pore templates and
describe the effect of GOprocessing on the structure of the thin films. The three
surfactant templates, HFOPC, HFDoMePC and HFDePC @igLl), were chosen to
systematically study the ability to tailor pore siaegh changes in C® processing
conditions, fluorinated template tail length, and sudatbranching. Pore expansion is
interpreted from the change in the hydrophilicAbilic balance (HCB) of each
surfactant as a function of processing conditions, asriied by the relative solubilities

42



of HFOPC, HFDoMePC and HFDePC in water and, @@d the interfacial activities of
the surfactants at the G@vater interface.

4.3 Materials and Methods

4.3.1 Materials. The  fluorinated  surfactants  1-(3,3,4,4,5,5,6,6,7,7,8,8,8-
Tridecafluorooctyl)pyridinium chloride (HFOPC; gRi3(CH2):NCsHs™ CI),  1-
(3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-Heptadecafluoro-decyl)pyrdi chloride
(HFDePC; GF1#/(CH,).NCsHs" CI) and 1-(3,3,4,4,5,5,6,6,7,8,8,8-Dodecafluoro-7-
trifluoromethyloctyl)pyridinium chloride (HFDoMePC; (GzCFC4Fg(CH,),NCsHs" CI

)) were synthesized as described previot&SI\Briefly, for each surfactant, anhydrous
pyridine was alkylated with the corresponding 1H,H,2H,2Hlperoalkyl iodide. The
pyridinium iodide was converted into the corresponding raido by ion exchange
chromatography. The purity of all three surfactants egadgirmed by mass spectrometry
and melting point measurements (as detailed elsewHefi@traethoxysilane (TEOS,
purity > 99%) was purchased from Gelest. Absolute ethyhalgourchased from Aaper
Alcohol and Chemical Co. (Shelbyville, KY), deionizeltrafittered water from Fisher
Scientific and hydrochloric acid (0.1 N standardized solyitabtained from Alfa Aesar
were used for thin film synthesis. Carbon dioxide (Colengaade, 99.99+%) was
purchased from Scott Gross Co. (Lexington, KY). Concertramueous HCI (Fisher
Scientific) was used for surfactant extraction.

4.3.2 Cross-Polarized Microscopy. Samples of HFDoMePC /-8B mixtures were
observed between crossed polaroids for birefrigend; sarbsequent identification of
mesophases at room temperature (23 + 1 °C). Samples vegrargul at four different
concentrations (30 wt%, 40 wt%, 50 wt% and 60 wt%) of HFDB®I&y mixing known
amounts of HFDoMePC and water in a vial for 24 hourfetm a homogenous mixture.
The mixture was then placed on a glass slide in betweeichannels of a spacer. The
spacer was covered by a cover-slip to prevent any evapod the sample and allowed
to equilibrate for 72 hours to form the observed mesophase.

4.3.3 Thin Film Synthesis. Thin porous silica films were synthesized by dip coating on
glass slides based on the procedure of Lu Bt Bie glass slides were cleaned by treating
them in an ultrasonic cleaner and then sequentiallyngrtsiem in water, isopropanol and
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acetone. Initially, TEOS, ethanol, water and HCI @ncdtio 1: 3.8: 1: 5*18) were
refluxed at 65°C for 90 minutes and a clear solution of partially hygted silica was
formed. Water and HCI were then added in calculated gigantiesulting in a pH of
approximately 2 in the final solution, and the mixture wged at 25 °C for 15 min and
then at 50C for an additional 15 min. Finally, a solution of thefactant in ethanol was
added to the previously hydrolyzed silica sol under constaning. The final mole ratio
obtained was 1 TEOS : 12,ls0H : 5 HO : 0.004 HCI : x surfactant (x varying
between 0.15 — 0.21, depending on surfactant). This solutisrtivea dip-coated onto
the slides.

Immediately after coating, the thin films were dividatb two treatment groups.
One treatment group of thin films was pressurized by i@@ 100 ml stainless steel Parr
Mini Reactor (rated to 623 K and 207 bar) under controllegpezature and pressure for
72 hours. The effects of G@ressure (69 to 172 bar) and temperature (25 °C or 45 °C)
on the final pore structure were observed. The secomdintest group of thin films,
which was not processed in gQvas dried in an oven at temperature of 25 °C or 45 °C
for 72 hours. This ensured uniform thermal conditions fothlbatches of thin films.
Both treatment groups were next heated to 150°C in vacuuatir{@estarted at 30°C and
oven temperature was ramped by 30°C every 6 hours) toeetmadensation of the silica
wall. The surfactant was then extracted from theyaghesized films by washing twice
with acidic ethanol (5 ml of concentrated HCI in 45ahEtOH) .
4.3.4 Thin Film Characterization. X-ray diffraction patterns were recorded on a
Siemens 5000 diffractometer using Cu Kadiation § = 1.54098 A) and a graphite
monochromator. Transmission electron microscope (THMWJges were taken with a
JEOL 2000FX instrument operating at 200 kV. TEM samples weaped by scraping
the films off the glass substrate and directly deépmsthem onto a lacey carbon grid.
The pore diameters were calculated from the TEM mgi@phs using ImageJ software,
as reported previousfy>?*> The pore diameters determined by TEM were confirmed by
nitrogen sorption measurements (on Micromeritics ari8000 system) for thin films not
processed in C£ which could readily be prepared in quantities sufficintnitrogen
sorption analysis (> 10 mg). Nitrogen sorption sampleepeepared by scraping the
films off the glass substrate and degassing at 140 °C fours lunder flowing nitrogen

44



prior to measurement. The method proposed by Dubinin andniétfawas used to
calculate pore size for the microporous materialsptatad by HFOPC while the BJH
method with a modified statistical film thickness equmti(KJS method}® was used to
calculate the pore size distributions for the mesopofibus templated by HFDePC and
HFDoMePC.

4.3.5 Interfacial Tension Measurements Interfacial tensions at the carbon
dioxide/water interface in the presence of the thr¢ierda fluorinated surfactants were
determined as a function of G@ressure (69 bar to 172 bar) at %45 The IFTs were
measured at 1.5 wt% surfactant in water, calculated toalmve cmc for each
surfactant® IFT analysis was performed using JEFRI high-pressurelgmndrop
tensiometer (DB Robinson Design & Manufacturing Ltd., Bdtan, Canada) in which
the drop phase fluid (surfactant + water) was introducedar€Q continuous phase. A
detailed description of the tensiometer is availablevetere®* An experimental run was
initiated by loading C@into the view cell at the desired pressure using a higlsymes
syringe pump (ISCO Model 500D, Lincoln, NB). Before formingpdets, the aqueous
surfactant solution was presaturated with,C& the experimental temperature and
pressure. Pendant drops were subsequently formed on thef éhd oapillary tube
(diameter 0.02 cm) by slightly increasing the pressurbardtop phase cylinder relative
to the pressure in the view cell. Images of the pendaop were recorded after
approximately 20 min. The interfacial tensions were ulated from analysis of the
pendant drop dimensions using a numerical solution to thiate equatiof>*?°°

4.3.6 Surfactant Solubility in CO,. The solubility of the cationic fluorinated surfactants
in CO, at 25 °C and 45 °C was examined using a Pressure Volume Té&medRVT)
apparatus (DB Robinson Design & Manufacturing Ltd., EdmgnBanada), as described
previously*>® Cloud point pressure was used to indicate the miscitlitpurfactants
with C0,.%® Pressures of 55 bar to 355 bar were traversed at 25 and 46d°@t
concentrations as low as 1 wt% surfactant. The flutethaurfactants were immiscible

with CO, at these conditions.

45



4.4 Results and Discussion
4.4.1 Synthesis of Silica Thin Films Templated by Cationi€luorinated Surfactants.

Fluorinated surfactants generally possess higher thetatality, self-assemble
more easily and form aggregate structures with lowerature compared to hydrocarbon
surfactants:®**'* The self assembly behavior of fluorinated surfactaesults in low
critical micelle concentrations and low surface temsiand the formation of fluorinated
mesophases with a broader range of structures includirg fintermediate’ phases. Our
research team has previously demonstrated the homologouges seof
perfluoroalkylpyridinium chloride surfactants as tempdaire the base-catalyzed sol gel
synthesis of porous silica powders, resulting in hexagdosé-gacked and mesh phase
structures® pore sizes in both microporous and mesoporous ringad vinyl
functionalized materials with increased accessibililative to hydrocarbon surfactant
(CTAB) templated powderS. The synthesis of ceramic thin films by templatinghwa
homologous series of fluorinated surfactants has the j@dtemtontrol pore size through
surfactant tail length and branching, while exploiting #wbantageous properties of
fluorinated mesophases.

In the present work, the phase behavior of the binaungriflated cationic
surfactant/water system guides the synthesis recipgh®racid-catalyzed thin films.
Previous syntheses of mesoporous silica films by triblagiolymer templating and
CTAB have demonstrated that the final structure of théemads corresponds to the
mesophase observed in the surfactant water phase diadramthe surfactant volume
fraction is equated to that in the film after remowélthe volatile solvent&’?*® The
binary water-surfactant diagrams were obtained fronratitee for the surfactants
HFOPC®® and HFDeP&* and volume fractions of 0.7 for HFOPC and 0.67 for
HFDePC were selected, corresponding to the centbedfexagonal domain in the phase
diagram. A surfactant concentration for formation hefxagonal mesophase in the
HFDoMePC/water system was determined as 55 wt% HFDoMg&iGme fraction of

0.64) using cross-polarized microscopy.
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Figure 4.2.XRD patterns of thin films prepared
without CQ processing and templated with (a)
HFOPC, (b) HFDoMePC and (c) HFDePC.

The XRD patterns of thin films templated with the thiestionic fluorinated
surfactants at 45°C after extraction are presented ind=-#dr Thin films templated with
HFOPC and HFDoMePC display one sharp reflection, ataig the formation of
ordered structure. XRD pattern of film templated with @ shows one sharp
reflection corresponding to (100) plane and a second weafkection that can be
indexed to the (200) reflection. The presence of orderirgy aftrfactant extraction and
position of the two reflections are consistent vtk formation of hexagonal structure
for the HFDePC templated film; a lamellar structureuld have collapsed after
surfactant removal. Representative TEM images fotha#e surfactant templated thin
films confirm the presence of well-ordered 2-D hexagstrailcture (Fig. 4.3).

The one reflection observed in XRD plots of HFOP@ Bi#DoMePC templated
films can then be indexed to the (100) plane of a hexagoesostructure. It is worth
noting that this is truly an example of evaporation-cetl self-assembly; forming
ordered bulk materials by polymerization at similar pH aadactant: silica values has
been very difficult due to the slow assembly of theséastants in concentrated solution
at moderately elevated temperatures.
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Figure 4.3. TEM micrographs of thin films prepared without £@ocessing and
templated with (a) HFOPC, (b) HFDoMePC and (c) HFDaR@ (d) for film
templated with HFOPC and processed in,@O172 bar and 45 °C.

The nitrogen sorption analysis reveals a Type | isathéor the HFOPC-
templated thin film, characteristic of microporous miate (Figure 4.4), and its pore
diameter was estimated as 1.91 nm using the method of DubihiKamanef> Type IV
isotherms, characteristic of mesoporous materia¢sevobserved for films templated
with both HFDePC and HFDoMePC. The KJS method (medifBJH method>®
applicable to the calculation of physical propertiesnesoporous material with uniform
cylindrical pores, was used to analyze thg 9érption data for both samples. Pore
diameters obtained from these Bdsorption experiments are 1.98 nm and diameters
calculated from B sorption measurements compare favorably with thdsalated from
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Figure 4.4.Nitrogen sorption isotherm of thin films prepared
without CQ processing templated with (a) HFOPC, (b)
HFDoMePC and (c) HFDePC. Open symbols are for adsarptio
and filled for desorption. The y-axis values have beésebby
130 units (trace b) and by 300 units (trace c) for clarity.

TEM images (as listed in Table 4.1). Aging the thin filh2% °C results in the
same hexagonal structure for all three surfactants, dvépacing values and pore sizes
similar to values obtained at 45 °C (Table 4.1).

Templating with a longer-tailed surfactant, the dextydin surfactant (HFDePC),
resulted in a larger pore diameter relative to the axttgin surfactant (HFOPC). This is
an expected trend because the pore size is determined @ngfle of the hydrophobic
tail group of the surfactarit. The tail length for each surfactant molecule wasutated
from their optimum configuration using SPARTARP. The surfactant molecule was first
created in an all trans configuration in SPARTAN and rmexenergy minimization was
performed on the molecule to using the classical MMFFKg4ef field to obtain the
optimum configuration. Finally the tail length of eacinfactant was calculated by noting
the distance between the pyridinium nitrogen atom haddst atom in the tail. HFOPC
and a branched version of this surfactant, HFDoMeé&Whtaining an additional GF
group) was determined to have similar surfactant tagtles) However the pore diameter
for HFDoMePC templated film is larger compared to HBQPmplated film, suggesting
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Table 4.1: Summary of d-spacing and pore diameter for thin film teraglatith all
three different surfactants as a function of,@@cessing conditions

COs- Density HFOPC film HFDePC film HFDoMePC film
processing | of CO, d- Pore d- Pore d- Pore
conditions | (g/ml)*® | spacing| diameter| spacing | diameter| spacing | diameter

’ (hm) | A(m) | (hm) | A(m) | (hm) | *(nm)

Unprocessed - 2.48 1.91 2.83 2.16 2.51 1.96
(45 °C) (0.092) (0.082) (0.086)
Unprocessed - 2.46 1.90 2.86 2.18 2.53 1.96
(25 °C) (0.088) (0.085) (0.084)
69 barand | 0.178 2.78 2.33 3.50 3.06 2.88 2.51
45 °C (gas) (0.086) (0.080) (0.087)
103 bar and| 0.544 2.9 2.58 3.94 3.57 3.12 2.84
45 °C (sc) (0.098) (0.084) (0.089)

137 bar and| 0.715 | 2.96 2.69 | 3.98 3.68 | 3.21 2.99
45 °C (sc) (0.094) (0.078) (0.082)

172 barand| 0.779 | 3.06 2.78 | 4.06 3.86 | 3.32 3.18
45 °C (s¢) (0.090) (0.084) (0.09)

172 barand| 0.894 | 3.06 276 | 4.05 3.84 | 3.33 3.17
25 °C (lig) (0.094) (0.082) (0.084)

#Values in the parenthesis are standard deviations of paretirs obtained from ten
different TEM images of the same sample.

that branching expands the core of the micelle templafie d-spacing values, as
calculated from the XRD plots, also increase shghthm HFOPC templated film (2.48
nm) to HFDoMePC films (2.51 nm), and are significantly larfige HFDePC (2.83 nm)
synthesized film. The similar trends in pore diameter expected, as the surfactant
chain length contributes to both parameters. Howeverdt$gacing (distance between
the (100) planes of the hexagonal close-packed struchaieles both the diameter of

the pores and the thickness of the silica walls.
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This trend in pore size with surfactant chain length alas observed during the
base-catalyzed synthesis of hexagonally ordered spadicles in a homogenous
medium?® In that study, the d-spacing for the HFOPC templateddeosv(2.66 nm) was
also smaller than both the branched HFDoMePC powd@e8d (1m) and longer chain
HFDePC templated powders (2.96 nm). The larger d-spacirgpga catalyzed powders
compared to acid catalyzed films as observed for eanplage can be attributed to the
silica being neutral or slightly positively charged in #d-catalyzed films, which is
expected to lower the aggregation number in the cationezlles relative to the
negatively charged silica present in base catalyzethasist
4.4.2 Effects of CQ Processing on Thin Film Structure

The ability to tailor the pore size of fluorinated swatint templated thin films by
CO, processing immediately after coating was examined ferhbmologous series of
cationic surfactants. Varying the properties of the stafa tail (tail length and
branching) and the solvent strength of Cfde expected to result in treated thin films
having a wide range of pore sizes. £frocessing and the resulting penetration of
surfactant tail for pore expansion in thin films occursirduthe modulable steady state
(MSS) of the film, a period reached a few seconds aitércoating, when the silica
network is not too rigid and the final structure can balified by external influenc®*
The higher diffusivity of sc C®is expected to be an advantage compared to organic
swelling agents as it allows more rapid penetratioo the surfactant tail during silica
condensation.

Figure 4.5 compares XRD plots of thin films templated WE#OPC as a function
of CO, treatment conditions immediately after coating. ldast one sharp peak
corresponding to the (100) reflection is observed foesltacted films, indicating that
the hexagonal ordering is preserved after, @focessing. A decrease ifi 2alue for the
(100) reflection, corresponding to an increase in d-spadrgyident for C@ processed
films relative to the unprocessed film. The largestease in d-spacing is observed for
the film treated at the highest pressure investigated (2.4&nmme unprocessed film
relative to 3.06 nm for C{processing at 172 bar). Liquid @@5°C) and sc C&O(45°C)
treatment at 172 bar result in similar d-spacing val{iesble 4.1)
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Figure 4.5.XRD spectra of thin films templated with HFOPC
and processed in G@t (a) 172 bar and 45 °C, (b) 172 bar
and 25 °C, (c) 137 bar and 45 °C, (d) 103 bar and 45 °C, (e)
69 bar and 45 °C, and (f) not processed in.CO

TEM images confirm the long range structure of the,f@cessed films
(representative TEM images are shown in Figure 4.3), are wsed to determine the
corresponding pore size (Table 4.1). The pore diameteesured directly from the
TEM images increase with GQpressure. For example, the largest pore diameter
observed for the HFOPC templated film is 2.76 nm for, @®atment at 172 bar and
45°C compared to 1.91 nm for the unprocessed film (Figure 4k Zdl).

The increase in d-spacing (Figure 4.6a) with,@@cessing mirrors the increase
in pore size (Figure 4.6b). Both measures of pore exgpamnstrease steadily at lower
CO, densities, but level off at higher G@ensity pco2 > 0.6 g/ml). However, the
magnitude of the increase of pore diameter with, @@cessing (20% - 80% at the
conditions investigated) is significantly greater tham thcreased d-spacing (10% -
45%). The difference results from the fact that thiekness of the silica wall, as
measured from the difference between the lattice petenta = 2/3*d-spacing) and the

pore diameter, actually decreases between 5% - 25% (degendCQ pressure and
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Figure 4. 6. Percentage increase of (a) d-spacing and (b)
pore diameter of thin films processed in O®@lative to
unprocessed films as a function of £d&nsity.

surfactant) with increasing pressure. Thus, the observelingveffect of CQ during
synthesis is limited to the pores.

The increase in pore expansion with increasing @@ssure (Figure 4.6) can be
interpreted from the driving force for the localizatiohCO, molecules in the surfactant
tails. For example, investigations of alkane incorporatiihin a CTAB (hydrocarbon)

micellar system have shown that short alkane sweliggnt penetrate the tails of
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surfactant molecule’S>?®* In contrast, the free energy of mixing of alkanedaiis is
unfavorable for alkanes larger than decane. Hence the laligme molecules form a
core at the center of the micelfé.CQO;, is a small molecule and has a favorable free
energy of mixing with the fluorinated tails as indicatsdthe high solubility of a large
number of fluorinated surfactants in €6%** Thus, CQ would be expected to be
solubilized in the fluorinated surfactant tails of themplates, as observed in
perfluoropolyether surfactant cylindrical micell@The larger pore expansion observed
with increased C@density is consistent with its increased solvermtrgth:*® resulting in

a higher degree of surfactant tail solvation.

Pore expansion reaches a near-constant value atdé@sities greater than
approximately 0.6 g/ml. Similarly, GOsorption during swelling of bulk and polymer
films like poly(methylmethacrylate) (PMMAF??%* polycarbonates (PG$>%** and
poly(dimethylsiloxane) (PDMS3'?®> and CQ solubility in hydrocarbon copolymer
agents like poly(propylene oxide) (PP®)also increases rapidly at lower pressure and
then levels off at higher pressure. Another reasothiopbserved limit in pore expansion
could be that the increased solvent strength with isergaCQ pressure may be offset
by the decreased diffusivity of GQvith pressure in supercritical and liquid conditions.
An additional explanation is that micelle swellingutth be constrained by the silica
matrix, which is fixed to a glass slide.

Figure 4.6 also compares the pore expansion in the silicdilths as a function
of surfactant tail length and branching of the templahe. film templated with the longer
-decyl tail surfactant HFDePC has a greater degree ref @xpansion relative to the —
octyl tail HFOPC templated film. GOs capable of solvating the entire length of the
fluorinated tail’® Therefore, an increase in number of fluorocarbon groupshé
surfactant tail leads to an expected increase in pgpansion by C@ The pore
expansion for the branched tail surfactant HFDoMeRGptated film is also larger than
that of HFOPC templated film (Figure 4.6) even though theluated tail length of both
surfactants are approximately equal. This result can asexplained by noting that
previous studies of water-in-G@nicroemulsions have shown that branching increases
surfactant solubility in C@resulting in greater solvation of the stubby branched tail

compared to straight chain surfactafits.
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4.4.3 Micelle-Based Interpretation of Pore Expansion

Previous micellization studies in the presence of @@vide insight into the
driving force and limitations of Cf&based pore expansion in templated thin films.
Similar to micellizatior’?® the driving forces for pore expansion through surfactiht t
solvation by CQ can be interpreted as a balance between the favdrablenergy of
CO, penetration of the surfactant tails and the unfavoriabieenergy penalty associated
with micelle swelling. Interfacial tension at G@ater interfaces and solubility studies
have been used to interpret properties of self-assdmdgregates such as £0
continuous microemulsions as a function of pressurepdeature, and surfactant
structure®” " Figure 4.4.7 reports the interfacial tensions (IFTs) of shefactant
templates used in this study, HFOPC, HFDoMePC and HEDaPCQ-water interfaces
relative to pure C@water interface data at 45 %&?°° The IFT values for all three
fluorinated surfactants decrease with an increase ia @@ssure and also with an
increase of fluorocarbon groups and branching of the asilobserved in previous
studies®’* The lowest IFT value is observed for the branchedinctsurfactant,
HFDoMePC (3.80 mN/m at 172 bar and 45 °C).

100
COp-W

copwHd
copwtd
CO,-W-HFOPC
CO2-W-HFDePC
CO,-W-HFDoMePC

80 -

60 -

o e > On

40 -

uD>

>

20 o o

IFT (mN / m)

o< @

10 ¢

e
xe
xe

60 80 100 120 140 160 180
CO2 pressure (bar)

Figure 4.7.Interfacial tension of all three surfactants at@&-
water interface as a function of €@ressure at 45 °C.

Scaling on y-axis different above and below the breaklénity.
Standard deviations of IFT values from this study (< + 48t) n
shown in figure for clarity.

COy-water interfacial tensions from this studl Y are compared to
those of da Rocha etHl(¢ )and Chun and Wilkinséif (2).
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The lowest possible value of IFT for a particular susat at CQ-water
interfaces is observed at the most balanced stateyarfophilic-CQ-philic balance
(HCB),?® where the surfactant has equal affinity for both peaiversion of colloidal
dispersions between Gn-water and water-in-C&with change in formulation variables
(CO, pressure, temperature, system pH and salinity) can atthis balanced staté®®’

In general, the curvature (H) at the £@ater interface predicts the existence of colloidal
dispersions of C@in-water (H>0) or water-in-C©(H<0) and can be described from the
packing parametéY. The distribution of the surfactant between oil and wptases has
roughly been used to determine the sign of the curvatunec(8i&s rule)?*® although
Kahlweit suggests that the ratio of cmcs in the two @ha@nd not the ratio of
monomers) is a more accurate predictor of curvafireThus, for a surfactant with
higher solubility in aqueous phase compared t@,@ke surfactant lies on the aqueous
side of HCB (HCB > 1). The homologous series of catidliorinated templates in this
study was observed to have minimal solubility at cone#iotrs lower than 1 wt% (at
25°C and 45°C and pressures from 55 — 355 bar) i) @@ile being highly soluble in
water (solute concentration > 40 wtd4jHence, these surfactants lie on the aqueous side
of the HCB. The observed decrease in IFT with incrga$h®, pressure indicates
movement towards a more balanced state of HCB Qwards the C@philic side or
more favorable penetration of G&olecules in the surfactant t&il).

Similarly, the decrease in the IFT at the fv@ter interface with increasing
surfactant tail length is consistent with the largegrde of pore expansion observed for
the HFDePC - templated film. However, the IFT valdes the branched surfactant,
HFDoMePC, are lower than for the -decyl tail surfattaHFDePC, suggesting that
degree of pore expansion for HFDoMePC templated filmukh be greater. This
apparent contradiction between IFT values and the olibgoee expansion may be
explained from the solvation and geometric effects otefi@ assembly in CO
Branching of surfactant tail leads to an increasedbdaiuof surfactant in CQ@ along
with a corresponding lowering of aqueous solubfiiy/For surfactants present on the
aqueous side of HCB, this would indicate a movement towasd€Q/water interface
and along with the ability of the stubby branched tailmtoimize tail overlap®’**®‘leads
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to the observed decrease in interfacial tension féiDéMePC. The geometric
dependence of micelle swelling can be described by thetpanaGibbs free energy
during formation of self-assembled aggregates, which éstlyrrelated to the creation of
interfacial area. For the straight tail surfactamielling by CQ is limited along the radial
direction. However, solvation along the branches dianched surfactant results in a
lesser increase in interfacial area, thus resultinga ismaller free energy penalty.
Therefore, the solvation of the branched surfactantresult in a smaller pore diameter
increase (expansion is distributed along both branat@m®pared to the straight chain
surfactant, but the COpenetration and hence volume swelling over both branches
HFDoMePC can be greater (consistent with the IFT oreasents). C@water
interfacial activity and solubility of surfactants irOgcan thus be used to interpret the

trends in pore expansion as a function of surfactamplee structure and G@ensity.

4.5 Conclusions
Nanoporous silica thin films with well ordered hexagonalatre were synthesized by
dip-coating using a homologous series of cationic fluorthatafactants as templating
agents under acidic conditions. The nanoporous silicasfivere processed in GO
directly after coating, which resulted in pressure tunablelling of the ‘CQ-philic’
fluorinated templates leading to thin films with pore déens in the range of 1.91 (+
0.20) nm to 3.86 (= 0.20) nm. The pore expansion of thin fihmeased with an increase
in CO, pressure and with the tail length of surfactant templaBeanching of the
surfactant template resulted in increased swelling eftitelle core, compared to linear
tail surfactants, which is consistent with previous studfeSQO, solvation of fluorinated
tails?*#?** The long-range ordering of the thin films was retainfer pore expansion,
unlike some previous investigations using traditional organiests as pore swelling
agents’s.7,39,222

Sol-gel processing of templated materials provides the apporto capture self-
assembled structures into kinetically stable matefi&fs! Capturing the effects of GO
on self-assembly has practical application (i.e., poqeamsion or C@directed self
assembly) and addresses the limited investigations oéffieet of CQ on surfactant
mesophase$:??n contrast, numerous investigations have focused ®effect of CQ
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on self-assembled aggregates (micelles and microems)§f 0226251273 The
interpretation of C@-induced pore expansion using micelle-based approaches (i.e.
interfacial activity and phase behavior, as relevanheéoHCB) may provide a systematic
guide to design surfactant systems whose resulting ssavdded structures may be
altered through C@solvation.

Copyright © Kaustav Ghosh 2007
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CHAPTER FIVE

PORE SIZE ENGINEERING IN FLUORINATED SURFACTANT
TEMPLATED MESOPOROUS SILICA POWDERS THROUGH
SUPERCRITICAL CARBON DIOXIDE PROCESSING

5.1 Summary

Pore expansion of fluorinated surfactant templated mesapailica powders is
demonstrated as a function of pressurized @@©cessing conditions. Mesoporous silica
powder is synthesized by sol-gel reaction induced pretgritan a base-catalyzed
medium using 1-(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluoro-petylidinium  chloride
(HFOPC) as template and, immediately after filtnatidghe precipitated material is
processed in gaseous and supercritical, 88 — 344 bar, 45°C) for 48 h.
Characterization of the silica powders by XRD, TEM ang adsorption reveals the
formation of well-ordered materials with 2D hexagonalselpacked pore structure
before and after COprocessing. An optimal aging time (time from additidnsiica
precursor to the sol until the filtration of the hydmdg sol) of 20 min prior to CO
processing is identified. Proper aging time resultslicaspowder with significant pore
expansion at all processing pressures while retaining thee rimmge structure of the
material. The pore diameter of the mesoporous matededases with increasing GO
pressure (from 2.60 nm (unprocessed) to 3.21 nm at 344 bar)pjoedra to level off
above 100 bar. The pore expansion behavior is attributeooable CQ penetration in
the ‘CO-philic’ fluorinated tails of the surfactant templaéhe CQ expansion of base
catalyzed silica powders is significantly less than pveviously observed for acid
catalyzed, evaporation-driven thin film synthesis using rihated cationic surfactant
templates. The effect of pH on self-assembly andeased silica condensation in basic
conditions may inhibit pore expansion by £0

5.2 Introduction

The base-catalyzed sol-gel synthesis of mesoporous gibcaeds through a co-
assembly process, in which the surfactant molecules Well-ordered supramolecular
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templates and the hydrolyzed silica precursor assodidifeshe surfactant head grotb.
Under basic conditions, hydrolyzed silica precursors Ihitjarecipitate with surfactant
micelles to form composite particles that are saédifby condensation of the silica
network. Finally, removal of the surfactant templatesults in mesoporous silica with
the desirable properties of uniform pore size distribuod high surface area. The
ordered nanostructured materials have diverse apphsatiothe fields of separations,
adsorption, catalysis, biomimetics and sen$fig®****3#2%¥he ability to tailor the
mesoporous materials has further increased their apphisats recently demonstrated in
drug delivery, chromatographic and electrode applicafiffé® Traditionally, the
synthesis of pore expanded surfactant templated materialscomplished through the
addition of an inert swelling agent (e.g., polypropylerile or dodecane) in the micellar
solution. The swelling agent interacts favorably with gurfactant tails or forms an
inner core in the micel®3*2**However, agents for tailoring pore structure affect the
surfactant self-assembly in solution and may lead teetomplete transition to a new
mesophase or loss of long-range ordér?#?

The tunable solvent strength of compressed and sc (sujpalLr€G (T =
31.1°C, R. = 73.8 bar) suggests its use for the controlled expamdipores formed by
surfactant templating. Additional advantages of sc, G€lative to organic process
solvents include its high diffusivity and the absence difjaid-vapor interface during
depressurization enabling preservation of long-range steuct€Q is also
nonflammable, nontoxic, environmentally acceptable, andpmmsive. CQ is also
nonflammable, nontoxic, environmentally acceptable, anderesive.

Sc CQ has previously been used to expand mesoporous silica powdgriated
by hydrocarbon copolymer surfactants (P123, P85 and F127), wbereexpansion of
54% was achieved for processing pressures of 482 #dRecently, we have observed
significant pore expansion (20% - 80%) as a function of Qr@cessing conditions (69 -
172 bar, 45°C) for silica films templated with cationic flmated surfactants with
varying tail length and branchif§>?* The dramatic pore expansion achieved in
fluorinated surfactant templated silica at lower ;Q@@ocessing pressures compared to
hydrocarbon templates suggests a favorable penetraticd@Opfmolecules into the
fluorinated tails. Indeed, many fluorinated moieties hagen identified as “Cg&philic”
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based on their high solubility in GOand their weak dispersion forces, which are similar
to that of CQ.”*?**Thus, the high degree of solvation of fluorinated tail<Ciy can be
exploited to tailor mesoporous ceramics. The favorahlesport properties and tunable
solvent strength of sc GQrocessing are also advantageous for infusing silica presursor
into preformed ordered templates for synthesis of pe®sws silica fim® and the
extraction of surfactant templates from uncalcinedboed mesoporous silié&?"°Thus,

CO, technology is potentially a versatile tool in procegsimesoporous ceramics.

All prior investigations of the Cf&activated pore expansion of silica materials
employed an acid-catalyzed sol gel process (pH ~ 2-3). eatilysis is well-suited to
the use of high pressure gQvhich acidifies aqueous solutions (pH ~ 3) due to the
formation and dissociation of carbonic atid.Extending C® processing to base
catalyzed silica powders, however, could introduce pH vangtin the system. Previous
studies have shown that the addition of NaOH to am@@ system can raise pH values
to above 8 for C@pressure of 482 bar at 22%€.In addition, materials synthesis in a
basic media is characterized by more rapid condensdtitve gilica matrix, which could
ultimately constrain pore expansion compared to acidyzaalfilms.

In this paper we report the GQ@ctivated pore expansion of base-catalyzed
mesoporous silica powders templated using a cationic fluednstirfactant, HFOPC.
The effect of the aging time of the hydrolyzed sol oncpssibility using C® is
examined and an appropriate aging time is identified. Sielling behavior of these
silica powders is compared to the pore swelling in adidlyzed thin films. The change
in pore structure of silica powders as a function ot Gf@cessing conditions is used to
interpret CQ penetration in surfactant mesophases.

5.3 Materials and Methods
5.3.1 Materials

1-(3,3,4,4,5,5,6,6,7,7,8,8,8-Tridecafluorooctyl)pyridinium chlorid¢lFOPC,;
CsF13(CH.).NCsHs"™ CI"), was synthesized as described previotSIBriefly, anhydrous
pyridine was alkylated with 1H,H,2H,2H-tridecafluoroalkyldide. The pyridinium
iodide was converted into the corresponding chloride hyexchange chromatography

and the purity was confirmed by mass spectrometry andngedbint measurements (as
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detailed elsewheré}. Tetraethoxysilane (TEOS, purity > 99%, Gelest),sNBB — 30%
solution from Malinckrodt), absolute ethanol (Aaper Alob and Chemical Co.),
deionized ultrafiltered water and HCI (Fisher Sciec)ifvere also used in the material
synthesis. Carbon dioxide (Coleman grade, 99.99+%) was pactifiesn Scott Gross
Co. (Lexington, KY).
5.3.2 Mesoporous Silica Synthesis and G@rocessing

Mesoporous silica powders were synthesized usingdsta catalyst and HFOPC
as a template, as described previodSBriefly, TEOS was added to a mixture of NH
and de-ionized ultra-filtered (DIUF) J@ in molar ratios of 1 TEOS: 2.65 NH149
DIUF H,0.”® After letting the sol-gel reaction proceed for a fixecbant of time (aging
time), the solution was filtered and the powdered silitteate was divided into two
batches. One batch was treated at 45°C at ambient mrdesd8 h; the other batch was
processed in Cfat a constant pressure (88 to 344 bar) and 45°C, also forS&mples
treated with CQ at less than 172 bar were processed in a 100 mL stast&ssParr
Mini Reactor. At higher pressures, €frocessing was conducted in a 16 mL Micro
Reactor (High Pressure, SS Series, rated to 2064 barMithe Reactor is not suitable
for holding a glass slide, and was therefore not usélde previous investigation of GO
processing of dip coated films. Thus, an advantagetehding CQ processing to base-
catalyzed particle precipitation was the ability to iniggge CQ processing at higher
pressures. After completion of G@rocessing, the powders were depressurized. For both
reactors, the pressurization and depressurization steps peeformed slowly (~ 25
bar/min) to prevent collapse of silica structure. Both @@ treated and the untreated
batches of synthesized materials were then heatedagaum at 100°C for 24 h
(temperature ramped by 30°C every 6 h) and then extracteddlyng twice with acidic
ethanol (5 ml of concentrated HCI in 95 ml of EtOH) .
5.3.3 Material Characterization

X-ray diffraction patterns were recorded on a Siemens 8@#Ff@ctometer using
Cu Ku radiation § = 1.54098 A) and a graphite monochromator. Transmissiairete
microscope (TEM) images were taken with a JEOL 2000FXunstnt operating at 200
kV. Samples were prepared by directly depositing the powatdcsa lacey carbon grid.
Nitrogen adsorption measurements were conducted using arMidtics Tristar 3000
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system. Samples were degassed at 140°C for 4 h undemndlomirogen prior to
adsorption measurement. The pore size distribution aridce area of the mesoporous
silica were determined by analyzing the nitrogen adsorpésults using the BJH method

with a modified statistical film thickness equation §hethodf>?

5.4 Results and Discussion

Fluorinated surfactants generally self-assemble masdyeand form aggregate
structures with lower curvature compared to hydrocarbomatarits:*>** Our research
team has exploited properties of fluorinated surfacemptating to form unusually small
uniform pores (1.6 nmy3 to capture novel intermediate mesh phase structtitesalter
accessibility of organic functional grouff$, and to demonstrate pore structure
refinement by C@processing’* The synthesis of base-catalyzed porous silica powders
through templating with a homologous series of perfluosdadkidinium chloride
surfactants, including HFOPC, resulted in hexagonal closkepdaand mesh phase
structures® Separate investigations demonstrated the pore expansisidotatalyzed
porous silica films through COpenetration of the ‘C&philic’ fluorinated templates,
including HFOPC#>274

In extending CQ@ processing to base-catalyzed silica powders, we first
investigated the effects of aging time (time from additad silica precursor to the sol
until the filtration of the hydrolyzed sol) of silicgrghesis on the ability to process the
powders with CQ While a minimum aging time is required to allow stiént
hydrolysis for the formation of the initial silica gtture in base-catalyzed precipitation
of particles, the extent of silica condensation in cuer-aged solution may inhibit
expansion of the silica structure by £0In contrast, the mesostructure of thin films is
formed within the first few seconds after dip coatingiergfore, for the acid catalyzed
films, there is no minimum aging time before £@ocessing, and longer aging times
merely result in increased condensation, therebyifipjpore expansiofi*

The effect of aging time on the G@ctivated pore expansion behavior of

templated silica was evaluated at @ocessing conditions of 103 bar and 45°C for 48
h. XRD was used to determine the long range order and gpamson of mesoporous
silica powders with and without G@rocessing (Fig. 5.1) at aging times of 20 min, 1 h
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Fig. 5.1. XRD patterns of HFOPC templated silica powders
synthesized (a) without Grocessing; and processed in D
103 bar and 45 °C after aging for (b) 20 min, (c) 1 hr an@4d)r.

and 24 h. The minimum aging time investigated, 20 min, isapgpFoximate onset of
uniform cloudiness in the sol solution, indicating significehydrolysis and silica
precipitation. The longest aging time, 24 h, was safetiematch conditions from our
previous study and represents complete hydrolysis of illea $recursor and the
formation of the final ordered structufeThe XRD plot for the sample aged 20 min prior
to CO, processing (Fig. 5.1b) shows a significant increasel-gpacing (3.16 nm)
compared to the unprocessed sample (2.87 nm). In addit®mrésence of (100) and
(110) reflections in both the unprocessed material anchtterial aged 20 min indicates
that long range hexagonal ordering is retained. TEM imagedirm 2D-hexagonal
structure for the HFOPC templated mesoporous silica @Bp) and the retention of
order following CQprocessing of the 20 min aged sample (Fig. 5.2b).
A broad, broken peak is observed for the sample aged far drior to CQ

processing (Fig. 5.1c), characteristic of a broad distobudf pore sizes. This peak can
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Figure 5.2. TEM micrographs of HFOPC templated mesoporous
silica powders (a) without C{processing and (b) processed in
CGO; at 103 bar and 45°

be indexed to the (100) reflection with a d-spacing of 3.11 nmon-whiform pore

expansion during COprocessing could explain the breadth of the (100) rédlect
Regions where COpenetrates the surfactant tails before significditascondensation
may experience pore expansion, while pore expansion wauldnited in areas where

significant silica condensation has occurred. For the &deld sample, Cprocessing
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Figure 5.3. Nitrogen sorption isotherm of HFOPC templated silicevghexs
prepared with C@processing (103 bar and 45 °C) after aging for (a) 20 min,
(b) 1 hr and (c) 24 hr. Filled symbols are for adsorptimh@pen for
desorption. The y-axis values have been offset by 600 traite (b) and by
1000 units (trace c) for clarity.

increased the d-spacing only slightly (2.94 nm) (Fig. 5.1d)iveldab the unprocessed
sample (2.87 nm). More complete silica condensation thraughe sample

due to longer aging time restricts the pore expansiomeder, the breadth of the peak
suggests that the order of the silica structure detezraiter CQ processing compared
to the unprocessed powder, which was aged for a similardpair @4 h.

The effect of aging time can also be observed froniNth&dsorption isotherms of
the silica powders. The 20 min and 1 h aged samples pedces€Q at 103 bar and
45°C display Type IV isotherms (Figure 5.3), characterisf ordered mesoporous
materials>>>The pore diameter of the 20 min aged sample increases2i60 nm for the
unprocessed particles to 2.98 nm (Fig. 5.3a), similar tonttreased d-spacing observed
by XRD. The surface area also increases, from &1d.for the unprocessed powder to
1117 ni/g for the powders processed in £adter 20 min of aging. The pore diameter of
the 1 h aged sample does not change significantly withg&essing (2.66 nm) and the
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surface area actually decreases (55@)n(Fig. 5.3b), This result is counterintuitive to
the XRD analysis, which reveals an increase in d-sgawith CQ processing from 2.87
nm for the unprocessed powder to 3.10 nm for 1h aged powder ifféwsmte could be
the result of non-uniform pore expansion by C&h observation confirmed fro{RD
analysis. For the 24 h aged sample, both the pore dia(ie®® nm) and the surface area
(176 nf/g) decrease significantly after GProcessing (103 bar and 45 °C) compared to
the unprocessed sample (Fig. 5.3c). This suggests patl@gdsmof the silica structure, a
finding confirmed by the loss of long-range order in the Xfa@t. The investigation of
aging time suggests that €@rocessing should begin as soon as precipitation of the
base-catalyzed templated silica is observable. Alssguent comparisons of effects of
CO, processing on mesoporous silica are based on an agiod p€20 min.

The ability to tune the pore expansion of the mesoposiite powders was
investigated as a function of GQprocessing conditions. The XRD patterns of
mesoporous silica powders as a function ot @@atment (no C@processing, gaseous
CO, processing at 88 bar and 45°C, and s¢ @©cessing at 45°C and pressures of 103
bar, 137 bar, 172 bar, 258 bar and 344 bar) are presented in FigupéRD results
indicate well ordered 2D hexagonal structure, with thegmass of at least two peaks that
can be indexed to the (100) and (110) reflections. TEM imagefy vhe 2D hexagonal
structure inferred from the XRD results. Figure 5.2b presantepresentative TEM
image of mesoporous silica powder processed in &0L03 bar and 45°C. Regular
arrays of uniform channels parallel to the channel ame a cross-sectional view of the
hexagonal channels confirm the long range hexagonal ordeéheofCQ processed
powders.

An increase in d-spacing of the periodic nanostructure, gmneng to a
decrease in the62value of the (100) reflection, is observed for all C@ocessed
powders relative to the unprocessed powders (Fig. 5.4 and %ableThe d-spacing
increases substantially with pressure at lower procegsessures (from 2.87 nm for the
unprocessed powders to 3.11 nm for gaseouspZaressing at 88 bar and 45°C and to
3.16 nm for sc C@processing at 103 bar at 45°C). Thereatfter, the degresmdaing
increase with pressure is much lower, achieving a d-spaci8g36fnm at the highest
processing pressure of 344 bar at 45°C, @éhsity at a given temperature is a better
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Figure 5.4. XRD patterns of mesoporous silica powders templatedMROPC (a) before
processing in C@and processed in G@t (b) 88 bar and 45 °@Gdo, = 0.31 g/ml), (c) 103 bar
and 45 °C ffco2 = 0.54 g/ml), (d) 137 bar and 45 °fe62= 0.71 g/ml), (e) 172 bar and 45 °C
(pcoz2=0.78 g/ml), (f) 258 bar and 45 °@Gc62 = 0.86 g/ml), and (g) 344 bar and 45 Hedz =
0.91 g/ml). (110) reflections have been expanded 3 timesria ptots for clarity.

description of its tunable solvent strength, or the tgbib solvate the fluorinated tails,
than pressure. However, the d-spacing increase with de@sity (Table 5.1) is not
linear. The most significant increase of d-spacing wihsity is observed in the low
density regime of gaseous €@8.4 % d-spacing increase at 0.31 g/ml (88 bar, 45°C).
The increase with density is less sizable at higher psiag pressures (15.0 % d-spacing
increase at 0.92 g/ml (344 bar, 45°C).

N, adsorption isotherms of the GProcessed mesoporous silica powders (Fig

5.5) display Type IV isotherms, indicative of ordered rpesous materials. The

68



Table 5.1 Summary of pore structure of mesoporous silica powderguaEgon of
CO, processing conditions

COo pPco2 d100(nM) d, (nm) S Vm t
conditions (g/gﬂ)2 (m?g) | (cnrig) | (nm)
No CO 2.87 2.6 811 0.28 0.7
88 bar, 45°C| 0.31 | 3.11 (0.24) 2.83 (0.23)| 1052 | 059 | 0.74
103 bar, 45°C, 0.54 | 3.16 (0.29)| 3.03 (0.43)| 1117 | 071 | 0.62
137 bar, 45°C, 0.72 | 3.22 (0.38) 3.11 (0.50)| 1225 | 0.79 | 0.61
172 bar, 45°C| 0.78 | 3.24 (0.37) 3.12 (0.52)| 1187 | 0.77 | 0.62
258 bar, 45°C| 0.86 | 3.28 (0.47)| 3.17 (0.67 | 1279 | 0.80 | 0.62
344 bar, 45°C,_0.91 | 3.30 (0.43)| 3.21 (0.60)| 1315 | 0.83 | 0.6

dioois o-spacing, , is the pore diameter; is the specific surface ares, is the mesopore volume, t
thickness of silica wall, values in parenthesis acesiase in d-spacirftand pore diamet&rcompared
to unprocessed powder. Maximum standard deviation for drgpacpore diameter at any GO
processing condition < 0.04 nm.

adsorption data for the mesoporous powders were adabygé¢he KIS method
(Kelvin equation modified BJH) which uses the high resolutigplot method and has
been established previously to accurately analyze pore pespef mesoporous
materials®>® Similar to the d-spacing values, pore diameter, porem& and specific
surface area of the silica powders (Table 5.1) increasallfdCO, processed samples
compared to the unprocessed powder and the increase ralyegeeater at higher GO
densities. The expansion of the pore diameter and d-spadingC®, pressure follow
similar trends; the pore diameter increase with @@ssure is most significant in the low
pressure regime (e.gp*2.83 nm for gaseous G@rocessing 88 bar relative tg=2.60
nm for the unprocessed samples). At higher processeggymes the degree of pore
diameter increase with pressure is reduced, with a maxipwre diameter of 3.23 nm
observed at 344 bar. The similarity of the trends e gize and d-spacing with pressure
is expected. The increase in d-spacing, which comprisdsstbe pore diameter and the
thickness of the silica walls, is dominated by the poaendier increase due to
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Figure 5.5. Nitrogen sorption isotherm of mesoporous silica powders
templated with HFOPC and processed i,@0O(a) 88 bar and 45 °C, (b) 103
bar and 45 °C, (c) 137 bar and 45 °C, (d) 172 bar and 45 °258d)ar and 45
°C, and (f) 344 bar and 45 °C. Filled symbols are for adsorpiia open for
desorption. The y-axis values have been offset fortylar

solvation of the surfactant tails. The thicknesshef silica walls decreases with €O
pressure (Table 5.1), which results in a lower d-spacingaser (on a percentage basis)
relative to the pore diameter increase.

Limits of pore expansion by GOwere observed in our previous study of
fluorinated surfactant templated thin filffS. In that study, increasing GQpressure
beyond approximately 100 bar did not lead to further sigmifizecreases in pore siz€.

In the case of thin films, further pore expansion maynigbited by the constraining
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effect of the silica matrix fixed to the glass suétdr Alternatively, this phenomena may
reflect trends in solvation of the surfactant tailalagous to the leveling off of GO
swelling of polymers with increasing pressafe®®® For example, COuptake in the
polypropylene oxide core of a P123 liquid crystal phase &t m@mnounced at pressures
up to 100 bar and then increases only slightly with ininggsressuré® CQO, solubility

in bulk polymers such as polystyréfie®®® and polybutadierf&® is generally
characterized by an ‘S’ shaped isotherm;,&0Orption increases uniformly up to the
inflection point near the critical pressure of 0 80 bar) and then increase only slightly
at higher pressures. However, for polymers such as padlypineethacrylate)
(PMMA)?*? and poly-(dimethylsiloxane) (PDM3$3! which exhibit specific favorable
interactions and high miscibility with GOCGO, sorption is significant not only below the
CQO;, critical pressure but also increases at a substaatmlabove the critical pressure.
This trend is a characteristic of the good solvent qualityCO, for PMMA and
PDMS?%2 Hence, the pore expansion trend in the current studpsigerable
expansion below 100 bar and a lesser, yet significamgadse with pressure at higher
pressures) is consistent with the miscibility of flocarbons tails with C§€ similar to
PMMA and PDMS.

Figure 5.6 compares the pore expansion of silica powdersigutrent study
templated with HFOPC with that observed for acid catdyfilms, also synthesized with
the same fluorinated surfactant template at comparable p@§gessing densities. The
similarity of the expansion trends for powder precipstatand thin film synthesis again
suggests that surfactant tail solvation, and not thestcmining effect of the glass
substrate on the thin films, dominate the observed porensixypa Although the pore
expansion trends with Gpressure are alike for silica thin film synthesis andigea
precipitation, the percentage pore expansion at a gi¥gnprocessing condition is less
for the silica powders compared to the films (Fig 5.6). é&@mple, the pore diameters
of the silica powder increases 20% compared to a 42% iecreashe thin films
processed in COat 172 bar and 45°C. However, the absolute pore diametiee fifms
is always less compared to the powder at the samg@Oessing condition (e.g. 3.12
nm for base catalyzed powders compared to 2.71 nm for the fidr CQ processing at
172 baf’¥).
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Figure 5.6. Percentage increase of pore diameter of HFOPC
templated acid-catalyzed films and base-catalyzed powdes
function of CQ density.

The effect of pH on self-assembly, sol gel reactidwyslrolysis and condensation
may explain this difference in pore expansion and absplite diameter between acid
and base catalyzed samples after, @cessing. In acid catalyzed film synthesis, the
silica is neutral or slightly positively charged, whicleigpected to lower the aggregation
number in the cationic micelles relative to the negéicharged silica present in base
catalyzed synthesis and lead to a smaller pore dianmetmid catalyzed system. This
effect is observed in HFOPC templated silica; the piameter for the unprocessed acid
catalyzed film is 1.91 nm compared to 2.60 nm for base eaglpowder$’* CO,
processing of an acid catalyzed film is not expectedgtafeantly change the pH of the
system; aqueous dispersions of Ad®acidic with pH ~ 37" Hence, pore expansion in
acid catalyzed systems in the presence of G(attributed to surfactant solvation by
CQ.. In the case of a base catalyzed system, @@cessing may decrease the pH of the
system, but the pH is expected to remain well abdi’& Bae CQ-based reduction in pH
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would compete with the Cfactivated expansion of the pores by lowering the
aggregation number in the micelles (decreasing the parestha).

In addition, CQ-activated pore expansion in the acid-catalyzed filmsurscc
during the modulable steady state (M8%S\vhen the pore structure can still be changed
by external forces. The rate of silica condensat®ddpendent on system pH and is
lowest at the isoelectric point of silica (pH ~ 2).nde, MSS is significantly extended in
acidic conditions. However, the base-catalyzed poweeperience significant silica
condensation prior to GOprocessing, as demonstrated by the effect of aging time on
CO, expansion behavior. As discussed above, pH of the baalzeml system will
always be higher than the acid catalyzed films at &} @rocessing conditions. The
increased condensation associated with the higher pHhhasffect of restricting pore
expansion.

Capturing the kinetically stable structures formed by thee pexpansion of
templated mesoporous materials has potential for theitexcharacterization of GO
solvation in surfactant aggregates. Understanding and tunifagctsunt tail solvation in
CO, provides insight into the formation GObased microemulsions, emulsions,
nanocrystals dispersion, systems which have diversdicafipgns in organic and
enzymatic reactions;®* extractior?*® and the semiconductor industfy.However, the
effect of pH on self-assembly, in addition to £$dlvation, must also be considered.

5.5 Conclusions

Mesoporous silica powders with tailored pore sizes \ggrehesized in a base
catalyzed system by combining the favorable solvation d@,‘ghilic’ fluorinated
surfactant tail by Cewith the pressure tunable solvent strength of super{@iy,. The
long range order of the mesoporous powders was retainedtladtgrore expansion, a
significant advantage over some previous investigatiomg usaditional organic solvents
for expansion of base catalyzed silica powders. The pmpansion trends in the
mesoporous materials can be interpreted from knowledge of @Detration in
surfactants and polymer. However, the important rojgHbin self-assembly and sol-gel
reaction kinetics is also evident from a comparisbthe CQ pore expansion behavior
of acid-catalyzed thin films and base-catalyzed silicadsra:
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The demonstration of GQprocessing of base catalyzed silica powders suggests
applications in addition to pore expansion. S @Gé&s been used to load and encapsulate

5285 3s well as load small solute molecules in

drugs into polymers and nanoparticf&
mesoporous silic?’ while sc CQ has also been used in drug delivery applicatiths.
The release rate of solutes (e.g., drugs such as ibupfodem)mesoporous silica can be
tailored with pore siz&'*® The potential exists to combine gBased impregnation of
mesoporous silica and pore tailoring to control soluteass. Alternatively, CO
processing may be used to vary the pH to near-neutnditams during the synthesis of
mesoporous silica powders, an approach which may be moenabdie to the
incorporation of biomoleculed? and the adsorption and extraction of metal ions and

ionizable specie®’?"*

Copyright © Kaustav Ghosh 2007
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CHAPTER SIX

SUPERCRITICAL CARBON DIOXIDE SWELLING OF FLUORINATED AND
HYDROCARBON SURFACTANT TEMPLATES IN MESOPOROUS SILI CA
THIN FILMS

6.1 Summary

Differences in the pore expansion behavior of mesoposiica thin films
templated by cationic fluorinated and hydrocarbon surfestaré used to interpret the
penetration of C® in straight chain fluorinated and hydrocarbon surfactaictlias.
Well-ordered silica thin films are synthesized usingosati surfactants with pyridinium
head groups and surfactant tails terminating in an 8-carlbmmoftarbon tail (1, 2 -
perfluorohexylethyl pyridinium chloride (HFOPC)), a 16-carkhydrocarbon tail (cetyl
pyridinium bromide (CPB), and a 16-carbon partially finated tail (1-
(11,11,12,12,13,13,14,14,15,15,16,16,16-tridecafluoro-cetyl)-pyridinium omide
(HFCPB). The high hydrophobicity of the terminal fluote segment affects the
wetting behavior of solutions of HFOPC and HFCPB diptiogasolutions on the
hydrophilic glass substrate, resulting in slightly non-umifdhin films. CQ processing
(69 — 172 bar, 25 °C and 45 °C) immediately after coating offithes results in
significant pore expansion for fiims templated with bdtlorinated surfactants. The
absolute magnitude of pore expansion is similar for matemnaplated with both HFOPC
and HFCPB, which have differing tail length but containe #ame number of
fluorocarbon groups in their tail. The percentage pore epans significantly greater
for HFOPC templated silica, which has a higher percentdgiuorocarbon groups
compared to HFCPB. Alternatively, pore expansion of the doatbon templated

material is negligible at the GQressures investigated in this study. The significant and

preferential penetration of GOn the ‘CQ-philic’ regions of a surfactant tail suggests
opportunities to tailor the delivery of GGand solutes dissolved in GQo specific

regions of a surfactant aggregates or surfactant tezdptaaterial.
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6.2 Introduction

Supercritical (sc) and compressed (p@cessing has been recently been shown
to be useful for tailoring the pore structure of sudattemplated nanoporous silica as a
function of CQ processing condition$>?**?"*The advantageous properties of sc,CO
for pore tailoring include high diffusivity, a low surfacension, and tunable solvent
strength. These properties allow for the rapid, @€netration in the tail of the surfactant
templates, negligible pore collapse of the nanongred pores during depressurization
and control of pore expansion by choice of,G@mperature and pressure. Compressed
CQO; is a nontoxic, nonflammable, inexpensive and environmenitadigdly alternative
to traditional organic solvents. These attractive esatiproperties have resulted in the use
of CO,-based surfactant aggregates (emulsions, microemulalhsdispersions) in a

broad range of applications including chemical and enzymesictions>*®* extraction,

§8209and microelectronic processify. A limitation of this

249 nanoparticle synthesg
approach is the ineffective stabilization of waterfQ@icroemulsion¥ or nanocrystal
dispersions in Cg°% by most hydrocarbon surfactants; the low polarizabiityCO,
leads to weaker solvation of the hydrocarbon tails Gy @lative to organic solvents.

Investigations of C@based self assemblies at low surfactant concentsaice.,
emulsions, microemulsions and monolay&r§)?*>2**?%have resulted in the design of
surfactant systems with favorable £@teractions. In contrast to most hydrocarbon-
based surfactant® fluorinated surfactants are termed ‘€ghilic’ based on their high
solubility in CQy'*?***CO,-philic’ surfactants are characterized by their abilityfarm
water-in-CQ microemulsions with significant GOpenetration in the fluorinated tails.
64,70.225228compared to analogous hydrocarbon surfactants, the Higteophobicity of
fluorinated surfactants results in easier self-assgnmbiwater and the large van der
Waals radius of fluorine leads to aggregates of lowevature compared to hydrocarbon
surfactants, including novel intermediate mesophddes>?#°2%2% Flyorinated
surfactants have been recently used as templatesyrfitinesis of mesoporous silica
powders>’62%42%Tha advantages of fluorinated surfactant templates ladso been
explored in mesoporous thin fillE, where low surface energy and high hydrophobicity
present challenges in wetting during coating
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CO,-based pore expansion of surfactant templated mesopordioa &
hypothesized to occur through the £olvation of the ‘C@philic’ surfactant templates
and subsequent capture of the swelling by silica condensHkfgmte, pore expansion can
potentially be used as an ex-situ technique to study &hetration in surfactant
mesophases. Indeed, pore expansion of hydrocarbon copo{fheonic surfactant,
P123) templated mesoporous silica powders was interpretadd(® solvation of P123
liquid crystal and C@solubility in the PPO polymer, as measured by SANSO, based
swelling of fluorinated templates in mesoporous silicandilhave been correlated with
CO, penetration in surfactant tails, as interpreted from interfacial behavior of the
surfactant$®® Similarly, the pore expansion of fluorinated surfactaplated silica
powders mirrored the trend of GBwelling observed previously for surfactant tails and
polymers, even up to pressures in excess of 346 bar.

The dependence of pore expansion on, GBlvation of surfactant templates
suggest opportunities to tailor pore expansion by systeratigarying template
properties from ‘C@philic’ to ‘non CQO-philic’.  Molecular simulation have indicated
greater CQ interaction with fluorocarbon groups (g§Fompared to hydrocarbon groups
(CH,).#%%%° |n simulations of both water-in-GOmicroemulsion¥° and surfactant
monolayers at water-GOnterfaces,’ CO, solvates the fluorinated tail group throughout
the fluorocarbon chain. Fluorinated solvents also denatesitr greater volume
expansion by pressurized ¢@ompared to hydrocarbon solveft$The existence of
specific interactions between fluorinated groups and I@&®We been demonstrated using
NMR investigation®* (between @14, and CQ) and ab-initio studies (€ and CQ).*?
However, other NMR (for CHFand CQ)*®* and molecular modeling studies (of
perfluorinated compound®} have reported contradictory results and suggest nofispeci
interactions between fluorocarbon groups and,.(Recent simulations also suggested
similar CQy penetration in analogous hydrocarbon and fluorinated surfaétaritsw
investigations have addressed Afocessing in concentrated surfactant mesopHases.
CO,-based pore expansion of fluorinated and hydrocarbon tesdpddlica provides for
the experimental comparison of g€blvation of fluorocarbon and hydrocarbon micelles,
as captured by the silica structure formed from the carated surfactant solutions.
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This chapter describes the synthesis of mesoporous #ilicdilms using three
fluorinated and hydrocarbon surfactant templates, HFGHFCPB and CPB (Figure 6.1)
and the subsequent processing of these films in gasedise £Q. The surfactant

B
g
| X
1-(11,11,12,12,13,
1-(3,3,4,4,5,5,6,6,7,7,8,8,8- 13,14,14,15,15,16,16,16- Cetyl pyridinium bromide (CPB)
Tridecafluorooctyl)pyridiniu Tridecafluorocetyl)pyridinium
m chloride (HFOPC) chloride (HFCPB)

Figure 6.1.Schematic of cetyl pyridinium bromide and perfluorogtigyldinium
halide surfactants

system is designed to provide a comparison of pore egpabghavior based on the
hydrocarbon and fluorocarbon segments of the surfactht The relative CQ

penetration of the hydrocarbon (@Hand fluorocarbon (GIf groups in concentrated
surfactant mesophases is investigated by comparing the gmaaseon behavior of two
surfactants containing a 16 carbon chain length tail: dititvaal hydrocarbon surfactant
(CPB) and a partially fluorinated surfactant containingthbdluorocarbon and
hydrocarbon segments (HFCPB; -(8t(CF)sCF;) The two fluorinated templates
investigated (HFOPC and HFCPB) have the same numbeuarbfiarbon groups, but
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differing number of CH groups. Absolute differences in the pore expansion between
these two templates are due to difference in, @Ptake by the hydrocarbon (@H
groups. Thin films are obtained for all three templdtgslip-coating solutions on glass
substrates. For the fluorinated templates, HFOPC andPBFQGhin films are also
successfully coated on low energy fluorinated silane (1H{, 2H, 2H
perfluorodecyltrichlorosilane (FDTS)) modified glassbswates. The relative ‘CO
philicity’ of fluorocarbon and hydrocarbon groups is intetede from the cohesive

energy density and fractional free volufffef each surfactant template.

6.3Materials and Methods

6.3.1 Materials. The fluorinated surfactants (1, 2 - perfluorohexylethyl pgridn
chloride (HFOPC; 6F13(CH,)2NCsH5" Cch), and 1-
(11,11,12,12,13,13,14,14,15,15,16,16,16-Tridecafluoro-cetyl)-pyridinium  omide
(HFCPB; GF13(CH,)10NCsHs' Br) were synthesized as described previoffsl{’ The
purity of both surfactants were confirmed by mass speeiy and melting point
measurements.Cetyl pyridinium bromide (CPB) was obtained from Addvi
Tetraethoxysilane  (TEOS, purity > 99%) and 1H, 1H, 2H, 2H
perfluorodecyltrichlorosilane (FDTS) was purchased frore&e Absolute ethyl alcohol
purchased from Aaper Alcohol and Chemical Co. (Shel®yvKlY), anhydrous toluene
and deionized ultrafiltered water from Fisher Sciemtdnd hydrochloric acid (0.1 N
standardized solution) obtained from Alfa Aesar weredufor thin film synthesis.
Carbon dioxide (Coleman grade, 99.99+%) was purchased frastt &ross Co.
(Lexington, KY). Concentrated aqueous HCI (Fisher Sciehtias used for surfactant
extraction.

6.3.2 Substrate Preparation. Glass slides were cleaned by immersing them in a
NoChromix/sulfuric acid cleaning solution for 1 h and thequentially rinsed in water,
isopropanol and acetone. For fluorinated silane modibiceof the glass slides, FDTS
was added to anhydrous toluene in an atmosphere of nitrogexchieve a final
concentration of 2 wt% FDTS. The clean glass slideewnmersed in the solution for 5
min. To complete the surface modification, the sttasubstrate was then baked at 120
°C for 2 h.
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6.3.3 Thin Film Synthesis. Thin porous silica films were synthesized by dip coating o
pretreated substrates based on the procedure of L&°énitially, TEOS, ethanol, water
and HCI (mole ratio 1: 3.8: 1: 5*T) were refluxed at 65C for 90 minutes and a clear
solution of partially hydrolyzed silica was formed. Tlemaining water and HCI were
then added in calculated quantities, resulting in a pHppfaximately 2 in the final
solution, and the mixture was aged at 25 °C for 15 min aeeddah50C for an additional
15 min. Finally, a solution of the surfactant in ethanokvealded to the previously
hydrolyzed silica sol under constant stirring. The finalematios obtained were 1 TEOS
: 12 GHsOH : 5 HO : 0.004 HCI :x surfactant X depending on the surfactant). The
surfactant mole ratio in the dip-coating solutio) (vas determined by selecting the
mesophase corresponding to the desired pore structure isutfectant/water phase
diagram and equating the surfactant volume fractiohensilica dip coating solution to
that in the film after removal of the volatile solts?**?*’ To obtain a 2D hexagonal
mesostructure, x was calculated to be 0.1 for CPB, 0r1dFCPB and 0.2 for HFOPC.
The solution was then dip-coated on to the substratesvahdraw! speed of 6 cm/min.

The thin films were divided into two treatment groups irdrately after coating.
One treatment group of thin films was pressurized by @@ 100 ml stainless steel Parr
Mini Reactor (rated to 623 K and 207 bar) under controllegpezature and pressure for
48 hours. The effects of GQressure (69 to 172 bar) and temperature (25 °C or 45 °C)
on the final pore structure were observed. The secomdintest group of thin films,
which was not processed in gQvas dried in an oven at 25 °C or 45 °C for 48 hours.
Thus, both treatments of thin films were subject toilamthermal conditions. Both
treatment groups were next heated to 150 °C in vacuumirfgtatt 30 °C and ramping
the oven temperature by 5 °C/hr) to ensure condensatite sflica wall. The surfactant
was then extracted from the as-synthesized films bywggwice with acidic ethanol (5
ml of concentrated HCI in 45 ml of EtOH).

6.3.4 Thin Film Characterization. The thickness and uniformity of each film on glass
and FDTS modified glass substrates were estimated usiigekiak 6M Stylus
profilometer with a diamond stylus. X-ray diffractigatterns were recorded on a
Siemens 5000 diffractometer using Cu Kadiation § = 1.54098 A) and a graphite
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monochromator. Transmission electron microscope (THiWJges were taken with a
JEOL 2000FX instrument operating at 200 kV. TEM samples wexgaped by scraping
the films off the glass substrate and directly deépmsthem onto a lacey carbon grid.
The pore diameters were calculated from the TEM imag@sg ImageJ software, as
reported previousl$*°?’*Nitrogen sorption measurements were performed onhime t
film samples which did not undergo €@rocessing using a Micromeritics Tristar 3000
system. Samples for nitrogen sorption analysis werpaped by scraping the films off
the glass substrate and degassing at 140 °C for 4 hoursflovdeg nitrogen prior to

measurement.

6.3.5 Contact angle measuremenContact angles of CPB- and HFOPC-based silica
dip-coating solutions were measured on glass and FDTSfietbglass substrates to
interpret the wetting behavior of each solution. Thetact angles were obtained using a
video-based contact angle system (OCA, Future DigitednBic Co., Bethpage, NY).
All experiments were performed in air at temperatureappiroximately 23 °C. Sessile
drops (1uL) of each liquid were dispensed and placed on the sdiistiates. An image
of the drop was taken immediately after placing the drothersubstrate; contact angles
on both left and right sides were measured to obtaimttial contact angle. The contact
angle measurement was repeated at 10 different aresascbnsubstrate and an average
value is reported. The spreading of the drops was alsoveldsand the time for complete
spreading was recorded. If a drop did not spread complafedy 240 seconds, the
solvent was identified to be unsuitable for completeasjirg on that particular substrate.

6.4 Results and Discussion

6.4.1 Synthesis of Uniform Silica Thin Films by Fluorinatedand Hydrocarbon

Templates.

The swelling of fluorinated surfactant templates by, ®@s the potential to alter
both the pore structure (i.e., hexagonal, cubic, intdrabe, slit-shaped) and pore size of
thin silica films. Our research team has synthesthgarinated surfactant templated
porous silica powders with a broad range of structurelsidimy hexagonal’ novel
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‘intermediate’ mesh phase structdfesind novel fluoro-functionalized silica for
application in chromatography columns and gas adsofbenfe synthesis of 2D
hexagonally ordered silica thin films using a series ofipardalkyl pyridinium chloride
surfactants (including HFOPC) as templates has alsodmmonstratetf*

In the synthesis of dip-coated films, the differencéydrophobic nature between
fluorinated and hydrocarbon templates has the potentiadatese variation in film
uniformity as a function of template. Uniform thin filmMleave been coated on glass
substrates from solutions of silica precursor, hydrocadwfactant and a good wetting
agent like ethand® However, the greater hydrophobicity of fluorinated suefats has
been observed to cause lower surfactant adsorption ssigléstrates during dip coating,
resulting in partial dewetting. Indeed, uniform spreading abrthpolymers and
fluorinated solvents or strong adhesion of fluoropolymén fon hydrophilic glass
substrates is not possibf&:*®® A competing property which may enhance thin film
uniformity and quality is the very low surface tensiorthe fluorinated surfactant based
coating solution, which is associated with decreaseddliqaid-up on the film edges and
lower capillary pressure and may prevent the collapSenaterials during solvent
evaporatiorr’’3°® The low surface tension of fluorinated solutions alsakes them
suitable in coating low energy substrates, as demoedtly fluoropolymer coatings in
opticaf® and lubrication application®

The uniformity of silica thin films templated from fluoated surfactant solutions
are interpreted from the wetting properties of the ogasolution as a function of
substrate hydrophobicity. Contact angle measurementCRB and HFOPC based
solutions on different substrates are summarized imeT@ 1. The low surface tension of
ethanol and the strong adsorption of CPB on glasstresidomplete wetting of the
hydrocarbon surfactant CPB based solution on the unmodgiags substrate. In
contrast, the initial contact angle is 20° for theQH#C based solution on glass substrate,
due to slower adsorption of the more hydrophobic fluoemhaturfactant, but complete
wetting is achieved in about 20 s. During dip coating, the¢aobrangle is reduced
relative to that obtained from sessile drops on satestt'**?An optimized dip coating
speed balances the need for a low contact angle tairerthe film on the substrate
(enhanced by increasing the speed) and sufficient timeaw &r the spreading of the
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solution on the substrate (as suggested by the finite #R20 s) required by the sessile
drop to completely spread on glass substrate). An @athtoating speed of 6 cm/min

Table 6.1: Average contact angle measurements of CPB and HFOPCdmdsadns
on glass and FDTS modified substrate

Substrate Surfactant Templaténitial Contact Anglé | Spreading tim&
Solution
Glass CPB Complete spreading -
HFOPC 20° (0.024) 20 s (0.031)
FDTS modified CPB 70° (0.025) No spreading
glass HFOPC 60° (0.027) 30 s (0.033)

#Values in the parenthesis are standard deviations ofatangle and spreading
times obtained from ten different drops on variousareg of the same substrate.

results in fluorinated surfactant (HFOPC) templateshdilwith very slight non-
uniformity, as indicated by the presence of small dropte® few regions in the film.
The formation of such droplets and loss of uniformity basn observed previously and
is associated with the dewetting of apolar liquid films.g(, polystyrene) on
silicon®*33r coating sol-gel silica films using a hydrophobic surfactamplate, SPAN
20, as compared to a more hydrophilic template, TWEER>20.

On FDTS modified glass substrate, the HFOPC basex siblution forms an
initial contact angle of 60°, consistent with thererely low energy of the surface.
However, the favorable interaction of the fluorinatediastiants with the fluorocarbon
backbone of the silane facilitates complete spreastingbout 30 s. The ability of the
solution to completely spread on FDTS modified sabstwithin a brief period of time
(< 30 s) translates to the synthesis of dip-coated HF@plated thin films with slight
non-uniformity on a chemically similar substrater kK&PB solution, the initial contact
angle on FDTS modified substrate is 70°, similar tBORPC solution on the same
substrate. However, CPB is not fluorophilic and demonstrate specific favorable
interactions with the fluorinated groups of FDTS. Alde higher surface tension of CPB

compared to HFOPC results in a lesser CPB adsorptidheasol-substrate interface.
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Hence, complete spreading of CPB solution is never aethien the FDTS modified
substrates and leads to the inability in coating CPBplated thin films on FDTS
modified substrates.

CPB templated films dip coated on glass substrate aferomwith a thickness
around 200 nm (x 20 nm) for the coating speed of 6 cm/m used stulig. However, at
the substrate edges, the thickness for the CPB tesdpii&ih increases to about 1000 nm
(= 20 nm) because of high liquid hold up on edges. On a sigildas substrate, thickness
HFOPC templated film is about 150 nm (£ 20 nm) at coatingdpé6 cm/m. The edge
thickness is only about 300 nm (x 20 nm) and is much smaber ttiat for CPB films
due to the fact that the lower surface tension of HF@®I@ion decreases liquid hold up
on edges and makes the film thickness more uniform throtighde thickness and
uniformity of films dip-coated with the fluorinated/hydrelban segmented template,
HFCPB, are very similar to films templated with HFQPThe similarity in coating
indicates that the wetting property of the surfactanit&ois is governed by the terminal
fluorocarbon groups.

The pore structure of the mesoporous silica thin filmglgsized with all three
templates (HFOPC, HFCPB, CPB) without £@Qrocessing is confirmed to be a well
ordered 2D hexagonal structure from XRD plots (Figure 6.2)T&d images (Figure
6.3). The XRD patterns for HFCPBC templated thin {iFig. 6.2a) and CPB templated
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Figure 6. 2. XRD patterns of thin films prepared without €0
processing templated with (a) HFCPC (b) HFOPC and g C
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films (Fig. 6.2b) after surfactant extraction show ghnesence of two peaks that can be
indexed to the (100) and the (200) reflection of hexagonaltiered structure with
parallel orientation of the cylindrical chann&dThe presence of (100) and (200) peaks
can also be indicative of lamellar ordering; howewerthe porous materials a lamellar
structure would have been destroyed after surfactant remBegdresentative TEM
images of HFCPB templated film (Fig. 6.3a) and CPB teteglélm (Fig 6.3b) showing
cross-sectional views of the hexagonal channels cotifienpresence of well-ordered 2D
hexagonal structure. The presence of one sharp peak iXRBEe plot of HFOPC
templated thin film (Fig. 6.2c) indicates an ordered poroatenals, This structure is
determined to be 2D hexagonal from TEM images of the HF@nplated film (Fig.
6.3c) .

The orientation and order are similar for films teatpt with both 16-carbon
chain length surfactants (the fluorinated/hydrocarbon eetgd HFCPB and the
hydrocarbon CPB). However, the d-spacing of the HFCipleged film (4.6 nm) is
considerably larger than that of the CPB templated {@rfh nm). The d-spacing value is
dominated by a combination of the template micelle sizetha thickness of the silica
walls (). The wall thicknesst) is calculated from the values of d-spacidy &énd pore
diameter p, Table 1) by using = (2N3)*d — p. Films templated by both the hydrocarbon
surfactant, CPB and the fluorinated/hydrocarbon segmesutddctant, HFCPB have a
similar silica wall thickness (~ 1.1 nm) before £@ocessing. However, the larger van
der Waals radius of fluorine compared to hydrogen resultse cylindrical fluorinated
micelle having a larger diameter than a hydrocarbon raicelten when both tails have
same number of carbon atom3which results in the greater d-spacing value for the
HFCPB templated film compared to the CPB templated. filitme d-spacing for films
templated with the shorter chain fluorinated surfactd®OPC, is significantly less (2.48
nm) than that of HFCPB and CPB. The d-spacing for mesapaiica synthesized in
an acid-catalyzed medium is not significantly dependentvamation of template
counterion from Brto CI as demonstrated in a previous study for two hydrocarbon
templates, cetyl pyridnium chloride (CPC) and CPBHence, the decreased d-spacing
of HFOPC templated film compared to HFCPB and CPB is Iyndime to the presence of
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Figure 6.2 TEM micrographs of thin films templated with (a) HFCP®) CPB
and (c) HFOPC and (d) HFCPC and processed ind@ @72 bar and 45°C, (e)
CPB and processed in @@t 172 bar and 45°C and (f) HFOPC and processed in

CQ, at 172 bar and 45°
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only 8 carbon atoms in the HFOPC tail compared to 16 carioohoth HFCPB
and CPB.

The pore diameter for films calculated directly frohe tTEM images using
ImageJ softwaré® is estimated to be 4.23 nm (+ 0.25 nm) for HFCPBC templétad f
1.91 nm (£ 0.22 nm) for HFOPC templated film, and 3.64 nm (x 0.13famLCPB
templated film. The pore diameters obtained from THMges are verified using
nitrogen sorption measurements for the films not preckss CQ. The resulting pore
diameters (4.28 nm for HFCPB templated film, 1.91 nm for AEQemplated film, and
3.70 nm for CPB) compare favorably with the direct messents from TEM images.
The pore size, which is also dictated by the size ottieactant micelle, follows the d-
spacing trends.

Similar ordering and orientation are also observed filars templated with
terminal surfactants with fluorinated segments (HFORE IHFCPC) that were coated
on the fluorocarbon-modified glass substrate. Thisoissistent with simulation studies,
which have demonstrated that the orientation and orderingyaddocarbon templated
silica films is preserved when the substrates are chafmged hydrophilic glass to a
complete hydrophobic hydrocarbon silane modified surf&cEor the hydrophilic glass
substrate, the —OH groups of the substrate interact $trontp surfactant headgroup,
aligning the channels parallel to the substrate. Asthtace of a hydrophobic substrate,
the hydrophobic functionalities interact preferentiadlith the hydrophobic tail of the
surfactant to form a monolayer, also resulting in ferarientation of the channels. The
synthesis of hydrocarbon copolymer (P123) templated silitag has been investigated
on both glass substrates and hydrocarbon silane nubdsfigbstrated’ For both
substrates, synthesized films demonstrated similar 2@domal structure with parallel
orientation of porous channels.

6.4.2 Effects of CQ Processing on Thin Film Structure

CO, based pore expansion of surfactant templated mateaalpreviously been
demonstrated to occur via GQptake in the template tails to increase the radiubef
self-assembled micelléd? Silica condensation captures this change in self-assembly
and subsequent characterization of mesoporous structereCG(}; processing can be
directly correlated to degree of @6olvation of surfactant tail. The series of sudatt
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Figure 4. XRD spectra of thin films templated with (i) HFCPB ginj CPB and (a)

not processed in GO(b) processed in Cat 69 bar and 45 °C, (c) processed inCO
at 103 bar and 45 °C, (d) processed in@0OL137 bar and 45 °C, and (e) processed in
CQO, at 172 bar and 45 °C.

templates (HFOPC, HFCPB, and CPB) allows for thdesyatic study of the
solvation of hydrocarbon and fluorocarbon segments in exdreted surfactant
mesophases by G@nd the localization of COn these templates.

The swelling of C@-philic surfactant segments as a function of,@@cessing
can be directly related to differences in the pore exparsahavior of films templated
with the 16 carbon chain length surfactants, the partifdlgrinated HFCPB and its
hydrocarbon analogue, CPB. XRD plots of the HFCPB anB &fplated films after
surfactant extraction are used to directly measure iseseim d-spacing as a function of
CO, processing conditions. For both templates and atoallitions of CQ processing,
XRD plots show the presence of at least one sharp pmaksponding to the (100)
reflection, indicating that the hexagonal ordering ef tilhms is preserved. A significant
increase in d-spacing is observed for films templated theh fluorinated surfactant,
HFCPB (Fig. 6.4a) at all conditions of @@rocessing compared to unprocessed film.
The maximum value of d-spacing obtained was 5.26 nm for fZ@ressing at 172 bar
and 45°C and represented a 14.3 % expansion compared to paxingsof the
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unprocessed film (4.6 nm). In contrast, thin films tengwatvith the hydrocarbon
analogue, CPB, did not show any significant increasespacing at any C{processing
conditions (Fig. 6.4b). The d-spacing varied between 4.Ifamnunprocessed film to
only 4.2 nm to film processed in G@t 172 bar and 45°C (2.4% expansion). However,
the change in d-spacing values was random as a functié@opressure and probably
reflects experimental error rather than demonstratmg @0, based solvation of CPB
template.

TEM images confirm the long range order after,Gocessing for thin films
templated with all three surfactants (representativages in Fig. 6.3). The pore
diameters measured directly from TEM images at aldémns of CQ processing are
presented in Table 6.2 and are also used to calculate @enfzge pore expansion for
films templated with all three surfactants as a fiamcof CG density (Fig. 6.5). At a
constant temperature, density rather than pressure mahe physically relevant variable
to describe C® solvent strength. For films templated with the suggattcontaining
fluorinated/hydrocarbon segments, HFCPB, the pore danmtreases as much as 23%
at the highest COdensity investigated oz = 0.8 g/ml). Alternatively, films templated
with the corresponding hydrocarbon surfactant, CPB dstrate insignificant change in
pore size for C@densities up to 0.8 g/ml (Fig.6. 5); the absolute pore sidedvéom
3.64 nm to 3.76 nm (Table 6.2). The small variation is withenekperimental error of
estimating pore diameter from TEM images (Table 6.1) sughests negligible GO
solvation of the hydrocarbon (GHgroups in concentrated surfactant mesophases. In
contrast, the significant increase in d-spacing (Fig.@ad)the pore diameter (from 4.23
nm to 5.21 nm, Table 6.2) of films templated with the HFQIP®/ides evidence for GO
solvation of the fluorocarbon (GFgroups compared to GHjroups in surfactant systems
at low concentrations. For example, an ionic fluoedasurfactant (perfluoropolyether)
was shown to be completely miscible with £ whereas the solubility of a
corresponding hydrocarbon poly(propylene) oxide was onlyw@% at pressure up to
207 bar™

The abilty of CQ to selectively solvate ‘C&philic’ regions in surfactant
mesophases is investigated by comparing pore expansiorepefiimes templated with a
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Figure 6.5. Percentage increase of pore diameter of thin films t@epl
with all three surfactants as a function of {focessing density

fluorinated surfactant, HFOPC (- (GQHCF)sCFK) and a surfactant with
fluorocarbon/hydrocarbon segments, HFCPC (- A&CF,)sCF;) containing different
percentages of ‘C&philic’ fluorocarbon segments. The two surfactants hifreesame
number of fluorocarbon groups, but differing number of hyditmmwa groups. Therefore
difference in the absolute value of the pore expansierreated to C@solvation of

hydrocarbon (Ck) groups.

The pore diameter for films templated with the shofteorinated surfactant,
HFOPC (8 chain length) increases from 1.91 nm for the unggsedesample to 2.78 nm
for CO, processed films at 172 bar and 45 °C. At similar condititves pore diameter
for the film templated with the longer fluorinated sotént, HFCPC (16 chain length) is
much larger and increases from 4.23 nm to 5.21 nm for {@@essing at 172 bar and
45°C. However, the absolute magnitude of pore expansiontis sjaiilar at the same
CGO, conditions (within 0.1 nm, Table 6.2) for films templatedhaboth templates. The
similar magnitude of pore expansion provides further eviddocenegligible CQ
solvation of the hydrocarbon (GHgroups. The greater number of hydrocarbon groups

in HFCPB do not result in a significant increase in phbaeneter compared to HFOPC.
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Table 6.2: Summary of pore diameter and absolute magnitude of pore éxpdnis
thin film templated with all three surfactants as actiom of CQ density

CO- Densit HFOPC film HFCPC film CPB film
processing y of Pore | Absolut Pore | Absolut Pore | Absolut
conditions CO, | diameter e diameter e diameter e

(@/ml) | #(nm) | increase| ?(nm) | increas| *(nm) | increase
3 (hm) e (nm) (hm)
Unprocessed - 1.91 4.23 3.64
(45°C) (0.092) (0.084) (0.064)
Unprocessed - 1.90 4.24 3.64
(25°C) (0.088) (0.092) (0.060)
69 barand | 0.178 2.33 0.42 4.75 0.52 3.72 0.08
45°C (gas) (0.086) (0.086) (0.066)
103 bar and | 0.544 2.58 0.67 5.01 0.78 3.74 0.1
45°C (sc) (0.098) (0.088) (0.068)
137 barand | 0.715 2.69 0.78 5.12 0.89 3.74 0.1
45°C (sc) (0.094) (0.090) (0.064)
172 barand | 0.779 2.78 0.87 5.21 0.98 3.76 0.12
45°C (sc) (0.090) (0.092) (0.062)
172 bar and | 0.894 2.76 0.85 5.19 0.96 3.75 0.11
25°C (liq) (0.094) (0.096) (0.068)

#Values in the parenthesis are standard deviations of pareetiirs obtained from ten
different TEM images of the same sample.

Favorable CQ swelling occurs primarily in the ‘C&philic’ fluorocarbon (CEk) groups
of the surfactant tail, leading to similar swelling beba in the HFOPC and HFCPB
templated materials, which have an identical numbeflusfrocarbon groups in their
surfactant tails.

The d-spacing for films templated with the fluorinated actdnt, HFOPC,
increase by 23%, from 2.48 nm for the unprocessed film to 3r0O6@p processing at
172 bar and 45°C (results not shown). At similar,@@cessing conditions, HFCPB
templated films undergo a much lesser percentage increasspacing of 14.3%, (Fig.
4(i), from 4.6 nm for the unprocessed film to about 5.26 r8milar to increase in d-
spacing, the percentage of pore expansion is greater foP8F&mplated film compared
to HFCPB templated film at all GQronditions. The largest increase in pore diameter
observed for HFOPC templated film is 45.5 % for,Q@@ocessing at 172 bar and 45°C,

91



compared to 23.1 % expansion for HFCPB templated films egetltonditions. The
greatest percentage increase in pore diameter with imoge@€» density occurs at low
densities ficoz < 0.2 g/ml) for both of the fluorinated surfactant tertgdethin films (Fig.
6.5). The pore size continues to increase with, @énsity at the higher densities
investigated fco2 upto 0.8 g/ml); however the magnitude of increase islsmilan that
observed at initial densities. The greater pore expafsidhe template with the larger
percentage of fluorocarbon segments demonstrates pteeI€0, solvation of ‘CQ-
philic’ segments in the mesophases.

Molecular characteristics of a ‘G@hile’ have been demonstrated to be a low
cohesive energy density and flexible geometry with a frigdh volume’? The trends of
‘CO2-philicity’ between the three surfactants investigatethis study as measured from
pore expansion is interpreted from molecular geomegyraents. The C&philicity was
quantified using the free fractional volume (FFV) paradiffrwhich is a geometric
parameter calculated directly from the surfactantgadmetry and surface coverage of
headgroup. FFV is defined as

FRV=1-

tA,

where \{ is van der Waals volume of surfactant tail, t is kwegth of the tail in the
optimum gas phase configuration,, Ahe interfacial area per headgroup, is assumed to be
a constant, 100 A°, consistent with most measured headgreap in C@*** Further, A
is expected be similar for all three surfactants ingastd in this study (HFCPB,
HFOPC, CPB) and considering a constant valueoivill not greatly affect the trend of
their relative FFV valuest for each surfactant molecule was calculated fronir the
optimum configuration using SPARTARC The surfactant molecule was first created in
an all trans configuration in SPARTAN. Molecular meclkargnergy minimization was
performed on the molecule by using the classical MMFF9defdield to obtain the
optimum configuration. Finallyt was measured as the distance between the pyridinium
nitrogen atom and the last atom in the surfactant tall aan der Waals volume was
directly reported by SPARTAN. For surfactants having alamheadgroup, a lower FFV
indicates the potential to form a more stable wates/@@gregate and greater tail
solvation by C@'** The FFV values for the three surfactants in our studsedsed from
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CPB (0.79 ) to HFCPC (0.76) and finally to HFOPC (0.67)ssbent with increasing
‘CO2-philic’ trend from CPB to HFCPC to HFOPC as determinetbugh pore
expansion studies.

Recently, the diversity of ‘C&philic’surfactants has greatly increased beyond
fluorinated molecules to include various hydrocarbon stafds that demonstrates the
geometrical properties and molecular interactions dssxlisabove for ‘C@philes’.
Stubby methylated branched surfactants have stabilized -wa®®, emulsions and
microemulsions and also dispersed silver nanoparticlesC@n. ®31°166.169 gy|ky
trisiloxane surfactant® and small oxygenated hydrocarbon surfactants have aéso be
established as ‘C&philes’.”® The ability of compressed G@ selectively solvate ‘CO
philic’ regions of mesophases towards tailoring surfactamiplated materials can be
potentially extended to include templates containing Nn@@}-philic’ groups in specific
regions to synthesize materials with tailored poze,sshape and structure and extend the
general applicability of C®processing to include a large number of template sgstem
Additionally, the potential also exists of using £@wards specific delivery of
molecules to the novel ‘C&philic’ regions in templated materials for synthesisnew

functionalized materials.

6.5 Conclusions

Ex-situ characterization of pore expansion due te @cessing of surfactant
templated mesoporous silica thin flms have been used rpare CQ solvation of
different functional groups (GFand CH). Pore expansion is insignificant for films
templated with the hydrocarbon surfactant, CPB, at 43fC@GQ pressures up to 172
bar. In contrast, silica thin films templated with®FC, a partially fluorinated analogue
of CPB containing six fluorocarbon groups. demonstrate #gnif pore expansion,
consistent with significant COsolvation of CE groups in concentrated surfactant
systems compared to Gldroups. A comparison of the the pore expansion behavior of
thin films templated with two fluorinated surfactantgaals an increasing extent of pore
expansion with an increasing percentage of y@@ilic’ fluorocarbon groups in the
surfactant tail. These results indicate the prefeksblvation by CQ of ‘CO,-philic’

groups in templates containing both ‘Eghilic’ and ‘non CQ-philic’ groups. Designing
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templates with specific regions of ‘G@hilic’ groups may be used to tailor pore
structure and surfactant mesophases, and potentially dé€li@gsoluble substrates to
specific regions of a mesostructure..

In addition, the very low surface tension of the flnated surfactant coating
solution resulted in synthesis of mesoporous silica tiimsfeven on low energy
fluorinated silane modified glass substrate. The losugface tension of the fluorinated
surfactant-silica solution also resulted in significanéss liquid hold-up on the edges
during formation of the dip-coated film. This suggests dpplicability of fluorinated
based silica solution in forming coating on porous or high csgsio structures or
surfaces with small features or patterns such as nietromechanical systems (MEMS)
devices?®®

Copyright © Kaustav Ghosh 2007
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CHAPTER SEVEN

IN-SITU FLUORESCENCE SPECTROSCOPY OF SUPERCRITICAL
CARBON DIOXIDE PROCESSING OF SURFACTANT TEMPLATED
NANO-STRUCTURED SILICA FILMS

7.1 Summary

The local environment and dynamics of compressed carboxide (CQ)
penetration during surfactant templated silica film sysithes interpreted from the in-situ
fluorescence emission spectra of pyrene (Py) and afieddoyrene probe. Pyrene
emission in cetyl trimethyl ammonium bromide (CTAB) acetyl pyridinim bromide
(CPB) templated silica films is monitored immediatafter casting and during processing
with gaseous and supercritical (sc) @7 — 172 bar, 45°C). The solvatochromic emission
spectra of pyrene in CTAB templated films suggest @€netration in both the micelle
interface and its interior. An anchored derivative gfepe, 1- pyrenehexadecanoic acid
(Cie-pyr) (pyrene-(CH)1sCOOH), is established for probing CPB films, where plgeene
moiety is preferentially oriented toward the interadrthe micelle, limiting quenching by
the pyridine headgroup of CPB. gf@enetration occurs in the interior of CPB micelks,
measured from the degree of fluorescence quenching as aofudtiCQ processing
conditions. The fluorescence quenching behavior of deriditiggrene also indicates
continuous probe mobility in CPB films and demonstratemerease in the timescale for
silica condensation due to GQrocessing. The mobility of;gpyr increases with pressure
from gaseous to sc G@rocessing and is greater than 5 h for sg @©cessing at 172 bar
and 45°C compared to about 25 m for the unprocessed filmddivery of CQ and CQ
soluble solutes in CTAB templated films is followedaigh nonradiative energy transfer
(NRET) measurements and suggests the potential to enghee@ore functionality and
deliver drug and reactant molecules with q@ocessing.

7.2 Introduction

The synthesis of mesoporous silica occurs through asEr@ly process with the
surfactant molecules forming ordered templates and theolgydd silica precursor
associating with the surfactant head group to form tlid silica network?* Subsequent
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removal of the surfactant results in ordered mesopamaisrials with the mesostructure
replicating the surfactant mesophase. Tailoring the pouetsre of surfactant templated
materials has been demonstrated to increase the ajmplicat such materias:®4®
Traditional methods of achieving pore expansion in surfatéamplated silica has involved
the addition of large hydrocarbon solvents (e.g polypeayyoxide, dodecane, mesitylene,
etc.) to the surfactant/silica precursor solution diyeduring the synthesis of porous silica
to achieve pore expansion through swelling of the micetie ¥g°2*

Supercritical (sc) and compressed focessing has been recently demonstrated
as for the synthesis of tailored mesoporous silicautiinacontrolled C@based swelling of
the surfactant templaté3?*>?"“Sc CQ is an attractive alternative pore tailoring agent due
to its tunable solvent strength, high diffusivity amdvlsurface tension, which enables
diffusion through the nanometer sized pores while pvesgrthe long range structure.
Compressed COwas successfully used to solvate ‘Qhilic’ fluorinated templates
(perfluoroalkyl pyridinium chloride surfactants with 8-10dtinated carbon atoms in the
surfactant tailf’* Pore expansion of up to 80% in the fluorinated surfactemplated
silica thin films were achieved at processing conditiofisl72 bar and 45°€* In
contrast, CQ pressures of 482 bar resulted in 54% pore expansion for b looger
hydrocarbon copolymer template (P123 with 69 propylene oR&O] groups in its tail)
through CQ uptake in the PPO cof@. Negligible pore expansion was achieved for two
other hydrocarbon surfactant templates, CTASnd CPB for processing pressures up to
172 bar as demonstrated in Chaptem6Chapter 6, we also demonstrated the ability of
CQO; to selectively solvate ‘CEophilic’ regions of the mesophase compared to ‘non-CO
philic’ areas.

CO, based alteration of pore structure of fluorinated stafdadcemplated dip-coated
silica films has been demonstrated to occur during th@utable steady state (MSS) of the
film.?’* During this period, which begins a few seconds after cmdting, silica
condensation is in progress but is not sufficient to Hammed a highly rigid network®*
MSS is an important stage in the synthesis of dip-cofitas because the flexible silica
network allows the final structure to be modified tigh the application of external
forces? 134141321 knowledge of the dynamics of GOpenetration in the surfactant

templated materials and the timescales of silica awat®n during C@processing can
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potentially be used to optimize pore engineering and fomalization during the extended
MSS period.

The mechanism of penetration and localization of ticatil hydrocarbon swelling
agents in surfactant templated silica has been exténsivevestigated
experimentally’*>**%and also described based on the free energy of mixinging chain
alkanes (> C8) form an inner core , resulting in an irsereéa pore diameter, while shorter
alkanes and aromatic hydrocarbons localize directlyaihwith no change in micelle
size?>1°3 Alternatively, CQ processing of surfactant mesophases is not well studied, a
have been mostly limited to small angle neutron edag (SANS)’° In contrast, the CO
penetration of dilute surfactant aggregates (i.e.,-@fdtinuous microemulsions and
emulsions) has been investigated more extensit/éR/™**° due to their potential
application in enzymatic reactiofs!*® extraction;* solublizing metal nanoparticl&5:®24°
metal iond?? and protein¥? and ‘green’ applications of carbon dioxide technol&gy.

The in situ probing of local environment (i.e., through feszent spectroscopy
probes) may provide additional insight into the local@atand dynamics of CO
penetration in surfactant aggregates and mesostructuresioldly, fluorescence
spectroscopy have been used to investigate the syntimesikanism of surfactant
templated mesoporous ceramics, the change in micelletpalath addition of additives
during the synthesis, the mobility of various probes in-gsbl silica film from
microviscosity estimations and demonstrate probe ataiéysin three regions of a sol-
gel mesotsructured silica film namely the silica frarodwy the micelle core and the
micelle interfacé®?**3°The solvatochromic behavior of pyrene, in particutas been
used in-situ to follow the evolution of the final mesosture through the formation of
intermediates and also the interactions between tarfs and silica precursors.
Pyrené® and other spectroscopic probe molectiié$>?"*have also been incorporated
in CO,-continuous solutions of surfactant aggregates and-s@@llen micelles as
measures of the polarity of their microenvironment.

In extending the use of high pressure fluorescence spempyosto the
investigation of the effect of Grocessing on the mesostructure of templated silica, the
constrained thickness of silica thin films have a rcledvantage over templated silica
powders. At less than 500 nm thickness, these films>qrected to absorb very little
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intensity of the excitation beam. This advantage leen employed previously in the
investigation of C@processing of polymeric thin films. For instance, tieal dynamics
of probe systems in thin films in the presence of compteS$® has been investigated
by determining the diffusivity of pyrene in polystyrendmB using steady state
fluorescence spectroscopy. The diffusion coefficients and localization of vari
probes in C@ swollen polymer films have also been investigated in tieed by high
pressure fluorescence nonradiative energy transferEINRusing pyrene labeled
polystyrené*’

This study extends high pressure fluorescence spectrosampthet in-situ
investigation of C@processing (17 bar — 172 bar, 45°C) of hydrocarbon (CTAB ai®) CP
surfactant templated silica thin films. The suitabilitfythe well studied solvatochromic
probe, pyrene, and a pyrene derivative, 1-pyrene hexadliecacid (Gs-pyr) as probes for
the effect of CQprocessing on CTAB templated films is demonstrated,endnly Gg-pyr
is suitable to probe the penetration of GOCPB templated silica films. The timescales of
silica condensation are inferred from the probe molalitg the time dependent behavior of
CO, penetration. C@localization and relative uptake in surfactant templlegidéica are
determined as a function of processing conditions, anddlreery of a solute dissolved in
CO, to specific regions in surfactant templated films is destrated using fluorescence

nonradiative energy transfer (NRET).

7.3 Materials and Methods

7.3.1 Chemicals. The surfactants cetyltrimethylammonium bromide (CTAB)d a
cetylpyridinium bromide (CPB) were obtained from Aldiriand used without further
purification. Tetraethoxysilane (TEOS, purity > 99%) was pased from Gelest.
Absolute ethyl alcohol purchased from Aaper Alcohol andn@it& Co. (Shelbyville,
KY), deionized ultrafiltered water from Fisher Sciemtiind hydrochloric acid (0.1 N
standardized solution) obtained from Alfa Aesar weredufor thin film synthesis.
Carbon dioxide (Coleman grade, 99.99+%) was purchased frastt &ross Co.
(Lexington, KY). The fluorescence probes, 1-pyrenedecanamd (pyrene-
(CH2)oCOOH) (Go-pyr) and 1- pyrenehexadecanoic acid (pyrenexj80O0H) (Ge
pyr) (purity 99+%) were purchased from Molecular Probgseiie was obtained from
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Sigma (purity ~ 99%) and naphthalene (purity 98+%) frorhd¥iScientific. Schematics
of all surfactants and probes are presented in Figure 7.1.

7.3.2 Film Synthesis. The solution for silica film synthesis was prepared by first
refluxing TEOS, ethanol, water and HCI (mole ratio 1: 3:85*10°) at 65C for 90 min
to obtain a clear solution of partially hydrolyzed silicThe remainder of the required
water and HCl were then added in calculated quantitiesyltiegy in a pH of
approximately 2 in the final solution, and the mixture wasdaat 28C for 15 min and
then at 50C for an additional 15 min. Finally, a solution of thefaatant in ethanol was
added to the previously hydrolyzed silica sol under constiantg. The final mole ratios
obtained were 1 TEOS : 1250H : 5 HO : 0.004 HCI :x surfactant X 0.06 for
CTAB?® and 0.1 for CPB). The fluorescence probe (pyrengp@ or Ge-pyr) was then
added to the solution, resulting in a final probe conegintr in the dip-coating solution
of 5x10° M. 500yl of the silica solution was dropped on each side oéarchlass slide
and allowed to spread to form a uniform film.

Immediately after coating, the films were dividedimivo treatment groups. One
treatment group was mounted in a high pressure fluorescgeee cell (described
below), either within 5 min after spreading the fiimwan (brief-aged film) or after
aging the films greater than 25 m (long-aged film). Tdp@gtime is defined as the time
period between depositing the solution on the glass sk the initiating the CO
processing of the film. CQpressure in the view cell was increased at the rate badb
min until the pressure reached a desired pressure (17 — 172Hiar3. were maintained
at the desired COpressure at 45°C for up to 24 h, as described in the individual
experiments. Fluorescence spectroscopy was performde aetcond treatment group of
films in a low pressure film holder without any €@rocessing.

7.3.3 Atmospheric Fluorescence Measurements.Steady state fluorescence
measurements were performed with a Varian Cary Ecliggsrescence
spectrophotometer (Walnut Creek, CA). Surfactant tempkitead films were mounted
on the front face of a holder custom designed to fa tuvette holder and allow front
face illumination by the excitation beam at an anglé53. A xenon pulse lamp was used
as the light source, with an operational wavelengtigeaof 200-900nm (1.5 nm
accuracy; (0.2 nm reproducibility)). Emission spectra efgirene or derivatized pyrene
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Fig 7.2 Apparatus for high pressure thin film fluorescence measursme

(Cio-pyr and Ge-pyr) In the films was obtained by exciting the prob&24 nm with an
excitation slit width of 5 nm and an emission slit widftiL.5 nm.

7.3.4 High Pressure Fluorescence Spectroscopg-situ fluorescence measurements of
compressed COprocessing of silica film was conducted using a custom-degijhm
holder fitted inside a stainless steel variable volume veaN (10-25 mL working
volume, rated to 20.7 MPa) obtained from Thar Techne®(fittsburgh, PA). The high
pressure cell was mounted within the sample compartmetiteo¥arian Cary Eclipse
fluorescence spectrophotometer (Figure 7.2). The film hal@esrplaced in line with the
guartz windows such that the excitation beam illuminttedilm at 45°. The position of
the thin film in the path of the beam was kept congfansiughout CQ pressurization by
using a constant volume of an overburden incompresdite (ivater) separated from
the film holder by an O-ring piston. The temperaturetted spectroscopic cell was
controlled using an Omega controller (model CN9000A) with ihgatape. CQ was
deoxygenated by passing it through a high pressure oxygen tiggcifAlrated to 125
bar) and supplied to the view cell using an Isco syringe plwumpdIn, NE, model 500D)
.CO, was deoxygenated to prevent the quenching of the probe. siBmispectra of
pyrene in CTAB templated film and:&pyr in CPB templated film were obtained at
specific intervals during C{processing by exciting the probes at 334 nm.
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Nonradiative Energy Transfer (NRET) at high pressauas measured between
naphthalene (donor) and&pyr (acceptor). Naphthalene was dissolved in deoxygenated
CO, at a fixed concentration of 5*POM and supplied to the view cell using the Isco
syringe pump. &-pyr labeled CTAB templated films were produced as destabeve.
With naphthalene present in the system, the sampk ewaited at 290 nm and
fluorescence spectra were recorded in the wavelength 8238650 nm. The ratio of the
intensities of Gspyr fluorescence to naphthalene fluorescenge/ (Iv), which is a
measure for NRET efficiency, was calculated from faszence intensities at 338 and
376 nm for naphthalene andspyr emission, respectively.

7.4 Results and Discussion
7.4.1 Fluorescence Spectroscopy of Silica Films without G®rocessing.

Prior to using the fluorescence probe system (pyr€igpyr, Cepyr) to
investigate the localization and uptake of d@ surfactant templated materials, these
applicability of these probes for the thin films tentpthwith the hydrocarbon surfactants
CTAB and CPB is demonstrated. The location of pyren€TAB micelled®* has
previously been estimated using its solvatochromic behawidile the change in
microviscosity and state of surfactant aggregates in Ctehplated silica film$° has
also been probed by pyrene fluorescence. The ratioeofliorescence intensities of the
vibronic bands of pyrene (intensity ratio of tb 3° band, 11/13) has also been used to
probe the micropolarity of its local environment bothlaw pressurf**® and in
compressed COenvironment$**%! The value of the 11/13 ratio varies from 0.6 for a
non-polar solvent, such as hexane, to 1.8 for an aquewitsrement:®*

The emission spectrum of pyrene in a CTAB templateoh filithout CQ
processing is presented in Figure 7.3a. The spectrum disipd@ysharp vibronic bands,
characteristic of pyrene fluorescence at low prob&entration, with an 11/I13 value of
1.4. The value of 11/I3, which is intermediate betweet for a polar and a non-polar
solvent environment, indicates the presence of pyrendeatinterface of the CTAB
micelle, consistent with previous studt&&33° Alternatively, excitation of pyrene in a
CPB templated film results in negligible emission isign(Fig. 7.3b). Similar to CTAB
micelles, pyrene is also expected to be present atRBer@icelle interface. However,
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Fig 7.2. Emission spectra of pyrene in a) CTAB and b) CPB tateq!
film without CQO, processing

pyrene fluorescence is effectively quenched by the pyudi head group of CPB at the
interface through electron transfer from the photoercistate of pyrene to electron
deficient pyridine group, leading to the decreased emiskitamsity>*?2** In CPB
micelles, quenching of pyrene probes occurs through statiochung, in which the
electron transfer from the excited probe to the rstapgridine neighbor requires no
pyrene diffusion because of the high local concebtaif the quenchef*3*°

The modification of pyrene with a carboxylic acid taikexpected to significantly
alter the location of the pyrene moiety in a CTABGH®B micelle. In the case of sodium
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dodecyl sulfate micelles, the carboxylic acid of thegepe derivatives associates with
the surfactant head group and the pyrene moiety, whictiashad to the hydrocarbon
chain, is present in the micelle interiof.The orientation of derivatized pyrene in the
micelle interior is a potential advantage of probing GB@plated films, as it limits the

guenching of pyrene by the pyridine head group.

The location of derivatized pyreneidpyr (pyrene-(CH)sCOOH) and Gspyr
(pyrene-(CH)1sCOOH) is examined from their emission spectra in n@a-@rocessed
silica films templated by CTAB and CPB (Figure 7.4). FGrAB templated film, both
derivatized probes display emission spectra with higansity (Fig. 7.4 (a & c)). In
contrast, in CPB templated film the intensity of thmission spectra of igpyr is
negligible (Fig. 7.4b), while significant emission intéyss observed for the longer
hydrocarbon chain probe &pyr in CPB templated film (Fig. 7.4d). The low intensity
of the shorter hydrocarbon chain probe may be explaindgd bpility to bend back to the
interface, resulting in quenching due to the proximity of tlgeeipe moiety and the
pyridinium head group of the surfactant. The localizatbpyrene and G-pyr has been
suggested to be in the same depth in the core of SDS mitelsed on their similar
quenching rate constants. The location of G-pyr at the interface was attributed to the
ability of the hydrocarbon chains to bend in a U-shapedocomwtion toward the
interface. Alternatively, a shorter derivative ofr@e, 1-pyrenebutanoic acid 40yr)
did not favor a bent conformation and the pyrene maiétZ,-pyr was located in the
SDS micelle interioP®

Alternatively, the significant fluorescent intensitf/the longer chain G-pyr in
CPB templated material (Fig 7.4d) is consistent withpyiene moiety being located in
the interior of the micelle. Increasing the lengthtted hydrocarbon tail may increase
steric hindrance and limit the pyrene moeity from dieg back to the interface.
Favorable interactions between the hydrocarbon chdindeatical lengths of G-pyr
and CPB (16 carbons) have been observed previously foidoacgroup incorporation
in surfactant templated materidlsand may increase incorporation ofg@yr in the
micelles and localization of the pyrene moiety ie thicelle interior of CPB templated
films. While localization and high fluorescent interstin the CPB templated films are
an advantage of the;E£pyr probe, a disadvantage is the loss of its solvabocic
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Fig7. 4. Emission spectra of{gpyr in a) CTAB and b) CPB andi&pyr in c) CTAB
and d) CPB templated film

emission upon functionalization of pyrene. The salvkapendence emission of pyrene is
a result of solute-solvent dipole-dipole coupling anarrbital coupling and is dependent
on the symmetry of pyrert& which is lost for G-pyr. However, the location of the
pyrene moiety in the micelle interior for the andeh Ge-pyr suggests other applications,
including probing CQ interactions and C{based solute delivery in the micelle interior
as described below.

7.4.2 Timescales of Silica Condensation with Gprocessing.

The period of silica condensation in dip-coated surfactamtplated thin film
synthesis is called the modulable steady state (M&&)d represents the period when the
silica structure can still be modified by external fetc®reviously, researchers have

134

modified thin film structure during the MSS by changing systeumidity, ethanol
vapor concentratiofi’’ the surface chemistry of the substfatand by applying an external
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magnetic field to alter the thin film orientatid#.Extending the MSS period may increase
opportunities to tailor mesostructure of thin films byedtly altering the pore size,
structure or functional group incorporation.

Our previous study suggests that alteration of pore steuthwough compressed
CO, processing of fluorinated surfactant templated silican fdccurs during the MSS
period?™ It was also observed that the x-ray diffractiontgrais of fluorinated surfactant
templated thin films varied for the first 12 h of €Processing suggesting continuous
changes in pore structure due to progressive silica conaensrring that period. This
observed change is attributed to continuous silica coatiensand represents a significant
extension in condensation timescales relative to unpsedd8ms. For example, IR spectra
measurements of silanol bond intensity as a functfoagong time of silica film aged in
ambient conditions have suggested that silica condendatioGTAB templated film is
complete after aging times of 20 niff. Even though CTAB and CPB (Chapter 6)
templated materials do not demonstrate significant, ®@sed pore expansion, the
possibility of extending condensation timescales for &rrgjore engineering exists if GO
penetration occurs in those templates.

CO;, localization in the surfactant template is interprdted the time dependent
fluorescence spectra of the pyrene probes in CTAB l&et films for both the brief-
aged films (aging time < 5 min prior to exposure toCénd for the long-aged films
(aging time > 25 min). Silica condensation is expettelde complete for the long-aged
films before being processed in €@mpared to incomplete condensation for the brief-
aged films'** The change in the emission intensity of pyrene f®med as the ratio of
the intensity of the third vibronic emission band of pgréi3, emission at 385 nm) to the
initial 13 value (13) (Fig. 7.5a). 13 is insensitive to solvent polarity andrdase in the
value of 13 as observed in Figure 7.5a indicates overalledees in pyrene emission
intensity. Since, pyrene quenching is not significar@ TAB micelles:®***°the decrease
of the emission intensity of pyrene is attributed 10, @ccessing the pyrene present in
the film for both aging times and leaching the pyrene iheobulk CQ. The pyrene is
leached into the bulk CQOs present at a much lower concentration than pyreties thin
film, suggesting that emission intensity from the bulkepe is negligible compared to
pyrene emission from the thin film. Hence, most of teatribution to the observed
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fluorescence emission occurs from the pyrene thaairesmn the thin film thus resulting
in a decrease in emission intensity. The dissolutiopyoéne from polymeric films into
bulk compressed COhas been previously report€d.The rate of pyrene leaching is
similar for films of both aging timesuggesting that COaccessibility of the CTAB

micelle interface to result in pyrene solvation is sighificantly dependent on the extent
of silica condensation.
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The final emission intensity decrease is significaetafning only 30% of its
initial intensity) and similar for films of both agirignes and is obtained at processing
times greater than 6 hrs. Further, depressurization ofysem does not result in an
appreciable increase in pyrene intensity. This suggestpyhate remains dissolved in
CO, during depressurization and does not re-deposit in the Tibrfurther confirm the
dissolution of pyrene in CQthe pyrene dissolved in Gvas captured by bubbling in
ethanol during depressurization. Significant quantitiepyoéne were solubilized in the
depressurized Cas measured by fluorescence spectroscopy of the ettdnbdn.

The solvatochromic behavior of pyrene provides furthesight into the
localization of CQ in the surfactant templated films as a function ah@gime. The
11/13 values for pyrene emission in CTAB film at 103 bad &5°C as a function of GO
processing time are presented in Figure 7.5b. The 11/I3 vahgeplotted both for the
brief-aged films (aging time < 5 min prior to exposure to,)Cand for the long-aged
films (aging time > 25 min,). The 11/13 value for the Iaged films decreases from 1.4
(for a non-processed film) to about 0.9 within the first 2@ of CO, processing and
remains constant thereafter. The decrease is corisigt#éim a change in pyrene
localization from a micellar interface to a consatdy more non-polar environment.
Pyrene emission intensity during e@rocessing has been demonstrated to have
significant contribution only from pyrene fluorescennethe thin film compared to the
pyrene present in bulk GOThus, the shift in 11/I3 values represent a change iangyr
localization in the thin film suggesting the solubilizatimihpyrene in a ‘C@like’ (non-
polar) environment in the micelle interior for the quadred film. Indeed, pyrene present
at micelle interfaces has been demonstrated to be kxdubby compressed Ganto the
micelle interior>*%® Interestingly, C®@ penetration in the micelle interior occurs even
for this hydrocarbon surfactant template, which showssigoificant pore expansion
when processed with G Similar solvent penetration in surfactant tails withmicelle

expansion has been observed for alcohols and aromaticchytloms'®
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In contrast to the brief-aged films, a decrease inl1th@ ratio of pyrene was not
observed for the long-aged film, suggesting that SGncapable of solublizing the pyrene
in the micelle interior after complete silica condeiosa**® Thus, the limit for aging times
to result in successful G(penetration in surfactant micelle interior may bgsl¢han the
time period for complete silica condensation. For Wit aging times, the 11/13 value is
about 1.35 after COdepressurization, indicating that the environmental changde
vicinity of pyrene is reversible in the quick aged filburing CQ depressurization, pyrene
returns to the interface from the micelle interior.

The preferential location ofgpyr in the micelle interior for CPB templated slic
films is used to investigate the localization of J@the surfactant tails and the dynamics
of silica condensation in the films as a function @,(rocessing time and conditions.
Anchoring of the probe system to the micelle intexfatso results in insignificant GO
based leaching of & pyr from the cationic surfactant templated filmsdasermined from
the negligible change in probe emission intensity irtlqaiged CTAB templated film for
CO;, processing at 103 bar and 45°C (not shown).

Figure 7.6 plots the change in emission intensity @fp®r in CPB templated film
(11 / 11p; 11p is value of 11 before C{processing) due to G@rocessing time for both the
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long-aged films (aging time > 25m) and the brief-aged fil@ging time <5 m) as a
function of processing pressure. Significant decreases;gpyr emission intensity are
observed for the quick aged films at all condition€&% processing compared to the non
processed films. In the absence of probe leaching, tlieasescin emission intensity of&
pyr is attributed to the quenching of the pyrene moietypyndinium head group of the
surfactant. This quenching is caused by continued probe mabiting micelle interior due
to the presence of GQOresulting in increased interactions of the probe withdine. The
magnitude of intensity decrease increases with processegsyre for gaseous @O
processing from 17 bar (intensity is about 90% of its origialue) to 34 bar (about 80%
of original intensity) at 45°C. Emission quenching is everarsignificant for sc CO
processing at 103 bar and 45°C (about 60% of original value) Ioaing constant
thereafter at different sc G@onditions.

The rate of quenching is also a function of Qfdocessing conditions. Similar
magnitudes of intensity decrease occurring at a fast aeteobserved for all GO
conditions during the first 1 h of processing. Theredfterrate of decrease slows down
for both gaseous and sc €f@rocessing and after approximately 1.5 hours, the emission
intensity of Ge-pyr in gaseous C{processed films reaches a constant value. In contrast,
the emission intensity continues to decrease forilims processed in sc GQor at least
5 hr. Several factors can limit the rate of quenchinthefderivatized pyrene probe with
increasing C@ processing times. /&pyr mobility in films processed in GOmight be
decreasing with processing time due to increasing silicdesmation, which would limit
the association of pyrene moiety with pyridine groéernatively, the quenching may
be limited by the availability of free pyrene even ié tbrobe is mobile. Quenching of
Cie-pyr in CPB micelle is expected to follow a static quenghmechanism similar to
guenching of free pyrene in CPB micelles, i.e. through ifogmpyrene-pyridine
complexes due to electron transf&** As an increasing number of pyridine groups
form static quenching pairs withy&pyr with processing time, the probability of pyrene
moiety finding a free pyridine group decreases (wherenihialimolar ratio of pyrene to
CPB is 9*10° : 1). Alternately, the emission intensity of¢@yr in the long-aged CPB
films remains essentially constant with time for O@ocessing at 103 bar and 45°C
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suggesting that probe mobility is negligible in films havirsggnificant silica
condensation.

In-situ fluorescence quenching measurements demonstratgasedus and sc
CO, processing of quick-aged CPB templated films is succegsfaxtending silica
condensation time from about 25 min for the unprocessed (@s suggested by
insignificant quenching for long-aged film) to greater than 5 redding on processing
conditions through COpenetration in the surfactant tails. This technique isicggé to
non-CQ philic hydrocarbon templates and even gaseousi€€apable of extending the
MSS to greater than 1 hour.

7.4.3 High Pressure Nonradiative Energy Transfer.

The preferential localization of the pyrene moietythe micelle interior for the
anchored probe, i{epyr, suggests the opportunity to investigate the deliveryCO$
dissolved solutes to the micelle interior. NRET invodyianchored probes has previously
been used to investigate solvent and water uptake in ei@dd microemulsion
systemg®??° Naphthalene and pyrene are often used as an energy (icaumeptor
pair?23?**naphthalene emission and pyrene absorption have a lpegea overlap and
the excitation of the system at 290 nm is selectiveafththalené®®

In this study, naphthalene is dissolved in bulk,@@d introduced into the film
during the CQ processing of the CTAB templated film. The pyrene myoad Cie-pyr,
which is anchored to the film through its carboxylic aad, tis used as the electron
acceptor. The high solubility of naphthalene in comp@<3Q is well documentetf®***
and is an advantage of this probe system. At the lomcentrations of naphthalene
required to quantify NRET of the naphthalene/pyrene {raphthalene concentration in
CO; is 5*10° M), naphthalene can be directly solublized in.G®en at low pressures.
Another advantage of the naphthalene/pyrene pair ighaForster distance (2.9 nittf)is
greater than the radius of CTAB micelle (~ 2.1 Aflhus, energy transfer will always
occur when naphthalene is localized in the micellerimtewhere the pyrene moiety of the
anchored &-pyr is also localized.

NRET is confirmed from the emission spectra of a 8Ttamplated film (labeled
with Cie-pyr) processed with CO(103 bar and 45°C) containing dilute dissolved
naphthalene (Fig. 7.7). Even without the presence ofthalgime, excitation of the;&pyr

111



16 - lp

12 - l
g -
4-
0 ‘ AN
0 350 400 450 5

30

®

00 550 600
Wavelength (nm)
lp

50

0
30 -
20
10 -
0

Ny
300 350 400 450 500 550 600
Wavelength (nm)

Fig 7.7. Emission spectra of&pyr in CTAB templated film excited

at 290 nm and processed in £8 103 bar and 45°C (a) without

dissolved naphthalene and (b) with naphthalene dissaiv€G
labeled film at 290 nm displays a weak emission around 37 Fign4.7a). However, with
the introduction of naphthalene dissolved in,Cthe emission intensity ofigpyr around
377 nm is significantly increased, along with a correspondimgsion from naphthalene
around 340 nm (Fig. 7.7b). These emission spectra charactedgmonstrate energy
transfer between naphthalene and pyrene moietys£hy.
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Previous studies have reported that in the absence gft@®naphthalene probe
molecule resides at the micelle interfdte.For our system, the quenching of the
fluorescence emission of naphthalene in CPB tempfdtedvithout CO, processing also
confirms the presence of naphthalene at the micellxfate and near the pyridinium
headgroup. Hence, NRET of the pyrene-labeled thin flmsx\du€iQ processing indicates
delivery of naphthalene by dissolved £t the micelle interior during the synthesis of
templated material. The penetration of naphthalessotlied in compressed €@ the
micelle interior has been previously demonstraféd.

The efficiency of energy transfer between naphthasere Gs-pyr can be used to
interpret the uptake of the G@oluble solute, naphthalene, to the tail region hef t
surfactant template and changes in the probe localizas a function of CQprocessing
pressure. Efficiency of energy transfer is is calcdlatsing the ratio of the fluorescence
intensities of the acceptor to the donar/(In, where b is pyrene emission at 377 nm and
In IS naphthalene emission at 338 nm) and is plotted in &igu as a function of
processing pressure and time. Thell ratio increases rapidly and has similar valuedlat a
CO, processing conditions for the first 1 h of processifige K/Iy ratio continuous to

increase with time and the final values and the proagdsime required to reach these
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constant values increase with processing pressure froeogmg$from 34 bar to 69 bar at
45°C) to sc C@processing (103 bar and 172 bar at 45°C). Approximately 4 hr G
processing is required to achieve a constant valug/dfl(~ 1.2) at both 103 bar and 172
bar.

An increase in thepl/ Iy ratio indicates either a decrease in the averagandist

between naphthalene and pyréné® %

r an increase in the naphthalened@yr ratio in
the same environmerit® A decrease in the distance between the probes indiaaites-s
solute clustering between naphthalene apngp@r in sc CQ.2***'However, solute-solute
clustering in sc C@has been demonstrated to decrease with increasingp@suré?"
which is in contradiction to the trends ¢f/lly values in our systemgly values increase
with CO, pressure). Hence, solute-solute clustering cannot corypéegelain the increase
in energy transfer efficiency with pressure and indicttat increase in the naphthalene /
Cie-pyr ratio is also occurring. For a constani-@yr concentration, an increase in the
naphthalene / -pyr ratio indicates an increase in naphthalene coratént and suggests
an increase in naphthalene uptake in the micelle imtestbh CO, pressure and processing
time.

7.4.4 Silica Film Processing in Additional Solvent Environmets.

The combination of steady state fluorescence quenching aBd Mi¢asurements
has been used to establish that compressedi<C&h attractive solvent to alter timescales
and transport solute molecules in surfactant templageghacs. The uniqueness of £&5
a process solvent for the pore engineering of mesoporooa §lins is investigated in
comparison to a pressurized gaseous environmentard with a common pore swelling
agent, decane. Processing of the dip-coated silica filith compressed\at 103 bar and
45°C is used to determine if pressure contributed to the satewnf silica condensation
timescales in C@processed films. Figure 7.9 compares the percentage emiggnsity
for anchored &-pyr in CPB templated film (11 / bl 110 is value of 11 before solvent
processing) when processed inGMd N at 103 bar and 45°C and in decane as a function
of processing time. Quenching of the emission intensityCafpyr present in CPB
templated film has been correlated to solvent penetratto the CPB micelle interior and

incomplete silica condensation. In contrast to compre€X) processing of CPB films, in
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which the Ge-pyr intensity decreases over a period of 5 h, no fleerse intensity change
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Fig 7. 9. Change in emission

intensity ag@yr in CPB templated film

and processed 3 different solvents as a function @f. tim

observed for N processing. This suggests that compresseid Not effective in extending

silica condensation timescales and result in a contmunobility of Ge-pyr in CPB

micelles.

Decane has previously been used as a pore swelling agbatsgnthesis of CTAB

templated silica powders through

localization in a sepaegion inside the micelle coteé.

In the current study, CPB templated silica film withe@yr as probe was immersed in

decane after aging for 5 min. The

decane to CPB mdiarwas 1:1 and was similar to the

ratio previously used to achieve pore expansion in mesopasitioa>’ Similar to

compressed Nprocessing, no change in emission intensity was observaduation of
time (Fig. 7.9). The results indicate the inability o€alee processing to result in extension

of silica condensation timescales.

7.5 Conclusions.

Fluorescence spectroscopy was established as a novel tectmiguestigate the

penetration of compressed €@ surfactant templated silica films. The potentialC®,

processing to alter templated thin film structures thrgogyetration in the surfactant tail
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and extension of silica condensation timescales wasow&nated for hydrocarbon
surfactant (CTAB and CPB) templated silica, for whichliggble pore expansion has been
observed previously.

The ability of fluorescence spectroscopy to successfollyw the delivery of CQ
solubilized small solutes in mesoporous silica suggestapiplication in delivery of drug
molecules, reactants and novel functional groups. Sci€éble to access silanol groups in
mesoporous silica that are “inaccessible” to traditidigalid solvents due to its favorable
transport propertie¥* Sc CQ has also been used to load and encapsulate drugs into

polymers and nanoparticlé¥; 2%

while mesoporous silica with tailored pore sizes has bee
used for adsorption of drugs because the release rate taitobed with pore siz&'® The
potential exists for application of sc €@ load drug molecules and functional groups in
mesoporous silica while simultaneously extending silicadensation, thus suggesting a
more uniform distribution of solutes and loading in moireaccessible” regions than
possible for C@ processing after complete silica condensation. Indeedwas
demonstrated that extension of silica condensation ¢amtes through solvent processing is
not a general phenomena for all solvents, but is uniquenagressed COprocessing of
surfactant templated materials. Knowledge of the tialescof silica condensation and the
localization of solute/reactant molecules as a fanabf CG, processing time and pressure

allows for the optimization of the solute loading aakase in mesoporous materials.

Copyright © Kaustav Ghosh 2007
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CHAPTER EIGHT

CONCLUSIONS AND FUTURE WORK

8.1 CONCLUSIONS

Fluorinated surfactants have been recently demonstrataénaplates for the
synthesis of ordered mesoporous silica with high suidaea. The large van der Waals
radius of fluorine favors aggregates with low curvatureé @asults in mesoporous silica
with novel intermediate mesh-phase strucflireThe strong hydrophobicity of
fluorocarbon groups allows micelle formation with smahiain fluorinated surfactants
which was successfully translated to the synthesisddred mesoporous silica with pore
size in the microporous rangeand having potential application in cataly$isThe
synthesis of novel fluorocarbon functionalized mesopsr silica using fluorinated
templates towards application in chromatography for re¢ipa of fluorocarbon and
hydrocarbon cmpounds has also been demonstfaléds dissertation addresses another
major advantage of fluorinated templates, namely thewrable interactions with sc GO
to tailor pore structure of the materials directlyotlgh sc CQ@ processing during
synthesis. In Chapters 3 and 4 we demonstrate the yinshesis of mesoporous
silica thin films using three cationic fluorinated surfatsa(perfluoralkyl pyridinium
chlorides HFOPC, HFDePC, and HFDoMePC) as templatedifygoating an acid-
catalyzed sol-gel solution. A predictive method towardsaiaolmg the dip-coating
solution is established by using the phase behavior of theybiherinated cationic
surfactant/water system to guide the synthesis rededl-ordered silica thin films with
2D hexagonal pore structure are obtained for all treewlkates. Pore size increases for
the longer tailed surfactant, HFDePC (C10 chain) compapedhé shorter chain
surfactant, HFOPC (C8 tail). Pore size for films téatgd with the branched surfactant,
HFDoMePC and straight chain surfactant HFOPC are \&@myilar, even though
HFDoMePC contains an extra £§roup in tail compared to HFOPC. This is consistent
with the fact that pore size is determined by the leogttihe hydrophobic tail group of
the surfactant’ Indeed, the surfactant tail length for HFOPC and HFDe®levere
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demonstrated to be similar, with the extra, @Foup for HFDoMePC being part of the
terminal branching in the tail.

Compressed COprocessing of these fluorinated surfactant templated tinis f
(i.e., HFOPC, HFDePC, and HFDoMePC templated ma}erallted in significant pore
expansion with the degree of pore expansion varying accomlitggnplate structure and
processing conditions. For a particular template, gefamagnitude of pore expansion
was observed for COprocessing at lower densities, but pore diameter wasynearl
constant at higher GQlensity pcoz > 0.6 g/ml). At similar C@ processing conditions,
pore expansion was greater for the longer tailed surfa¢tdFDePC compared to
HFOPC) and also increased with template branching wiloenpared between two
templates of similar length (i.e., greater expansion HDoMePC compared to
HFOPC). The significantly different pore expansion betvawbserved by varying
templates and COprocessing conditions suggest opportunities to tailor primgess
variables to obtain materials with pre-determined pae. Sihe relative solubility of the
three fluorinated surfactants in €@nd water, as well as their interfacial activityttze
CO,-water interface, correlated with the pore expansibhis approach provides a guide
to the design surfactant templates that can be sdhateCQ to obtain specific pore
sizes.

The successful use of Gprocessing to synthesize pore tailored fluorinated
surfactant silica films was extended to base-catdlyziica powders synthesized by
using HFOPC as the template. £@rocessing of silica powders allowed for the
investigation of higher processing pressures than thin filmhsgis (up to 344 bar
investigated compared to 172 bar for thin film), the effdgptd change on surfactant
self-assembly in Cg& and the effect of aging time (sol-gel reaction tibedore CQ
processing) on the final pore structure. The pore expanmsionesoporous silica was
dominated by C@solvation of the surfactant templates. The trendsooé expansion as
a function of CQ pressure were very similar to €@ptake trends in surfactant and
polymer systems. The percentage pore expansion in povadsignificantly less than
observed in the acid-catalyzed films because €@vation of surfactant templates in
powders has a competing phenomenon, namely a decreaseelle size due to change
of system pH from initial basic condition to acidisth CO, processing. In addition,
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whereas silica condensation is delayed in acid-cataliilre (system pH of 2 is near the
isoelectric point of silica), significant silica condatisn occurs in the base-catalyzed
silica powders even before G@rocessing. This enhanced silica condensation possibly
inhibits pore expansion, which may also be a reasothé&lower expansion observed in
the powders. A maximum aging time of 20 m was determinebet@ppropriate for
obtaining significant pore expansion while retaining theyloange order of the silica, as
longer aging times resulted in increased silica condemsatid subsequent constrained
pore expansion.

Ex-situ characterization of pore expansion betwedmsfitemplated with a
fluorinated surfactant, a hydrocarbon surfactant and aadarit containing
hydrocarbon/fluorocarbon segments was used in Chapter & tosenfer the CQ
penetration in fluorocarbon (@F and hydrocarbon (CH regions of concentrated
surfactant mesophases. The higher hydrophobicity of flatathsurfactants resulted in
slight dewetting of the fluorinated surfactant solutionaoglass substrate and synthesis of
slightly non-uniform thin films compared to hydrocarbon té&ated films. However, the
fluorinated surfactant solution has a lower surface a@nsnd was successful in forming
silica films on very low energy substrates, suggestmgeased application of such
materials. CQ@ processing of a hydrocarbon/fluorocarbon surfactant (KFECP
(CH,)1o(CR,)sCFs; tail) templated material resulted in significantly @&ex pore expansion
compared to the negligible expansion observed for an gmadohydrocarbon surfactant
(CPB, -(CH):15CHs tail) templated.film suggesting greater £@enetration in CH
groups compared to Glregions in mesophases. A comparison of the the poreggrpa
behavior of thin films templated with two fluorinated swthnts reveals an increasing
extent of pore expansion with an increasing percentag€@4-philic’ fluorocarbon
groups in the surfactant tail and the preferentiab @&ivery to ‘CQ-philic’ regions in
mesophases.

Finally, real time high pressure fluorescence spectrosa@gyused to investigate
the extent and localization of G@enetration in surfactant templated materials. ln-sit
CO, processing was probed for two hydrocarbon templated (CA®BCPB) materials,
for which negligible pore expansion after £@rocessing had been demonstrated.
Interestingly, CQ@ penetration was observed in surfactant tails of bethptates.
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Fluorescence quenching measurements demonstrated that zlpe@&@ration resulted in
a pressure dependent extension of silica condensatiorctitesssuggesting alternative
methods for CQ to alter porous film structure without significant porepaxsion.
Fluorescence non radiative energy transfer was suoadgssfsed to estimate the
localization of CQ and follow the delivery of solutes dissolved in Ci@ surfactant
templated silica. These results suggest an approashddu investigation of loading of
drug molecules and reactants in porous materials.

The ability to tailor the pore structure of fluorinatadfactant templated silica
films through sc C@processing of ‘C@philic’ fluorinated templates is established in
this study using a series of perfluoroalkyl pyridiniumoclde surfactants as model
templates. . As hypothesized, pore expansion can lweethiby tuning the solvent
strength of CQ@ with pressure and changing template structure, @f@cessing of
hydrocarbon surfactant templated thin films results nggligible pore expansion
extending the concept ‘Géphilicity’ to the processing of concentrated surfactant

systems.

8.2 FUTURE WORK

An extensive investigation on the effects of L£@rocessing of surfactant
templated silica towards tailoring the pore structureltees performed in this study. The
ability of CO, to selectively solvate the ‘Cgphilic’ regions of surfactant mesophases
was demonstrated, suggesting the potential for deliveringargatdrug molecules to
specifc regions of mesophases. As a first step towardsrstanding of the mechanism of
CO, penetration and a predictive guide for template detgnpore expansion has been
interpreted from the two basic thermodynamic propertighetemplates, solubility and
interfacial behavior.

Monte Carlo simulations investigating @@enetration in surfactant mesophases
and templated silica will help to increase understapndf the mechanism of GO
penetration in such systems. The first step toward®hpctive is to combine studies of
self-assembly and micelle formation of fluorinated actdnts at low concentration in sc
CO, using large-scale Monte Carlo simulati&fis*®with Monte Carlo studies of solvent-

surfactant-inorganic oxid&/>*® A well-designed simulation system will become a
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powerful technique to quickly screen templates and suggesegsiog conditions for
CO, processing to result in porous materials with specifie ses.

Establishing the procedures for real time spectroscopy probi6g, processing
of surfactant templated silica provides a powerful technimweards investigating a
variety of important processes in surfactant aggregatds panous materials. The
application of fluorescence spectroscopy was initialtivated by the ability of C©O
processing to swell fluorinated surfactant templatesaanded for better understanding
of the swelling mechanism. Hence, our immediate futbjeotive is to establish a probe
system for the fluorinated surfactant templated mdserand to understand the
mechanism and uptake of €@ the ‘CQ-philic’ fluorinated tails. Comparison of those
results with that obtained for the hydrocarbon tengpktstem will allow us to make
better design of surfactant templates to obtain aifsgetailored pore size.

The release rate of drugs (e.g. ibuprofen) from mesopasdica has been
previously tailored with pore siZé° Sc CQ has been previously used to load and
encapsulate drugs into polymers and nanopartfé@§and can be potentially used to
dissolve and transport drug molecules into mesopordica svhile at the same time
tailoring CQ conditions to expand the pore size to obtain theretbgielease rate.
Simultaneous to drug transport, increasing silica condiensimescales through GO
processing has potential for a more uniform loading, wdekgning surfactant templates
with specific ‘CQ-philic’ regions will allow increased C{penetration and hence drug
loading in those desired regions. Finally, fluorescencetsseopy established in this
study to follow the transport of small solutes (naplha) dissolved in compressed £O
in mesoporous silica can be extended to monitor the delokedrug molecules, thus
allowing further control over the loading process.

The use of sc COtowards loading solutes in mesoporous silica will pimén
have applications in areas beyond drug loading. Mesoporasstsiin films with precise
orientation of the porous channels have many applictimraddition to those possible
for porous silica powders in areas such as membrane separaénsing and in
semiconductor industries. Many of these applications reghe use of functionalized
silica thin films, for example, carboX§? thiol and amine functionalized filf® as
sensors. The favorable transport property of s¢ 843 resulted in COpenetration to
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regions ‘inaccessible’ to organic solvents in mesopordlisa®? and suggests its
application as an attractive solvent for post-fun@ization of silica film with a variety
of ‘CO,-philic’ groups.

Our research group has also synthesized novel fluomecdtnctionalized and
amine functionalized mesoporous silica. s favorable interactions with both amine
groups as demonstrated by £Cadsorption on different amine-functionalized
compound®* and also with fluorocarbon groups as demonstrated in igsertation. Sc
CO, processing of the above functionalized materials hasnpiat to provide increased
accessibility of the functional groups because of ii@athgeous transport properties and
also the potential to alter surface charge and structube ahaterials by either functional

group solvation or specific chemisorption.

Copyright © Kaustav Ghosh 2007
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APPENDIX A

SOLUBILITY OF NOVEL NONIONIC FLUORINATED ESTERS IN CARBON
DIOXIDE

A.1  Introduction

This dissertation has extensively investigated methodsilofing pore
size of surfactant templated mesoporous silica matetimough compressed CO2
solvation of custom designed ‘G@hilic’ templates directly during synthesis. The same
properties of sc COmaking it an attractive processing solvent for tailopoegous silica
in this dissertation, namely a high diffusivity for dui¢ransport in the pores and
templates, a low surface tension that prevents any pdepse during depressurization
and a pressure tunable solvent strength for controlle@tsmh of surfactant tail suggests
its application for extracting ‘C&philic’ surfactant templates for obtaining the final
porous silica without structure collapse. Indeed, sevdralies have used sc GO
processing to extract surfactant templates from botlopoesus silica powde?s:3°%3°3
and films®* and have demonstrated that sc,@Rtraction results in more uniform pore
size distribution compared to calcination for MCM-41 pés>? However, most of
these studies either used very high pressures (> 125 baihgmtdde process less
economic or co-solvents like ethafidlintroducing solvent separation problems after
extraction or had a low efficiency of surfactant remiq< 80 %)?"> Designing surfactant
templates with specific ‘C&philic’ properties has potential to improve extractiomhw
respect to all the problems discussed above. The fstigtvards designing ‘Cephilic’
templates for extraction by sc €@ to measure the solubility of different surfactants
compressed COas a screening tool for identifying surfactant systems \hithh
solubility in. The solubility of a homologous seriesmaionic fluorinated surfactants
(nicotinic acid esters) in compressed OO reported here as a function of surfactant

chain length, concentration and £@ressure and temperature.
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A.2  Experimental Section

Table A.1 Structures of the nonionic fluorinated nicotinic acid estethis study

Name Chemical Name Structure

HHFF FFFF

FONE-1 1H,1H Perfluoro octyl 9 i
nicotinate @AOW

N\

N

FFFFFg ¢ F

FONE-2 1H,1H,2H,2H - ﬂ HHEFEFFEEF
Perfluoroectyl nicotinate - o F
N | HHF FFg ¢ F
N
FHNE-2 1H,1H,2H,2H - q HpRE R
Perfluoro-hexyl ~ o F
nicotinate < HHEFF F
N

Solublity studies in compressed €@ere conducted using a Pressure Volume
Temperature (PVT) apparatus (DB Robinson Design & Matufiag Ltd., Edmonton,
Canada). The apparatus consists of a temperature-¢edtaidbath unit (+0.2C), which
houses a high-pressure variable view cell (total sampgleneof 130 mL; rated to 700
bars and 206C) equipped with a magnetic mixer. The temperature oditfath unit is
controlled by a digital controller (Omron Corporationodel E5AK; Kyoto, Japan). The
system pressure is measured with a digital pressure tadi¢beise Model 901A,
Dresser Industries Inc., Newton, CT; £0.5 bar). Tdragerature of the airbath unit and
the PVT cell is measured with two Platinum ©@0Q+0.3 °C) Resistance Temperature
Devices. The variable volume view cell is pressurizetigusi syringe pump (ISCO
Model 260D, Lincoln, NE) to generate pressure in an overbuftdeh (water), sealed
from the sample by a O-ring piston. An additionalrgye pump (ISCO 500D) is used to
inject the desired amount of G@ito the view cell.

An experimental run was initiated by loading a measureduatmof the sample
into the cell. After the system was thermally edudied, CQ was injected to make a
mixture with an initial surfactant concentration of 18ight %. This mixture was stirred

continuously. The pressure of the view cell was then asa@ slowly until the mixture of
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surfactant and COformed a single, homogenous and optically transparene phde
formation of a transparent phase was noted both byakedneye and also with the help
of a CCD camera-based measurement system. The preddime view cell was then
decreased and the cloud-point pressure (CPP) was identfida @ressure at which the
solution is no longer transparent. Bubble point pressure)(BPBe pressure at which a
homogenous, one phase liquid on decreasing the pressusefstaring a two phase
liquid with the first stream of bubbles coming out of tijgid. In some cases when the
surfactant is highly soluble in GOBPP of the solution is at a higher pressure than the
CPP and the bubble point pressure was reported as a mebsurtactant solubility. The
procedure of recording the CPP or BPP was duplicated tinadnrtaaveraged pressure
reading. Once the CPP was recorded, more Wé&3 injected to decrease the surfactant
concentration. CPP for any surfactant at a partictdenperature was observed for a
range of surfactant concentration from 10 wt% to 1 wt%.

A.3 Results and Discussion

The CPP of the three surfactants, FONE-2 and FHNE-&pwrted in Figure 1 as
a function CQ temperature (25°C, 35°C and 45°C) and surfactant concentfat wt%
to 1 wt% in CQ). For a given temperature, a single homogenous ones phasesent
above the CPP whereas the solution turns opaque belo@PRe All three surfactants
were soluble in liquid C@at 25°C at any pressure above BPP for all concentsatinod
hence BPP was identified as a measure of solubility.altcsurfactants and at a fixed
concentration, CPP increased with an increase in tetoperd&or example, for FONE-2
at a surfactant concentration of 5 wt%, CPP at 358D isar while CPP at 45°C is 95 bar
(Figure A.1). The CPP at a particular temperature for shidactant system is not
strongly dependent on the surfactant concentration (Eigand is consistent with
previous reports of solubility of siloxane-based nonioniophiphiles in C@3°°
However, the trend is not general for all surfactamt€0O, as demonstrated in another
study where an increase in CPP was noted with condentraf fluoroethers at a
particular temperatur8® The CPP for this homologous series of surfactantsots n
significantly dependent on the length of the fluorinatbdin. For example at 35°C and
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surfactant concentration of 6 wt%, CPP of FONE-2 (G} & 80 bar while that for

100
X
o & o o
. &
90 - ? # FONE-1, 25C
FONE-2, 25C
— A FHNE-2, 25C
_cg m FONE-1, 35C
= g0 - 2 FONE-2, 35C
o e 2 3 - == FHNE-2, 35C
% FONE-1, 45C
X FONE-2, 45C
70 - ® FHNE-2, 45C
* . * *
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0 5 10

Surfactant Concentration (wt %)

Figure A.1. Cloud point and bubble point pressure for FONE-1, FONE-2 and
FHNE-2 as a function of surfactant concentration ff¢mdint temperatures.

FHNE-2 (C6 tall) is 83 bar (Figure A.1). CPP for homologausastants is expected to
increase with an increase in the molecular weighthefdurfactant. However, for this
system the additional G&philicity of FONE-2 due to a greater number of;@Foups in

its tail may compensate for its increased moleculaghtedue to its longer chain and
result in the final solubility being similar for botlurfactants. FONE-1 having the same
number of carbon atoms in its tail but with one e&Fa group compared to FONE-2 has
a CPP very similar to that of FONE-2 (Figure A.1). Tiegligible difference in CPP
between the two surfactants is attributed to the presehdarge number ‘C@philic’
groups in both tails (all the GRnd carbonyl groups) which leads to a very low CPP for
both surfactants and the extra CF2 group in FONE-1 doesmakt a significant

difference in solubility.

A.4 Conclusions
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We successfully demonstrated the very high solubilitg @bmologous series of custom
designed nonionic fluorinated surfactants in compressed T lowest CPP reported
in this study was around 64 bar for all three surfactar2§«C and for all concentrations
and was actually the BPP of &O'his was the result of the very high solubility off al
three surfactants in GQesulting from the specific design of ‘G@hilic’ surfactants by
combining different ‘C@-philic’ groups. Indeed, CPP’s reported in this study is lower
than most reported CPP values in literafii?€>’ However, the surfactants could not be
successfully used as templates to form ordered mesopadhoasnsaterials and hence
their high solubility in CQ could not be extended to template extraction using

compressed CO
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APPENDIX B

INVESTIGATION TOWARDS ALIGNMENT OF MESOCHANNELS IN
MESOPOROUS SILICA FILMS THROUGH APPLICATION OF A MA GNETIC
FIELD

B.1 Introduction

CO;, processing of thin films to result in pore expansion andresibn of silica
condensation timescales has indicated the advantagds d¥flodulable Steady State
(MSS) period (silica condensation period) in silica fégnthesis to alter silica structure
through application of an external field. Indeed, différgtudies have modified thin film
structure during the MSS period by changing system hurtildignd ethanol vapor
concentratioh’* and changed thin film orientation by changing the hydroppitiperties
of substrate$! External magnetic fields have also been successfidd to alter
orientation in silicate-surfactant liquid crystafs®>°and mesoporous silica monolitfs
and thin films*’ Preferential orientation of the channels was obthibased on the
interactions between the magnetic field and the dbllediamagnetic susceptibilities of
all the molecular components in the material. Thenteigon obtained for mesoporous
silica in presence of the magnectic field was demaestreo remain even after removal
of the magnetic field and also extraction of the susfatst Preferred orientation,
especially where the porous channels are oriented amlabgo the substrate has
potential to increase applications of the porous filmsmembrane separation and
photovoltaic cellg** However, one problem in all the above studies waseteirement
for a magnetic field with very high strength, since tr@nthgnetic susceptibility of the
hydrocarbon groups in the templates is low and applicaidtMR instrument§®3*°or
superconducting magnets with large curréitsvere needed to generate the required
magnetic field (about 12 T). The diamagnetic suscejpyitolf fluorocarbon groups are
much larger than hydrocarbon groups and it has been dentedstinat the hexagonal
channels of a fluorinated liquid crystal can be preferiytaigned in a magnetic field
with strength as low as 2% Having successfully synthesized for the first time,

fluorinated surfactant templated mesoporous silica thinsfilthe objective was to use a
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low strength magnetic field to achieve orthogonalliemied pore arrays in mesoporous

silica films.

B.2 Experimental Section

Six permanent Neodymium block magnets (NdFeB, Grade N #2ngions 4" x
2" x 1/2" thick) with field strength of about 0.25 T each evabtained from K&J
Magnetics, Inc. and placed in a custom designed woodderhglch that 3 magnets were
on each side of a narrow slit of width 2 cm. With theddf strength being additive, the
strength in the narrow slit is expected to be grehtan 1T. Mesoporous silica thin films
were synthesized using HFOPC as template by dip-coatingiosoon a hydrophilic
glass substrate and immediately after coating wasglatside the slit in the magnetic
field. The placement of the film and the block magnets done to ensure the direction
of the magnetic field perpendicular to the substrate.

Characterization of the film structure and orientatmas performed using 1D
XRD and TEM. Sample preparation was performed in a ainmilanner as done in the
rest of the dissertation. It has been demonstrptedously that when 2D hexagonally
structured films have their porous channels oriented gothal to the substrate, no X-ray
diffraction occurs in the detector plane for a 1D XEPPreviously, the absence of such
peaks in 1D XRD spectra combined with the presence of ordgredture in TEM
images has been used to confirm the synthesis of meagpsilica thin films with 2D
HCP ordering and orthogonally oriented chanfi€idlternatively, the presence of peaks
in 1D XRD for 2D hexagonally ordered thin films indicateeatation of the porous
channels parallel to the substrétz.

B.3 Results and Discussions

Surfactant templated mesoporous silica thin film syntkdskzy dip-coating and
without the application of any external field has beanalgstrated to result in the porous
channels aligned parallel to the substrate for 2D hexagaoraered materials*® It has
been previously demonstrated that hexagonal silicateesanfaliquid crystal domains
align their channels parallel to a magnetic field whenother additives are presérit.
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Therefore, our experimental set-up is expected to rasultrthogonal orientation of

porous channels for 2D hexagonally ordered mesoporousthilicélms.
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Figure B.1. XRD plots of silica thin film templated with HFOP@dwith (a)
no magnetic field and (b) in the presence of magtieti of strength ~ 1T

Figure B.1 reports the XRD plots of HFOPC templateaaithin films without
the application of any external field (Figure B.1a) artéraprocessing in the magnetic
field immediately after coating for 72 h (Figure B.1b)r Both the plots, sharp peaks
corresponding to the (100) reflection of 2D hexagonallyiomsfthe synthesis of ordered
mesoporous silica. TEM images (not shown) further confirenlong range ordering of
the synthesized materials both with and without apfibe of the magnetic field. The
presence of the peak further confirms the orientatidheporous channels to be parallel
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to the substrate and suggests that the magnetic fieldunsisccessful in obtaining
orthogonal orientation of the porous channels.

B.4  Conclusions

The parallel orientation of the porous channels in ah2Ragonally ordered
porous silica thin film was not significantly altered upapplication of an external
magnetic field during the MSS period. The field strengthith® vicinity of the film
(expected to be about 1T) was lower than the field gthenf about 2T used in a
previous study to align channels of a fluorinated hexaghimaid crystaf®® and was
probably too low to significantly alter channel oriemat Future directions of this study
should be aimed at increasing the field strengtho Atdditional characterization methods
including 2D XRD would give a better idea of the exact geam orientation of the
porous channels compared to 1D XRD which can only identi§ntation change when
the porous channels are aligned almost perpendicularetsuhstrate and is not an
effective technique to identify partial change in oriéiota
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