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Abstract

Structuring silicones and silica at interfaces vathariety of compounds has led
to the formation of several well-defined materithat have found applications in a
variety of fields. This thesis explores various gmaeters and factors that enable the
structuring of elastomers, colloids/suspensiongnsfi and foams with the use of
unconventional or new organosilicon chemistries.

Silicone elastomers are typically cured with mdé@ased catalysts (tin or
platinum): the elastomers can be interfaced wittaaety of hydrophilic polymers to
form continuous hydrophobic and hydrophilic domaifise use of a non-metallic, basic
amine catalyst was utilized to form silicone elastos that were interfaced with a
hydrophilic polymer. The parameters that are imguartfor structuring the internal
hydrophilic domains into a variety morphologiesofglles, interconnected channels, etc.)
were investigated. In addition, the parameters tuaitrol elastomer cure and surface
morphology were varied to form several differergtyuctured elastomers. Understanding
these factors will help tune the properties of #tmictured silicone elastomers for
applications such as drug delivery.

The formation of these structured elastomers sanelbusly led to the formation
of well-defined silica particles within a hydrophobenvironment. This was highly
unusual, as silica particles are typically formadnater or, in model systems, within an
alcoholic-aqueous environment with the use of acbeatalyst. Thus, the mechanism of
particle formation, including the colloidal stabyliof intermediate structures, within a
hydrophobic environment with non-traditional catiyy was investigated. Their
morphology could also be varied between solid, psrand hollow particles by utilizing
different amine-based catalytic surfactants. Theerfacial interactions between these
catalysts with the hydrophobic silicone and therbptilic polymers determined which
particle morphology would form. The silica partglecould be formed in either
crosslinkable or non-crosslinkable silicone oileeTability to encapsulate drug surrogates
within these silica particles is briefly discussed.



The next chapter discusses the use of a relativaly organosilicon chemistry to
produce siloxane-based films. This chemistry isvkmas the Piers-Rubinsztajn reaction,
which uses a boron catalyst to couple hydrosilaaed alkoxysilanes together. To
produce these films, stable siloxane-in-water erontswere first formed by combining a
tetrafunctional hydrosilane, alkoxysilane and bocatalyst together in water. Water acts
as an inhibitory solvent by coordinating to the dyorcatalyst to prevent the coupling
reaction. However, this reaction could still ocslowly within the siloxane droplets over
time to form a crosslinked material. Thus, the citamcomposition and the emulsion
stability was investigated over time. Siloxane 8lwere then formed from these S/W
emulsion by drop casting them on glass slides. ledamonolithic and particulate film
morphologies could be produced from these S/W aomgdy varying other factors such
as temperature and reaction time. The formatiopaoficulate-based films was of great
interest due to its potential applications in gasomatography columns.

The final chapter of the thesis utilizes the PRti#insztajn reaction to inkjet print
hydrophobic barriers for paper-based microfluidacgl biosensors. Current paper-based
biosensors print hydrophobic wax or alkyl ketenmeli (AKD) barriers to contain the
contents of the sensor and the analyte, which allimvboth qualitative and quantitative
measurements. However, surfactant solutions cahaotontained by either of these
materials. Therefore, the potential to print maykust hydrophobic silicone barriers was
investigated. Using an inexpensive inkjet prinséigxanes were printed onto paper with
alcohols to temporarily inhibit the boron catalyBbe robustness of the hydrophobic wax,
AKD and silicone barriers was compared by testingnt against different surfactant
solutions and solvents. The silicone barriers whes implemented in an assay with an
established biosensor to demonstrate their usefsilimesurfactant-based assays.
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Chapter 1 — Introduction

1.1 General

The development of both silica and silicones hdstéeenormous improvements
in available products over the last 50 years: thamounds have now found practical
applications in fields ranging from electronics dimmaterials. Both of these materials
have several desirable intrinsic properties. Thapgmunds can be combined as a blend, in
a composite or at an interface with other compoundsine the chemical and physical
properties to those desired. On their own, siligad asilicones also have many
applications. Structuring either of them at integfls enables new materials to be formed

under a variety of conditions.
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Figure 1.1: Structure of A: growing silica struceuand B: PDMS.

Silica or silicon dioxide (Si@), the natural form of silicon on the earth, is the
main constituent in several common materials likesg) Silica has several desirable
properties that make it an ideal material for vasiapplications, which include low
chemical reactivity, biocompatibility, high temptre and electrical resistance, etc.
Silica contains silicon and oxygen constituents &agd a branched alternating Si-O
network (Figure 1.1B) that gives rise to crystalior amorphous network structures.
Silica only contains Q units (silicon atom contami4 oxygen atoms), however, the
network structure can be modified by M, D, or Ttar{Figure 1.2) to give elastomers or
resins® Silica itself is hydrophilic (water-loving) in nat, however, a combination of
different organically-modified Si-O units (M, D @r) typically leads to a hydrophobic

(water-hating) siloxane due to the hydrocarbondress off the silicon atoms. This
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effectively lowers the surface energy of a siloxanaterial, as fewer surface silanol

groups are present, thus leading to a loss of saitigdration from water.

g

Me Me Me O

Me—Si—Owv  vwWWO—S8i— 0™ nrQ—Si— 0wy W O—Si—Ovvv

Oe)
O wnnO—L—

Me Me
M D T

Figure 1.2: Nomenclature for different Si-O units.

Silicones are silicon-based polymers composedsiii@n and oxygen backbone,
and a variety of R- groups bound to the siliconneo Figure 1.1A depicts
poly(dimethylsiloxane) (PDMS), which is one of theost common silicones. Unlike
carbon-based polymers, silicones are capable odireng in a fluid state even at very
high molecular weights, which can be attributedhteir low intermolecular forces and
rotational energy:> Additionally, silicones such as PDMS are highlydigphobic due to
the methyl groups being ‘visible’ — they are exmbse interfaces. Silicones possess
several desirable properties that include low cleaffphysical reactivity, low toxicity,
flexibility, high gas permeability, thermal stabjli electrical resistance and many
others®® Contact lenses, electrical sheaths, car wax, &fdathers are some specific
materials that are enabled by the presence obséis.

The common method to produce silicones is the RecBirect Process that
introduces carbon to silicone atofn$his energy intensive process, the Direct Process,
produces several different chlorosilane by-productsaddition to the key product
(CH3),SiClk. The reaction is followed by chlorosilane hydsa$y which (re)introduces
two oxygens to the silicon atom&he key products, in addition to HCI, are smalttlizy

siloxanes (n = 3-6) or low molecular weight oligasén = 30-50).

Cu ’
Si R'

heat ; 0 ; [
Si +2CH;Cl ————> (CHj;),SiCl, + byproducts ——— (CH;),Si(OH), + HCI > \O
Direct Hydrolysis \ n

Process

Figure 1.3: General route to silicone formation.
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1.2 Formation of Silica based Materials

The most common process to form amorphous siliteoisilification by diatoms,
which are a group of algae that produce cell wetimposed of silica. Some of the
structures and shapes of the diatoms’ cell walls fwa highly complex: they come in
various shapes and sizes and can contain highlgreddpores as shown in Figure 1.4
(with permission to reprinty. Kréger et al. were the first to demonstrate thatmajority
of diatoms utilize proteins known as silaffins amplates to condense silicates to form
ornate silica based cells walls, while a few otmtoms were later discovered to use
long chained polyaminé8* A combination of both silaffins and polyamines for
biosilification may also occur in various diatonThe complex molecular interactions
between the intracellular silicate, silaffins andsolyamines are the cause of these highly
ordered silica structures although the processe®ied are currently not well
understood? The chemistry utilized to form silica within thedi&toms is similar to the

sol-gel process, which will be discussed further on

Figure 1.4: Scanning electron microscope (SEM) iesagf A: Navicula and B:
Stephanodiscus diatorf&.

Two common synthetic processes to form amorphdics sinclude the pyrogenic
and hydrolysis/precipitation methodologfeBy burning chlorosilanes with the addition
of water, fumed silica particles (5-50 nm) can lmenfed, which is an important
filler/additive for several other materidf$!* An alternative process to silica-based

materials involves the hydrolysis of alkoxysilaneseither acidic or basic media to
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silanols (Si-OH) that then condense to form sitt@his is known as the sol-gel process
and has been utilized primarily in an academicirggtto form a variety of silica

21,22

1920 gels?h?? etc. Figure 1.5 demonstrates tetraethyl orthasic

colloids*™*® films,
(TEOS) — an alkoxysilane — undergoing hydrolysisd asubsequent condensation
reactions between two silanols, or a silanol afdxl group to form a silica network.

Depending on the reagents and reaction conditivesprocess can be utilized to form
various silica based colloids and films for varioagplications. Precipitated silica is
formed by reacting an alkaline sodium silicate 8oluwith an acid such as sulfuric acid
to cause condensation of the silanol grdupdter condensing, the silica precipitates out

of the aqueous solution and is collected.

OEt OFt (OR);Si(OH) OEt  OR
| | Condensation | |
Si H0 Si -H,0 Si Si _—,
EtO \ OEt Hydrolysis EtO \ OH Si(OR), EtO \ O \ OR >

OEt OFEt —_— OFEt OR
Condensation Silica Network
-ROH

Figure 1.5: Sol-gel methodology for forming sifita

1.2.1 Silica Particles and Films

Particles with diameters ranging from 1 — 1000 mhich are dispersed within
another continuous phase are known as colfSidRarticle suspensions with larger
diameters are typically known as suspended solills. particle motion of colloids and
suspended solids differ within a solution, as ddcare susceptible to Brownian motion
whereas suspended solids are not. Brownian motsorthé random movement of
particulates within a liquid or gas. This can bérilagted to the moving gas/liquid
molecules interacting with the particul&feSuspended solids are too large to be affected
by these molecules in the continuous phase, howtwey are still susceptible to gravity
and convection forces.

For particle stability, the interfacial interactidoetween the particulate and the
continuous phase is paramount. Repulsive electro$taces and/or sterics help stabilize
various colloids and suspended solids in a liguidte DLVO (Derjaguin, Landau,

Verwey, Overbeek) theory explains interparticleerattions by accounting for the
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attractive van der Waals forces and repulsive elstitic force$*2® According to the
theory, the charged surface of the particles akerenl with counterions from solution
and the two layers of charged molecules are knawha electrical double layer (EDL).
For colloids and/or suspended solids to remainletghe repulsive force of the EDL
must overcome the attractive van der Waals fol8gsarying certain parameters such as
the choice of solvent, salt concentration, tempeeatetc., the particle stability can be
controlled.

Stober et al. were one of the first groups thatcdlesd the ability to form
narrowly dispersed silica particles using the ssligethodology® Using TEOS as the
silica precursor, ammonium hydroxide as the baatalgst within an aqueous alcoholic
mixture, monodisperse silica particles ~ 1 pum inngciter were produced. The
polydispersity and size of the particles could disovaried by changing the alcoholic
solvents used for particle formation. Aggregatienavoided due to the deprotonated
silanol groups that lead to a negatively chargédasparticle surface. As explained by
DLVO theory, the surrounding silica particles etestatically repel one another
preventing aggregation. The concentration of thsicbaatalyst was shown to affect
particle stability in this study, as lower conceatitns of ammonium hydroxide led to
more aggregated silica particles. The higher theceotration of ammonium hydroxide,
the more negatively charged the silica particléag@s became, which resulted in a larger
and more defined EDL and more effective particfrutgion.

Silica film formation undergoes a different setoohditions compared to particle
formation. As shown with Stéber et al., particlenfiation typically occurs under basic
conditions, as dense silica structures can be frdue to the high rate of condensation
and slow rate of hydrolysis. Under acidic condisipthe rate of hydrolysis is high and
condensation occurs much more slowly, thus leattingrger, more linear networks with
higher concentrations of unreacted silanol grodpeese acidic sols eventually lead to
gels, as the sprawling silica networks with unredailanol groups contain water when
formed. These larger networks are ideal for fornsiigga-based films. In addition, the

morphology of the films can be tuned similarly tlica particles from basic sols. Meso-
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and macrostructured silica films can be produceth whe aid of surfactarfts?® and

particle template&’*°

1.2.1.1Controlling Particle and Film Morphologies

The ability to control the morphology of silicadeal particles and films allows for
properties such as their surface area and port¢sitye tuned for a wide variety of
applications. The number of different structuresd amethods developed for their
formation are highly diverse. Due to the fact thimilar processes exist for structuring
silica particles and films, only examples of stuuictg particles will be discussed. Porous
silica particles are one morphological class tkabfi great interest, as their applications
include drug delivery**? chromatograph¥ and catalysi&? In terms of pore size, porous
silica particles fall under three different catagey which include micro- (< 2 nm), meso-
(2 = 50 nm) and macroporous (> 50 nm). In thisoehiction, a brief description of
mesoporous and macroporous silica particles wilbtowided, as they are relevant to this
thesis. Mesoporous silica particles are highly $b@adter due to their high surface area (>
1800 nfg!)* and facile synthesis. For many years though, ifegnhighly ordered
mesoporous structures was problematic until the iMdborporation developed
mesoporous MCM-41 particles. Silica-based MCM-4ttigas have highly ordered
cylindrical pores organized in a hexagonal packiog to the templating process utilized
to form them. Cetyl trimethylammonium bromide (CTABs used as the templating
agent by forming rod-like micelles, as shown inUk&1.6 (with permission to reprint),
whereby a silica precursor such as TEOS assoondtbsthe surfactant, hydrolyzes and
then undergoes templated condensation. CTAB rem@vachieved either through
calcination or through an aqueous washing. There s&veral other templating
methodologies that exist to form mesoporous sipegicles which include the use of

various liquid crystaf¥ and polymerg®3°
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Figure 1.6: Synthesis of mesoporous MCM-41 siliggiples™®

Another method for forming mesoporous silica p&tcwas demonstrated by
Voss et al. when utilizing sugar-modified silanesl goly(ethylene glycol) (PEG) as a
steric stabilizef? After synthesizing diglyceroxysilane (DGS), DGSswissolved within
an aqueous medium in the presence of PEG to forsopoeous silica particles. The
cause for the porosity can be attributed to theaemhent of PEG within the silica
particle and a phenomenon known as spinodal decsitigpg which is the phase
separation of a mixture that can still be highlyeimonnected* As the silica particles
were forming, the silica- and PEG-rich componentage separated in a highly
interconnected fashion. After the particles werkeinad (heated at 45%0C) to burn off
the PEG, a mesoporous structure was formed.

There are fewer literature reports on the synthelsmacroporous silica particles
due to the limited number of methodologies. The tneasnmon methodology involves
the use of other colloids as templates, which foh@ macropores of the final silica
particle. Yi et al. described the use of polystgréatex particles as a template from which
the silica particle can grow, similar to the praceshown in Figure 1.8 They
demonstrated that various particle shapes (ellipsconcaved disk, etc.) with a high
surface area (> 1804i") could be achieved. On a slightly different naademartiri et
al. demonstrated that macroporous silica structcoetd be formed from silica particles.
Similarly to the study done by Voss et al., DGS wssd as the silica precursor and PEG
was utilized for particle stabilization. Howeveethse of high molecular weight PEG (>
2000 g/mol) resulted in the formation of “stickyfica particles that aggregated with one

another to form a macroporous silica structure.
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The hollow core-shell silica particle is anotherrptwmlogy that is widely used and
studied as it has practical applications in drutivdey,** coatingd* and as protective
barriers?® The most common method to synthesize hollow siiiagticles involves the
use of templates, similarly to the porous silicatipes discussed above. Caruso et al.
described the use of polystyrene colloids as tetepléor the formation of hollow silica
particles® As shown in Figure 1.7 (with permission to repfihtthe polystyrene colloid
was first coated with a cationic polymer poly(dydimethylammonium chloride)
(PDADMAC), which caused pre-formed silica particles adhere to the polymer.
Additional polymer and particle layers can be inled in a layer-by-layer process to form
a thicker particle shell. Finally, the template dsnremoved with an appropriate solvent
or be calcined at high temperatures to form a potew silica particle. Other methods
for forming hollow silica particles include the usé emulsions’ microemulsiong®
template-free mixture®,etc.

Polymer
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Figure 1.7: Formation of hollow silica particles thia colloidal templaté®

1.2.1.2New Methodology for Forming Silica Particles

Although there are several efficient methods tonfailica particles and films with
a variety of morphologies, all of the sol-gel preses require an aqueous medium. This
thesis explores the possibility of forming well iefd silica particles within a
hydrophobic medium. To be able to form and corgiata particle morphology within an
agueous free medium was highly interesting, as miateequired for hydrolysis and
condensation to form particles. This gives riseatwonic and cationic interactions

between the patrticle surface and the agueous solfdir particle stabilization. Due to
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these issues, we have been unable to find any [ggaature reporting well-defined silica
particles within an organic medium without post-nfigidg existing silica particles. The
different factors that affect particle growth, stép and morphology in a hydrophobic
medium were investigated in detail. The motivationthis work was the development of
new drug delivery vehicles. Traditionally, silicarficles are first synthesized using the
sol-gel method, isolated and then soaked withiatarated drug solution, which all could
take several days. We considered that a one-pdiadelogy for forming drug loaded
silica particles from a hydrophobic medium couldadoeomplished to give an alternative

method.

1.3 Silicone Elastomers

Crosslinking silicone oils results in elastomericatarials that can vary
dramatically in their physical properties. Sevatidderent cure chemistries, which differ
in their mechanisms, can be used to produce sdicelastomers. Room temperature-
catalyzed reactions will be the focus of the discus below.

One of the most common methods for silicone elastararing involves the use
of tin-based catalysts, which are commonly utilifedsilicone sealants (caulking). Using
a hydroxy-terminated silicone, alkoxysilane crasgdr and water as a co-catalyst, for
example, a crosslinked silicone network is formadegefficiently as seen in Figure
1.82°° There are several different organotin compounds ¢an be utilized to catalyze
silicone elastomer formation, which include dibtityldilaurate, dibutyltin diacetate,
dimethyltin dibutyrate, ettt Hydrolysis of the tin catalyst by water is thesfistep of the
catalytic sequence, followed by a nucleophilic ckttaf the alkoxysilane crosslinker.
Once bound to tin, silicone silanol groups act asleophiles and attack the silicon atom
bound to the tin alkoxide to form a Si-O-Si bondiisTprocess then repeats and continues
until a silicone network is formed.Platinum-cured silicone elastomers are another
industry standard: the cure process involves aitiaddeaction of Si-H compounds to

C=C pi bonds. Two common Pt catalysts are Speiét:®tCk and Karstedt's

! Note that regulators have expressed concern abeubiological safety of tin compounds, and these
catalysts have been identified for replacement.
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P(H,CHCSiMeOSiMeCHCH,), catalysts. Several products including implantable

medical devices, prosthetics, etc., utilize thiis@ne elastomeric curing process.

R
H,0 R_|
Bu,Sn(OR), Bu,Sn(OR)(OH) + Si(OEt), ————> Sn Si(OEt),
_ROH -EtOH RO/ \O/
| (I)ﬂ&
“w, Sig ‘ ‘
O\ OH  (g0),si

\O/Si\\OﬂJ‘ — JmfSi\\o/Si\\o/Si\m,
O

o

Figure 1.8: General reaction of tin catalyzedtsiie elastomers.

These metal catalysts can also be utilized to pterther hydrosilane reactions.
As an example, tin-based catalysts can promoteetthection of carbonyl and hydroxyl
groups with hydrosilanes to form new silyl ethdptatinum-based catalysts can reduce
hydroxyl and carbonyl functional groups in commar@nvironments to produce various
products, including silicone foams. For example,Itifwnctional hydrosilanes and
vinylsilanes in the presence of water and Speieatlyst (HPtCk) can crosslink to
produce a silicone network with a few free silagmups. The catalyst, with the addition
of the hydrosilane, also reduces water to form laaxgsilane and hydrogen gas, which
acts as a “blowing agent” and gets trapped withm gilicone network, thus forming a
foam? Other formulations stop at the elastomer stage.

The curing mechanisms of the tin and platinum gatal are highly efficient,
however, they can be biologically toxic, particlyatin (dibutyltin dilaurate=» LDs =
175mg/kg). Removal of these catalysts at low comaéons is also difficult, thus
medical or food-based silicone materials do notegaly utilize tin-based catalysts.
Acidic and basic catalysts, which are less toxie ane alternative form for curing
silicones. Catalysts such as acetic acid and yietiine are examples of acidic and basic
catalysts, respectively, that have been examinedigusly®® This methodology for
crosslinking is mechanistically identical to thd-gel methodology mentioned earlier for

silica formation, except that hydroxy-terminatedicene polymers are utilized for

10
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elastomer formation, as shown in Figure 1.9. Imliaanedia, the alkoxysilane becomes
protonated and the silanol functional group off gikcone acts as a nucleophile and
attacks the alkoxysilane Si atom, thus forming latdaas the byproduct. With base, the
silicone silanol group becomes deprotonated téeadiate group, which nucleophilically

attacks the crosslinking alkoxysilane to form aasemer. In the presence of water, a
condensation side reaction between two silanolgg@an occur, forming crosslinks. The
stronger the acidic/basic catalyst is, the higherrate of cure. However, the majority of
acidic/basic catalysts are quite inefficient in @gamson to their tin and platinum catalyst

Counterparts.
Acid H
Catalyzed Silicone-Me,SiOH  Silicone VW' Si—0——S8i(OR); + ROH
Si(ORy) _Add__,. (RO);Si—Q—R Nucleophilic
Attack
Hzol
Silicone-Me,SiOH s . .
. 27— 5 Silicone YW'Si—O—Si(OR); +H,0
(RO),SIOH Condensation : ?
Base
Catalyzed
Silicone-Me,SiOH — L35 Si(OR),

Silicone-SiO" + BH
reonesi Nucleophilic . Silicone “v*Si—0—Si(OR); + ROH

j Attack

Silicone-SiOH + (RO);SiOH

onf

Si(OR),

_—
Condensation  Silicone VW*Si—O—Si(OR); +Hy0

Figure 1.9: Acid and base catalyzed crosslinkingibfones.

1.3.1 Interfacial Structuring of Hydrophilic Materials in  Silicone Elastomers

Silicone elastomers typically contain reinforcingeats such as fumed silica,
since silicones are not mechanically robust onrtbein!®°® Silica can be added to
hydroxy-terminated silicone elastomers as silamougs from both the silicone and silica
undergo the condensation reaction to form new bndss( Figure 1.8 and Figure 1.9).
Unmodified silica with surface silanol groups attigrovide rigid crosslinking sites, thus
increasing the crosslink density of the elastomer.

Silicone interpenetrating networks (IPNs) are a<laf elastomers that combine
two or more polymers together, where at least onbnper forms a crosslinked

network®**® The formation of two or more continuous phasesais important

11
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morphological feature of IPNs (Figure 1°90(with permission to reprint) and these
materials are commonly utilized in the medical,oaubtive, industrial and construction
based fields? Silicone IPNs have been utilized as drug delivéepots’>° or contact
lens materiaf®® for medical based applications, due to their eéddér properties. When
forming silicone IPNs, the different continuous pés are typically hydrophobic
(silicone) and hydrophilic. Abbasi et al. demontgdathat hydrophilic poly(hydroxyethyl
methacrylate) (p0HEMA) could be crosslinked withiswvaollen silicone rubber via radical
polymerization to form a silicone hydrogel IPNA hydrogel is a solid/gelatinous
material that is swollen with water due to the lohilic polymers in the material. The
silicone-pHEMA IPN they formed was capable of swgjlin the presence of water and
was more mechanically robust (tensile strengthashedulus, etc.) than a pure silicone
rubber. Silicone IPNs are typically used in contanoses to increase oxygen permeability,
which is important to maintain healthy eyé#s mentioned earlier, silicones have one of

the highest oxygen permeability values of synthptitymers>®®’

thus oxygen can travel
through the silicone channels of the IPN towarde thye to prevent several
complication$® Typical hydrophilic phases used in contact lensedude various
methacrylates, methacrylic acit-vinylpyrolidinone, et®*® For applications in drug
delivery, Brook et al. demonstrated that silicoR&$ could be utilized as drug release
depots by using aminopropyl-terminated PDMS (AT-P®Mas the basic catalyst,
poly(ethylene oxide) (PEO) as the hydrophilic comgat and nicotine as the drug
surrogate® As water penetrated through the nicotine loade® REtwork, it carried the

nicotine out of the continuous PEO phase and iokatisn.

AN

Figure 1.10: Generic depiction of a two phase IPN.

12
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1.3.1.1Determining the Factors that Affect the Structuring of Silicone-PEG
Elastomers

One major issue with developing materials for ddedjvery applications is the
ability to control their structure. By understargliand controlling the factors that affect a
material’s morphology and internal structuring, girdelivery can be fine tuned. The
structured silicone-PEO elastomer described by Bretoal®® demonstrated that a drug
surrogate could be delivered, however the factorgrolling the internal structuring of
the elastomer and the surface morphology were milt wnderstood. The atypical basic
catalyst AT-PDMS is far less efficient at crossimksilicone elastomers compared to the
traditional metal catalysts and could potentialghéve differently in the silicone-PEO
pre-elastomer mixtures. Thus, the various factbeg affect formation of these RTV
cured silicone elastomers were investigated angddo determine how to control their
internal structuring of PEO and the surface morpgplof these elastomers for potential

drug delivery applications.

1.4 Siloxane Materials via the Piers-Rubinsztajn Reactin

Recently, the Piers-Rubinsztajn (PR) reaction heseived a great deal of
attention as it provides new synthetic routes tonferganosilicon complexes in a rapid
and facile manner. This reaction involves the cmgpbf hydrosilanes with alkoxysilanes
with the use of the Lewis acidic B{E); catalyst (Figure 1.11% This synthetic route can
be utilized to form small siloxane molecufésjarge 3D structuréé and even
elastomers/foam$.Many of the synthetic molecules and 3D networksipced with this
reaction are either unavailable or difficult torffowvhen using conventional organosilicon
chemistry. For example, forming complex 3D siloxarehitectures was shown to be
rapid and facile by Thompson et’alAdditionally, the use of expensive metals catalyst
such as platinum can be avoided altogether.

Although this reaction is rapid and facile, metathef the different reagents can
occur leading to the formation of different hydfase reaction partners (Figure 1.11).
This becomes an issue, as a variety of producta@xepossible due to a loss of synthetic

control. However, one effective method to reduce magnitude of metathesis utilizes

13



Ph.D. Thesis — V. Rajendra Depant of Chemistry — McMaster University

different organic moieties. Silicon atoms bearirfteipyl groups, for example, greatly

reduce the possibility for metathesis to oc€ur.

o PR rxn \//Sl\o//Sl\ + Ethane
T
‘uy,, -
| “Si—H----B— ArF ‘ |

BCFS) AF -7kt 5 Metathesis | S

6r's)3 S H clathesis Si Si
\//SI\ \//‘\H----B/ —_— +OEt ArF —— \// Sopt + // S

H

| TArF ‘

ArF /;1 AN

Metathesis 11 | |
 ——

\//&\H * //SI\O[.\

Figure 1.11: Piers-Rubinsztajn and metathesis reast between hydrosilane and
alkoxysilane.

Thompson et al. demonstrated that both sterics t@ntperature affect the
efficiency of the PR reactioff. The coupling of 1,1,1,3,5,5,5-heptamethyltrisilogaand
tetramethyl orthosilicate (TMOS) occurred at rooemperature (RT), however, no
reaction was observed with TEOS under the same ittmm&l By elevating the
temperature to 60C, enough energy was present in the system foPReaeaction to
occur and overcome steric hindrance. Thus, thistiais highly sensitive to sterics due
to the already bulky catalyst. Before this stehceshold is reached, the coupling of
reagents such as tetramethyldisiloxane and tetogprorthosilicate (TPOS) achieved
higher yields compared to the less bulky TEOS amD®%. Slower, milder conditions
appear to favor higher product yields of the PRtiea.

Beyond the PR reaction, the boron catalyst camtibeed to form new silyl ethers
between alcohols and hydrosilanes (Figure 1.12AackBvell et al. demonstrated that
several silyl ethers (alkoxysilanes) can be formngaoupling hydrosilanes with a variety
of alcohols’® Silyl ether formation is not as rapid as the PRctien: in the former case
typical reaction times run from tens of minutesdeys. However, high yields of silyl
ethers can be obtained depending on the reageets arsd the reaction conditions.
Additionally, the more sterically hindered the dlobis, the faster the reaction proceeds.
Alcohols are much better Lewis bases than alkoagses#, which results in them
coordinating to the boron catalyst more strongljug the larger the alcohol, the more

difficult it is for it to co-ordinate to the bulkgatalyst and inhibit silyl ether formation.
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Silyl ether reactions that occur over days cantbéated to small alcohols coordinating
quite strongly to the catalyst and leaving only Bramounts of free catalyst available at

any one time.

Si +ron_B(Cels)s Si +H
A // \II —_— // \()R 2

B(CeFs);

Si Si Si Si

\//SI\OH + //SI\O“ B(CgFs)3 \/Si\O/Si\
c [ o)

+ B(CsFs);* H0

Figure 1.12: Silyl ether formation (A), silanol qaing with a hydrosilane (B) and silanol
coupling with two silanol groups (C).

In general, the boron catalyst is quite robughapresence of atmospheric water,
as water is a good Lewis base that can bind tobtiven catalyst and inhibit the PR
reaction. Most of the reported articles on the RRction occur under bench top
conditions and do not usually require moisture feceeditions. In fact, Longuet et al.
utilized the catalyst within an aqueous emulsiomoton linear siloxane polymers via the
PR reactior> When the catalyst is added directly to water, s#different boron-water
complexes arise. One to three water molecules eacomplexed to the boron catalyst
which then act as weak acifsThe monohydrate complex §BeB(CsFs)s] has a pKa
comparable to toluenesulfonic acid: surprisingljcene redistribution is not normally
observed? Another reaction that is observed in the presasfcthe boron catalyst is
silanol coupling (Figure 1.12B). Both hydrosilanasd alkoxysilanes can easily be
hydrolyzed by water in the presence of the bordalygst to produce hydrogen gas and
water/® Similarly to alcohols, hydrosilanes can then ceupith silanol groups to form
new Si-O-Si linkages, which has frequently beeneoled in aqueous conditions. Two

silanol groups also have the ability to couple tbhge to form new siloxane linkages
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(Figure 1.12C). These side reactions could be proétic as it results in a loss in
synthetic control.

These mechanistic notes are important for the &ion of silicone resins, which
are insoluble crosslinked networks that contairaaety of different silicon units (M, D,
T and Q). These materials are typically producetth wivariety of chlorosilanes or epoxy

modified silicone$;”’

in processes that can be difficult to control betically. More
recently, Chojnowski et al. demonstrated that tRer@action can be utilized to rapidly
form various silicone resin&.”° By varying the temperature and by carefully coliitrg
the reaction conditions, hydrophobic DQ and TQn&svere formed without hydrolysis
of the alkoxysilanes, which eliminated silanol faton. Developing Siloxane-based
Films, Particles and Printable Inks

As mentioned earlier, the PR reaction providegcid and rapid method to create
siloxane based compounds and materials. Therdlisnsich to be understood with this
reaction and its potential to form new and intengsimaterials is still in its infancy.
Adapting from the various siloxane based resing @fajnowski et al. developed, this
thesis explores whether siloxane-based films anticfgs can be formed utilizing this
chemistry. This methodology to form films and pads is an interesting alternative to
the sol-gel method. Due to the completely differergichanisms of the PR reaction and
water-based sol-gel chemistry, the different molphies of films and particles are also
discussed in this thesis. Furthermore, the abtidyinterface these boron-catalyzed
siloxane resins with other materials was investidatPorous substrates like paper
(cellulose) were interfaced with the siloxane resamd were discovered to be rapid and
effective methods to hydrophobize paper. This waportant, as several paper-based
technologies — including microfluidics — requirdeetive hydrophobic barriers on paper.
Thus, the ability for these boron catalyzed silaxaasins to effectively hydrophobize

paper for potential paper-based applications isudised.

1.5 Scope of the Thesis
This thesis explores unconventional methods farcstiring silicones and silica at

various interfaces to produce a variety of matsriatluding silicone elastomers, silica
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particles, siloxane-based films/particles and sitteemodified paper. There are several
studies already available that discuss forming ehésferent materials. However, as
shown in this introduction conventional chemistsyich as transition metal catalyzed
hydrosilylation to form silicone elastomers and evdiased sol-gel chemistry to form
silica colloids and films, has some disadvantagéis thesis discusses the use of
atypical amine-based catalysts to structure sigcelastomers with hydrophilic domains
(Chapter 2). The function and effect of each pataman internal hydrophilic structuring
and surface morphology is investigated. From tlessae silicone elastomer systems,
nearly monodisperse silica particles were formedhi@ absence of liquid water and
discussed in Chapter 3. The ability to create dagde silica particles in a hydrophobic
environment is highly unusual, as most studies Hallewed the Stober silica method,
which occurs within an aqueous environment to femall (< 1 micron) silica particles.
Further investigations in Chapter 4 demonstraté shiga particle morphology can also
be controlled in either crosslinkable and non-diokable silicone oils to form hollow
and porous silica particles, respectively.

Expanding on unconventional methods to form silexabased materials, this
thesis explores the use of the PR reaction to fhieone films and particles in Chapter
5. These materials are formed from siloxane-in-w&&W) emulsions, which were
investigated for their stability and chemical comsiion over time. The various film
morphologies that could be produced with this systeere investigated. Chapter 6
discusses the modification of paper utilizing sdog-based inks. Instead of using the
S/W emulsions, homogeneous mixtures of siloxandk alcohols are delivered to the
paper via an ink-jet printing methodology to formdhophobic barriers. Their efficacy
and potential application in paper-based microftacnd diagnostics are discussed.
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Chapter 2— Structured Hydrophilic Domains on Silicone

Elastomers

2.1 Abstract

The controlled generation of hydrophilic structuveghin hydrophobic polymers
can be challenging. Very few examples of such sires have been described for
silicones. We now report that such structures @ariroded in the air-contacting layer of
a silicone elastomer by the formation of silica @ams from tetraethoxysilane, optionally
in the presence of poly(ethylene glycol) (PEG), ngsia surface active
aminopropylsilicone catalyst and moisture cure. ¢twetrol of the relative modulus at the
upper versus lower layers and the degree and tyge/drophilic structuring requires
control over the efficiency of delivery of water ttwe core of the pre-elastomer, which is
facilitated by the surface active catalyst and nadgitionally be manipulated by the
addition of PEG.

2.2 Introduction

Silicone elastomers are widely used as biomateriabsongst other reasons,
because of their facile fabrication in a variety aimplex shapes, their high oxygen
permeability, which is required in ophthalmic apptions such as contact lendasd the
very low degree to which the human body respondsh&se synthetic materids.
However, silicones are exceptionally hydrophobighvgurface energies at or below 23
nN m*.3*While this can be beneficial in treatments to redthe intensity of scar tissde,
more frequently, consequent lipid uptikand protein adsorptiénat biomaterials

interfaces can compromise otherwise useful silidom@ed devices. Silicone elastomers

" The following chapter was reproduced by permissibthe Royal Society of Chemistry. The
paper was published in Polymer Chemistry with titation: Vinodh Rajendra, Yang Chen,
Michael A. Brook,Polym. Chem 201Q 1, 312.

| was responsible for all synthesis and analysighBr. Chen and Dr. Brook gave some
useful advice and troubleshooting ideas. | wroe Thdraft of the manuscript and Dr. Brook
helped with editing the document for final subnossio the above journal.
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have also been broadly used as components in deliged systems. With rare
exceptior?™? only hydrophobic drugs that readily diffuse thrbusjlicones have been
delivered, either internally or topically. The delivery of hydrophilic drugs from
silicones, by contrast, requires internal structyrof the silicone such that water can
penetrate, and the hydrophilic drug can then estapdody of the silicone elastomer.
Such structuring has previously been achieved eyuse of proteins,8 or the use of
surfactants generated by the drug itSeffhe objective of the current study was to
develop synthetic strategies that would permitsinecturing of silicones in two different
ways. First, it should be possible to control thalrophilicity and roughness of the
interface that would ultimately contact a biologieavironment and, second, the silicone
elastomer proximal to the external interface shdwddinternally structured so that the
modulus can be controlled and that hydrophilic doacan be incorporated, which
would ultimately mediate the release profile of foghilic drugs. Both elements should
affect in a positive way the biocompatibility ofisbne elastomers. The strategy adopted
makes use of previous observatidtigt poly(ethylene glycol) (PEG), a polymer widely
recognized for its biocompatibilit}?, can be incorporated in silicones to facilitate avat
ingress and subsequent rates of bioactive reled#eough there have been several
studies in which internal structuring of two diet domains was accomplished using
covalent linkage$*'* we chose to use PEG that was not chemically tethév the
silicone. Instead, structuring was provided by pinesence of silica synthesized in situ
during polymerization. We describe below the prapan of silicone elastomers with
structurally controlled surface chemistry, morplgylo and, additionally, internal
structuring of the silicone in the vicinity of tlar interface, by use of a combination of

cure kinetics and surface active agents.
2.3 Experimental section

Materials
Fluorescein (Aldrich), ninhydrin (Pierce), tetramtlgsilane (TEOS, 99.999%,
Aldrich), hydroxy-terminated PDMS (1800—2200 cSt,6~800 g mof, Aldrich)
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aminopropyl-terminated PDMS (10-15 cSt, ~875 g otGelest), poly(ethylene
glycol)(PEG, 1000 g mdi, Aldrich), and the rake surfactant seen in 1dsiiie backbone,
ethylene oxide/propylene oxide side chains, DC 8@5gure 2.1), (Dow Corning) were

used as received.

A Si//

Si

\\Si/O\S|i/O\S|i/O\{ |

i
q

Figure 2.1: Structure of DC 3225C.

Characterization

Detection and characterization of PDMS, aminoprdpgiinated PDMS and
PEG content of elastomers were established u$in§MR performed on a Bruker AV-
200 spectrometer operating at 200.13 MHz. In thee aaf extracts from the elastomer
disks, trimethoxybenzene (TMB) was used as annatestandard and was prepared by

first making a stock solution containing approxieiat0.03g of TMB in 1 mL of CDGlI

Elastomer preparation

Silicone elastomers were prepared by mixing variguantities of hydroxy-
terminated PDMS, PEG, aminopropyl-terminated PDM®d TEOS (Table 2.1).
Efficient mixing required a precise order of addimgredients. PDMS was measured
using a 5 ml plastic syringe and poured into a 2@lass vial. PEG was pre-weighed and
then placed into the glass vial where it was weigbece again, TEOS was added using
an Eppendorf 1000 ml pipette and then the mixtuse gently heated to a temperature of
~60°C for approximately 1-2 min. This step was contthuatil the PEG liquefied. After
cooling for 30 s, the aminosilicone catalyst wadeatto the mixture and then manually
mixed for approximately 5 min, leading to a clouéyuid. Some of the formulations

additionally made use of the surfactant DC3225cwimch case it was added using a
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1000 pl Eppendorf pipette immediately after thetom@ had cooled to room temperature.
The mixture was then poured into a plastic Peshdi35 mm diameter) lined with a
Teflon film and allowed to cure at room temperatdoe 3—4 days. Some of the
elastomers were cured under constant humidity uamdeSL-2CA constant humidity
chamber (ESPEC) at room temperature at 90% relhtineidity, over the course of 3—4
days. In some experiments, disposable polystyrewettes (1 x 1 x 4.5 cm, Aldrich)
were used instead of Petri dishes. Once curedeldstomers were cut out as circular

disks using a 0.6 cm diameter coring tool for fartbse.

Preparation of ninhydrin solution and testing for the location of amines in the
elastomer

Circular elastomer disks were prepared as shoviigare 2.2, and placed within
20 ml glass vials to which approximately 5 ml olwt% ninhydrin solution in reagent
grade methanol were added. Samples were left faniBOin the solution and thereafter

the samples were checked by eye for a positiveoressp(purple color chang®).

T )—

Figure 2.2: Preparation of elastomers for fluoresce microscopy.

Fresh Cut

v

Soxhlet extraction
Elastomer disks were placed in cellulose extracttimbles and then Soxhlet

extracted with reagent grade hexanes overnighstéiteers were then dried in a vacuum
oven at room temperature overnight. The differericeseight were noted artH NMR
spectra were taken of the extracted solution a#gaporation of the hexanes.
Characterization of elastomer extracts except tlast@mers made with 5% TEOS
exhibited a phase-separated liquid on the surfabe. characterization of the surface
liquid involved coring a circular disk 0.6 cm inagieter and then washing it with 1 mL of

CDCl;, with which the'H NMR was taken (see Supplementary Information).
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Surface analysis and imaging

Circular disks were cut out as described below ahdracterized by X-ray
photoelectron spectrophotometry (XPS, Universityofonto) using a Thermo Scientific
Theta Probe XPS spectrometer (ThermoFisher, E.s@ad, UK) in standard mode. The
angles were taken relative to the surface normahdhochromatic Al k& X-ray source
was used, with a spot area of 400 um. Charge cosafien was provided utilizing the
combined &Ar” flood gun. The position of the energy scale wasistéf to place the
main C 1s feature (C-C) in the high resolution sp@c at 284.4 eV, the literature value
for PDMS*®Data processing was performed using the softwavarffage) provided with
the instrument. Figure 2.4 shows an approximatelgar decrease in the atomic% of
nitrogen measured on elastomer surfaces at takaraffes of 30 50° and 70 as a
function of TEOS concentration. For one sample, XRS performed using theokprobe
at 20, 3¢ and 90.

Scanning electron microscope (SEM) images of etasts were obtained using a
JEOL 7000F SEM at an accelerating voltage of 5 EWergy dispersive X-ray (EDX)
analysis was performed on the JEOL 7000F SEM ak\M0 When obtaining cross
sections, elastomers were initially frozen in Idjuitrogen and then fractured before

mounting.
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Table 2.1: Composition of elastomers (all valueg.ig total mas$)

; tormi DC
Entry PDMS TEOS Aminopropyl-terminated PEG  3705¢
PDMS
Controls 2.125-1.625 0.125-0.625 0.250 0 0
(entries 1-5) (85-65%)  (5-25%) (10%)
\222{:?8952'?%? 2.000-1.500 0.125-0.625 0.250 0125 g
(80-60%)  (5-25%) (10%) (5%)
V(im:l‘gsiaﬁ'gt 1.900-1.750  0.375 0.100-0.250 0125 g
(76-70%) (15%) (4-10%) (5%)
. .
Contrgf]tﬂggolﬁ’fé‘)m'd'ty 2.125-1.625 0.125-0.625 0.250 . 0
(85-65%)  (5-25%) (10%)
Varying TEOS at 90%
Humidity 2.000-1.500 0.125-0.625 0.250 0125 ¢
(entries 19-23) (80-60%)  (5-25%) (10%) (5%)
0,
% e/;t?ZZZ%Z 1.725 0.375 0.250 0.125 0.025
y (69%) (15%) (10%) %)  (1%)
5% 3225C 1.775-1.700  0.375 0.100-0.175 0.125 0.125
(entries 25-27) (71-68%) (15%) (4-7%) (5%) (5%)

& Refers to specific formulations described moreaitlet SI.

Surface roughness — profilometry

Circular elastomer disks, with a diameter of 0.6, emere gold coated with an
Edwards Sputter Coater S150B (using a rate of +a5min?) for 30 s to give a 7.5 nm
thick coating. Surface roughness was measured avitiYKO NT21100 optical profiler
equipped with the Vision32 software that imaged $lueface texture of the silicone
elastomers. Imaging was performed at 5x and 20x nifiegtion with the low
magnification PSI setting turned on at the profiger, but run in VSI mode in the

software, as greater image quality was achieved.
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Preparation of fluorescein-containing elastomers ashuse of the optical microscope
Optical microscopy was used to image the surfacehef elastomers and to
determine the type of internal structuring of thkcene. Surfaces and hydrophilic
PEG/silica domains were visualized using a 1.2 noWiton of fluorescein (0.008 g,
0.024 mmol) in distilled water (20 mL). The circuklelastomer disks of interest were cut
as shown in Fig. 2 and then were placed within 2@lass vials. Approximately 5ml of
fluorescein solution were added to the vials usirgass pipette, which were stored in the
dark for approximately 3—4 days and then analyzadgufluorescence spectroscopy. For
imaging, the samples were first quickly rinsed wdiktilled water and then placed onto
glass slides underneath an Olympus BX51 microsdéitieel with a Q-imaging, Retiga
EXi camera. Fluorescence and light microscopy irmagere taken of the elastomers and
recorded on the Image Pro-Plus software by Medihe@etics. Wavelengths of the

elastomer surfaces were performed using the Imemy®Rs software.

2.4 Results

Silicone elastomers were prepared using a roomegatyre vulcanization (RTV)
system that involved TEOS (Si(OREt)as the crosslinker and hydroxy-terminated
dimethylsilicone (HO(Mg&SiO),H) 36 000 M, as the bridging linear polymer (Figure 2.3).
No filler was added. However, excess TEOS was adodte recipe, which led to the
generation of silica in situ, a process describgdviark and others’ Low molecular
weight aminopropyl- terminated PDMS (referred to‘agalyst’ below) was utilized as
the hydrolysis/condensation catalyst. Note thatnemcatalysts are far inferior, with
respect to rate of cure, to the more commonly usedand titanium-based catalysfs.
This can be attributed to the amine’s slow depration water or silanol groups to
catalyze crosslinking (pK@us+= 9.3 vs. pKayo = 15.6 and pKai.on = 13.6) . However,
we wished to avoid the use of metals in these @lasts that may be targeted for
biomaterials’ applications. The final requiremeat ture is water, which is important
both for cure, and for the generation of silicadrbphilic domains were to be introduced
into the elastomer using two strategies: silicarfed from TEOS hydrolysis, as noted

above, and the use poly(ethylene glycol), which wasionally added into the pre-
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elastomer formulation. It was recognized that effit distribution of the PEG into the
silicone, particularly as channels rather than bigsp might require the presence of
surface-active agents because of the near immlisgibi the two materials. Therefore, a
silicone surfactant based on PEG and silicones3RZ5C) was optionally added to the
pre-elastomer mixture. Thus, mixing the precurgdedble 2.1, Table 2.2), placing them
in an open vessel lined with a Teflonfilm and allowing them to cure at ambient
temperature for up to 4 days led to translucempaque silicone elastomers.
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Figure 2.3: General chemical equation for RTV sifie crosslinking

Controlling cure asymmetry

RTV silicones are usually formulated with all recpa reagents, except water,
which is provided by humidity in the environments & consequence, cure in such
silicones initially takes place at the outer, antacting surface, and then proceeds
further into the uncured body as moisture migratesugh the silicone. Formulation is
normally optimized so that a homogeneous elastasnproduced. Our objective was to
create surface-modified silicones with hydrophdamains, which could be accomplished
by controlling the relative rates of crosslinkisgica formation, and the rates of diffusion
of reagents through the uncured mixture. The siksoformulated here cured slowly and,
only exceptionally, led to homogenous materials. general, the elastomer cured
asymmetrically, generating an elastomer with a digmodulus proximal to the air-
contacting surface, and softer elastomers ben&ath.natures of the silicones produced
were examined as a function of aminopropylsilicocatalyst, water, and TEOS

concentrations.
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Table 2.2: General observations and homogeneigll @lastomers

0€

Entry Elastomér Translucent or Opaque Phase Separation Hongg?ﬁ)neous Surface Hardnes Bottom Hardnes's
Effect of TEOS Humidity = 20-30%

Samples Without PEG
1 5%TEOS T Liquid on surface Y 3 3
2 10%TEOS T None N 5 3
3 15%TEOS T None N 7 4
4 20%TEOS T None N 8 2
5 25%TEOS T None N 10 1

Samples Containing PEG
6 5%TEOS @) Liquid on surface Y 4 4
7 10%TEOS o) None N 5 4
8 15%TEOS o) None N 7 4
9 20%TEOS o) None N 8 4
10 25%TEOS o) None N 10 S

Effect of Catalyst Humidity = 20-30%
11 10% Cat. o) None N 7 4
12 7% Cat. O None 6
13 4% Cat. O None Y 5
Effect of Humidity Humidity = 90%

Samples Without PEG
14 5%TEOS T Liquid on surface Y 4 4
15 10%TEOS T None Y 5
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16 15%TEOS T None Y 5 S
17 20%TEOS None N 6

18 25%TEOS T None N 4

Samples Containing PEG
19 5%TEOS @] Liquid on surface Y 4 4
20 10%TEOS o) None Y 5 S
21 15%TEOS o) None Y 5 S
22 20%TEOS o) None N 6 S
23 25%TEOS o) None N 6 S
Effect of Surfactant Humidity = 20-30%

24 1% S, 10% Cat. o) None N 7 S
25 5%S, 10% Cat. o) None N 7 S
26 5%S, 7% Cat. o) None N 6 S
27 5%S, 4% Cat. o) None Y 5 S

2 For more detailed formulations see Table 2 Arbitrary hardness scale where 1 = viscous liq8id; shore A hardness of 40, 10 =

hard/brittle rubber.
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Effect of varying crosslinker concentration
A series of elastomers were prepared with and withEG in which the

crosslinker wt% was varied (Table 2.2). At low a&losker concentrations (5 wt%), a
viscous liquid was extruded onto the surface ofdlastomer after cure. The nature of this
separated liquid will be discussed below. Otherwibe greater the concentration of
TEQOS, the greater was the difference in modulus/éen the outer surface (from 10 pm
to 2 mm) and the remainder of the elastomer. Atetkteemes of the materials prepared,
the outer surface was a brittle, friable layer, Hreunderlying silicone an almost uncured
gel-like material. When PEG was also included igiven formulation, the elastomers
cured more homogeneously, with lower differencesmiaduli between exposed and

underlying elastomers (Table 2.2).

Effect of varying catalyst concentration

Elastomers were prepared using high catalyst caratems between 4 and 10%,
with the crosslinker fixed at 15%. The asymmetrycaofe increased with increasing
catalyst concentration: only elastomers prepareith W0 catalyst were homogeneous
(Table 2.2).

Effects of Humidity

Atmospheric water is a co-catalyst for siliconesstmking and a reagent for
TEOS hydrolysis. The cure rate, not surprisinglgswlirectly affected by moisture in the
environment. More significant was the interplayvistn humidity, TEOS concentration
and asymmetry with which the elastomers cured. igh thumidity (e.g., 90% relative
humidity, RH) and TEOS concentrations below 15%e tlesulting elastomers were
homogenous: less water or more TEOS led to asynunelastomers that were more
highly cured at the air interface. Lower surfacémee ratios of the curing vessel will
reduce the efficiency with which water can penetrtte curing pre-elastomer. For
example, a recipe that led to homogenous elastorpepared in a high surface
area/volume Petri dish (e.g., 15% TEOS, 90% RH} asymmetric when cured in a 1 X
1 x 4.5 cm cuvette; the top 0.5 cm was much hatdar the remaining 4 cm depth.
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Relative rates: cure vs. reagent diffusion in theikcone
The ingress of atmospheric water controls the asgtmymof cure. Under

conditions of high water concentration (e.g., 90%) Rdiffusion of water through the
curing silicone occurred more rapidly than crodshg and diffusion of TEOS to the air
interface, such that the entire body underwent Ipesimultaneous cure. PEG, when
added into the pre-elastomer mixture, acts to vackransmit water into the silicone,
leading to a lower degree of cure asymmetry thaanMPEG is omitted from formulae.
Any factor that reduces the rate of water ingreasBen compared to diffusion or
crosslinking processes through the silicone, velld to an asymmetric cure. At higher
catalyst or TEOS loadings, for instance, the rafesure/silica formation at the interface
overwhelm the ability of water to penetrate th&site, leading to asymmetry and, at the
extremes, brittle resins on the surface, and hgbtired gels beneath. Asymmetric RTV
systems are avoided in commerce by controllingvibeosity of the uncured silicone, for

example by the use of fillers.

Structuring silicone interfaces

The development of more biocompatible surfacesiregucontrol of a variety of
different structural features including surface metry, hydrophilicity, and internal
structuring. Control of the hydrophilic silica/PEGomains within the elastomer is
important for the delivery of bioactivé#n the remainder of the manuscript, we examine

in detail the structural features of the more hyghdred, upper elastomer interface.

Surface chemistry

Asymmetric cure is a consequence of higher reactites at the air interface. The
distribution of amine groups, from the RTV catalyaminopropylsilicone, within the
silicone matrix was investigated colorimetricallgnd by XPS. After submersing
elastomer disks into a ninhydrin solution, asyminetelastomers exhibited the
characteristic purple color, arising from reactiaf ninhydrin with amines®
preferentially at the air interface (Figure 2.4gradient in color existed from air interface

inwards and, therefore, catalyst concentration ebsed from the air surface to the
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silicone interior. Note that sides of the elastordesks cut from a larger sample, and
bottom surfaces that contacted the Teflosheet exhibited no color.

Angular-dependent XPS measurements also showedhtha@mine preferentially
resided at the air interface. As noted above, asstmnof the elastomer increased with
TEOS concentration. Asymmetry correlated inversdth the amine concentration at the
air interface (Figure 2.4, see also Sl): more higidymmetric materials exhibited lower
surface levels of amine. In the case of the elastgmepared with only 5 wt% TEOS
(Table 2.2, entry 6), a viscous liquid phase sepdriom the elastomeltd NMR spectra
showed that the phase-separated liquid containedmglof catalyst (of 250 mg, 16%),
~12.5 mg of PEG (of 125 mg, 10%) and less than ~2ig3f PDMS (of 2.0 g, Table
2.1, Table 2.2, about 1%). The preferential preseoicthe amine at the interface, a
consequence of efficient migration to the interfadech has previously been seen with
aminopropyltrialkoxysilanes in epoxy polyméfsmanifests itself in various ways. The
aminopropylsilicone, while less effective than tineditional and more efficient tin- or
titanium-based RTV catalysts, still facilitates bauring of the silicone and formation of
silica. Appropriate formulation thus permits sinaméous control of surface morphology,
roughness and hydrophilicity: at pH values neartnadity, amine groups will be
protonated leading to surface charge and, as disdubelow in more detail, surface

active species that may assist in geometric coofrtile silica formed.
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Figure 2.4: A: Nitrogen (catalyst) concentrationR&) at surface with varying TEOS
concentrations at different take-off angles (th&e1%ample was examined at 2 different
angles than the other samples. B: Ninhydrin stagjnghowing presence of catalyst
preferentially at the air interface.
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Surface roughness

At low humidity levels there was a clear trend be#w increasing TEOS
concentration and increasing surface roughnapsto 20% TEOS, at which point the
roughness then decreases (Figure 2.5A): the presghPEG led to slightly smoother
surfaces (see Sl).

There was an inverse trend between catalyst comtem and roughness. With
the crosslinker TEOS concentration fixed at 15 wtastomers were prepared using
catalyst concentrations between 4 and 10%. Thelhigthomogeneous elastomers
prepared at 10% and 7% catalyst, respectively,béeli roughnesses of 2.86 um and
2.16 um (Figure 2.6A, Sl). By contrast, the homagenelastomer prepared with 4%
catalyst had an fralue of 364 nm, making it significantly smoothkan those prepared
with higher catalyst levels (Figure 2.6B).

Atmospheric moisture also had a significant impactthe surface roughness of
the elastomers. When the same formulations as flasselescribed were cured at high
humidity (90% RH) random structures on the surfdie not form and instead highly
corrugated, macroscopic wave structures formedlastamers (Figure 2.5B, C). These
waves could be readily seen by eye, with wavelengthup to 880 um (Figure 2.6C, SI).
In the absence of PEG, only pre-elastomers con@ibb% or 20% crosslinker developed
these structures. In the presence of PEG, howallezlastomer formulations developed
waves but with shorter wavelengths and greater iaudpls than when PEG was absent
(Figure 2.5B, C).

Internal structural organization
Internal hydrophilic structures could arise frome tpresence of PEG, when
present, and silica formed by the hydrolysis anddensation of TEOS In asymmetric

elastomers, the harder layer near the air intertadebited a different distribution of

* Surface profilometry provides roughness 3sRg = \/ﬁ 9”:12?’:122 (x;, yi), the root mean

square roughness (Wyko surface Profilers Techited¢érence Manual, Veeco Metrology Group,
1990, 16) where x and y = spatial axes, M and Nimlver of data points in the x and y direction,
respectively, and Z = surface height relative ®oréference mean plane.
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hydrophilic structures than the softer underlaydre greater organization in the more
highly crosslinked upper layer could be readilyrsesdter staining with fluorescein, using

fluorescence microscopy (Figure 2.7).
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Figure 2.5: A: Roughness of surfaces with incregsirosslinker by profilometry (Table

2.2, entries 6 - 10). B: Roughness of surfaces initheasing crosslinker at 90% RH by
profilometry (Table 2.2, entries 14 - 23). C: Wargjth of elastomers cured at 90% RH
(Table 2.2, entries 16, 17, 19-23).

Effect of crosslinker concentration

The structure of hydrophilic domains in PEG-contagn samples changed
significantly with TEOS concentration (Table 2.2trees 6-10). At 5 wt% TEOS, the
dispersed PEG/silica globules were approximatelypyb® in diameter and relatively
monodisperse. With the higher concentration of ITBZ®OS, the hydrophilic structures
appear as thick ribbons on the order of 100-500afitheir widest point, more than 10
times larger than the globules seen at 5%. At 25%©3, a highly reticulated 3D
structure had evolved with structures of 50-100ipmwidth. Other factors that increase
asymmetry in the elastomer, such as increasedysatabncentration, similarly lead to

more internal organization (see Sl).
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Figure 2.6: Profilometry images of elastomers pmggawith 15% TEOS and A: 10%
catalyst (Table 2.2, entry 11), B: 4% catalyst ([BaB.2, entry 13). Scale bars = 50um.
C: SEM image of elastomer prepared with 25% TE@%% tatalyst and 90% RH (Table
2.2, entry 23). Scale bar =1 mm.

A

Figure 2.7: Fluorescence images of elastomers wattying amounts of crosslinker. A:
5%, B: 15%, C: 25% (Table 2.2, entries 6, 8and Bagale bar = 500 pum.

Addition of surfactant

It will be proposed below that internal structurisgfacilitated by surface-active
materials, including the aminopropylsilicone casalyThis hypothesis was tested by
adding a PEG/silicone rake surfactant, DC 3225Ctheo pre-elastomer. Using a 15%
TEOS formula, the surfactant was added at leveld%fand 5%, respectively; three
different catalyst loadings were used (Table 2n#jies 24—-27, Figure 2.8). It can be seen
that increased concentrations of surfactant arcduaflyst both contribute to the formation
of greater interconnectivity of hydrophilic charnsmielhe sample containing 5% surfactant
and 10% catalyst has hydrophilic domains of sizetow the resolution of light

microscopy.
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2.5 Discussion

Asymmetric cure and surface modification RTV siheoelastomers are normally
designed to be homogeneous throughout the polyoay. lCommercial samples are pre-
filled, normally with silica, but also with less gensive, non-reinforcing fillers such as
calcium carbonat® In such cases, the only reaction designed to ogating cure of a
one-part RTV is hydrolysis/condensation betweeieasikes terminated with silanols and
TEOQOS,; silica formation is not anticipated. The stwgking reaction occurs first at the air
interface, which is normally the only source of @rafwater is a co-catalyst in the case of
tin- or titanium-based catalyéfs The air-presenting surface thus cures and besome
tack-free much more rapidly than the layer benegtle. high viscosity of a filled silicone
pre-elastomer normally leads to homogeneous mkeransistent with diffusion of
water through the matrix being faster than diffasiof other materials within the
formulation, and because cure (silanols + crosslinkccurs more rapidly than TEOS

hydrolysis/condensation with the activated catalyst

-
| -

Figure 2.8: Fluorescence images of elastomers megbavith 15% TEOS and A: 1%
surfactant (S), 10% catalyst (C), B: 5%(S) and 1(@)% C: 5%(S) and 7% (C), D: 5%(S)
and 4%(C) (Table 2.2, entries 24-27). Scale bai08 pm.

In the silicone elastomers described above, theotis@ atypical (slow) catalyst,
aminopropylsilicone, in low viscosity, unfiled RT¥ystems, alters the cure profile
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significantly. Only in cases where water ingressajgpreciably faster than either
crosslinking or silica formation is a homogeneailisane formed. Such cases occurred at
high RH, low TEOS concentrations and/or low catalysncentrations. Even in such
cases, however, inhomogeneity can result if theewatust travel relatively long
distances through the silicone. For example, thedorface area/volume sample (1 x 1 x
4.5 cm deep) gave a highly cured elastomer only tepth of about 0.5 cm even with
cure at 90% RH. Thus, in general, crosslinking sifida formation occurred faster, and
to a greater extent, at the air interface of tlsfismnes.

The structural features of greatest interest adetesymmetric cured silicones are:
interfacial hydrophilicity, roughness, and interrsaifucturing. The synthetic parameters
that allowed their control (Table 2.2) are examimedurn. The amine catalyst (Figure
2.3) has a nitrogen content about 4.4 atom%. A 8een Figure 2.4, the surfaces of the
cured silicone elastomer can be highly enrichedatalyst (nearly 25% of the material
present) at the upper interfaCeThe degree to which the upper interface is popdléty
amines is a function of the catalyst concentratiand of the TEOS and water
concentrations. More rapid cure and higher conaéintrs of TEOS were associated with
decreased catalyst presence at the interface. atadyst thus diffuses to the interface
unless extensive silica formation occurs more dgpiimine groups near neutral pH are
protonated in aqueous media, which will impact baththe cure chemistry (see below)

and the chemistry of the interface.

Homogeneous Elastomer HTEOS] Wors nghly CROEsHni
Filled Surface

S CE
f [PEG] Softer, Less Filled
Underlayer

R

A B C

I\

Figure 2.9: Asymmetry caused by increasing croksln With increasing TEOS
concentration, A: dispersed PEG droplets, B: thesesmbled into ribbons and finally, C:
into three-dimensional networks.
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Higher concentrations of TEOS, and of catalyst, Iouter water concentrations
led to high degrees of crosslinking and of siliocenfation at the air interface (Figure 2.9).
At ambient humidity, the reactions at the interfaged diffusion of the reagents within
the silicone to the surface, occur more rapidlyntivgater vapor can diffuse into the
silicone. At the extreme, with high levels of cgtland TEOS under relatively dry
conditions, rough, brittle layers form on top ofarlg uncured silicone elastomers.
Decreasing concentrations of either TEOS or catadysincreased water concentrations
enhanced the thickness of the more highly curedfiled upper layer. Note that thicker
overlayers were formed when PEG was present infdhaulations. The hydrophilic
nature of PEG provides a mechanism to deliver wiatiner into the silicone than in its
absence. That is, PEG lowers the barrier for waersmission such that the ratio of
internal vs. surface crosslinking/silica formatignincreased. Thus, as a consequence of
the clear differences in reaction rates betweems/silica formation and the diffusion of
moisture, it is possible to control both the modudidi the silicone at the air interface and
the interfacial hydrophilicity.

At low humidity, very rough surfaces were obsenatdhigh concentrations of
TEOS. Highly reticulated brittle surfaces, compdiseostly of silica, are unable to anneal
during cure, leading to rough, kinetically formelustures. By contrast, when excess
water was present, and particularly when PEG wasemt to deliver water into the core
of the elastomer, well-defined waves could be tyeseen even by eye at the external
interface. The wavelength (up to nearly 1 mm) amglaude (up to 250 um, see Sl) of
these waves were affiliated with much lower surfaxssslink densities, but higher than
the underlayers. Such waves, particularly on sikcelastomer surfaces, have previously
been examined by a variety of auth©ré® During cure, two elastomer layers form. The
higher modulus elastomer at the air interface &Briand the resulting waves are a
consequence of yielding of the lower modulus uraden. As seen from Figure 2.5, the
amplitude and wavelength of the surface can be poéated over a large range
particularly by changing the TEOS concentration,jclwhdirectly correlates both with

chemical crosslinking, and physical crosslinking the silica particles.
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Internal structural organization

The soft underlayer of the silicone elastomer daetha homogeneous dispersion
of silica as isolated or slightly aggregated p&tfand, when present, of PEG as droplets.
By contrast, as shown using fluorescence microsctypghly organized hydrophilic
domains presented in the upper layer except for Mgitly crosslinked materials (Figure
2.7A).

Two features in particular controlled the naturle tlee internal hydrophilic
structuring: TEOS concentration and the presencesunface-active species. As the
concentration of TEOS increased, isolated partitissbecame linear ‘ribbons’ and then
three-dimensional network structures (Figure 2.7B;@Qure 2.9, Sl). The facility for 3D
structuring increased with catalyst concentrataetd not shown) and when silicone/PEG
surfactants were added (3225C, Figure 2.8).

Two independent but closely related processes ecarong during hydrolysis
and condensation: crosslinking of the silicone pway, and formation of silica due to the
large excess of TEOS present. Of course, theseegges are not mutually exclusive.
While a single TEOS molecule could lead to a 34@rmed branch point (Figure 2.3),
condensation of the silicone can occur with silickzid oligomers or silica
ribbons/particles. Reinforcement of the siliconen calso occur through physical
interactions with silica. We focus now on the fotioa of silica.

The hydrolysis of TEOS is very slow at neutral @Y. contrast, rates increase
rapidly away from pH 7. This pH sensitivity has beexploited to control silica
structuring in various ways, perhaps most famouslyhe formation of model silica
colloids by Stéber, in which TEOS is hydrolyzedethanol with ammonia catalysis.
We propose that analogous pH control is provided tihhy amino group on the
aminopropylsilicone catalyst to facilitate hydrak/sondensation of TEOS, yielding
silica, primarily in particulate form.

The organization of the hydrophilic silica/PEG dansacan be understood by
considering the templated synthesis of meso andapaus silica from TEOS using

surfactants. Perhaps best known of these are ttikeses of zeolites such as MCM-41 in
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which surfactants such as CTAB create cylindersirmdovhich silica synthesis occtifs.
Normally, such syntheses are undertaken in hydliopdolvents, which may be aqueous
or alcohol based, although strategies for assemldyganic solvents have been elegantly
reviewed by Morris and Weigéi.

As with any of the templating processes usedéapare zeolites and other mineral
species, a surface-active material guides the ddgeshthese structures by interactions
occurring, in part, between complementary chargexties. We propose, in the silicone
elastomers formed using aminopropylsilicone cataJyshe ammonium ions on the
catalyst can interact with silanolates on silicafaxes (Figure 2.10). The polar silica
interface is stabilized in the hydrophobic silicalastomer matrix by such an interaction.
Similar types of interactions, although based on-tomic/polar interactions can occur
when the silicone surfactant 3225C is present (Eigu8, Figure 2.10). Such interactions
have been used to direct the assembly and porosityilica particle¥® and silica
monoliths®* As the concentration of surfactant is increaseel hydrophilic silica domain

size is decreased (Figure 2.8).
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Figure 2.10: Model interfaces between silica/silieo controlled by surface-active
materials.

The biocompatibility of silicone species reliesioteractions that take place at the
interface of the device. As shown above, the usa sdirface active catalyst in an RTV
system, in combination with control of crosslinkerd water concentrations, permits the

preparation of elastomer surfaces with controlledngetry and with internal hydrophilic
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structuring. We shall report in due course on tleedmpatibility of such systenser se

and the ability to release hydrophilic bioactiveas from the structured silicones.

2.6 Conclusion

The density and organization of hydrophilic silRBG domains within silicone
RTV elastomers can be controlled by manipulatinge tmelative rates of
hydrolysis/condensation with respect to diffusidnwater through the matrix. At high
TEOS (crosslinker and silica precursor) concerdreti preferential reactions occur
proximal to the air interface. Surface-active mater which include the
aminopropylsilicone cure catalyst and, optionagG-modified silicone surfactants act

to assemble the hydrophilic domains into ribbors thinee-dimensional structures.
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2.8 Supplementary Information

Table S 2.1: Phase separated liquid on 5% TEOSa@teey (Table 2.2, entry 6)

Compound FG 5, ppm  Integration J-coupling Multiplicity
VB -OCH; 3.78 9.00 - s
=CH; 6.10 3.00 - S
PDMS -OSi(CH),0- 0.08 5.03 - s
SiICH,CH,CH,- 0.49-0.58 0.26 m
Aminopropyl-terminated PDMSt SiCH,CH,CH,- 1.43-1.55 0.26 m
SiICH,CH,CH, 2.64-2.71 0.26 7.00 t
PEG CHCHO 3.66 1.55 - S

* Si = polydimethylsiloxanes
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Table S 2.2: Atomic % of nitrogen at 30 for elastosnwith PEG (Table 2.2, entries 7-
10)

%TEOS Surface At. % Bottom At. %
10 1.283 0.846
15 0.433 0.238
20 0.594 0.442
25 0.257 0.006

5% TEOS 10% TEQS 15% TEOS *. ;

20% TEQOS

Figure S 2.1: Formation of 'domains with increasifigOS. Scale bars = 50 um.

Experimental for Optical Microscopy Amplitude Measurements of Wave Structures
For the determination of the amplitude of the waweictures found on certain
elastomer surfaces, optical microscopy was usefirsétydetermining the number of fine
tuning units it took to focus on the top and bottfawes of a glass slide of known
thickness. Thus the distance travelled in each fureng unit was determined to be

1.5um/unit and applied.
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Figure S 2.2: Selected surface images showing wauetures using A: 5% T. B: 10% T
and C: 15% T at 90% RH (Table 2.2, entries 19 - 3tple bars = 200 pum.

Table S 2.3: Amplitudes of wave structures on etast surfaces

Elastomer (Table 2.2 entries) Rz (um)
15% T No Peg, 90% RH, Entry 16 173.07
20% T, No PEG, 90% RH, Entry 17 147.97
5% T, 90% RH, Entry 19 39.71
10% T, 90% RH, Entry 19 110.64
15%T, 90% RH Entry 21 165.65
20%T, 90% RH Entry 22 310.15
25%T, 90% RH Entry 23 254.48

Rz is the average maximum height of the profile askes the average of the 10 highest

and 10 lowest data points. ThefRctor is calculated using the following formula:

1 10 10
j=1 j=1

Where Hand I; are the highest and lowest points respectively.
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Figure S 2.3: Fluorescence images of elastomers vatied amounts of crosslinker.

Figure S 2.4: Internal structuring with varying edyst.
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Chapter 3 — Nearly Monodisperse Silica Microparticles From

Silicone (Pre)elastomer Mixtures

3.1 Abstract

The formation of silica from a tetra-alkoxysilane & sol-gel process usually
requires a highly polar, typically aqueous, medithit aids in the hydrolysis of the silane
and leads to electrostatic stabilization of thengng silica particles. Formation of such
silica particles in a hydrophobic medium is muchrenehallenging. We report the
formation of silica microspheres within silicone Isoi (hydroxyl-terminated
poly(dimethylsiloxane), HO-PDMS) during elastomareusing atmospheric humidity in
a one-pot and one-step synthesis. Using tetraettigbsilicate (TEOS) as both cross-
linker and silica precursor, and aminopropyl-teratgd dimethylsiloxane oligomer (AT-
PDMS) as a catalytic surfactant, silica particlédowv polydispersity formed near or at
the air interface of the elastomer: the presenca bydrophilic polymer, poly(ethylene
glycol) (PEG), had an indirect effect on the paetiformation, as it assisted with water
transmission into the system, which resulted irtigdarformation over a wider range of
parameters and facilitated silicone elastomer durther away from the air interface.
Depending on the relative humidity during cure, $iees of particles presenting at the air
interface varied from-6 — 7um under ambient conditions (20—-30% RH® — 9um at
high relative humidity (90% RH). The origin of th@ntrolled particle synthesis is
ascribed to the relative solubility of the catalgsid the efficiency of water permeation
through the silicone matrix. AT-PDMS preferentialtyigrates to the air interface, as

shown by ninhydrin staining, where it both catak/zalkoxysilane hydrolysis and

8 The following chapter was reprinted with permissifom: Vinodh Rajendra, Ferdinand
Gonzaga, Michael A. BrooK.angmuir, 2012 28, 1470. Copyright 2013 American Chemical
Society.

| was responsible for all practical and analytisairk. Dr. Gonzaga helped with the
Soxhlet extractions and Dr. Brook gave some usalulce and troubleshooting ideas. | wrote the
1* draft of the manuscript and Dr. Brook helped véittiting the document for final submission to
the above journal.
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condensation, and stabilizes the growing silicatigdas prior to aggregation. Since
reactions in the presence of this catalyst are ,sSI&OS can migrate from within the pre-
elastomer body to the interface faster than waderpenetrate the silicone, such that the
main locus of hydrolysis/condensation leading btathsilica formation and elastomer

cross-linking is at the air interface.

3.2 Introduction

The ability to form monodisperse silica particlesng sol gel processes has been
known for some time, as demonstrated in the serpiaér by Stéber and FiflkSi(OEt),
(TEOS) is hydrolyzed in ethanol/water mixtures unbtlasic conditions generated by
ammonia. Particle monodispersity is a consequeht®mucleation of primary particles
after the growing silica oligomers become insoluiniethe alcoholic medium. Particle
growth then occurs both by further condensatiombiey on particle surfaces, and by
the capture of new particles formed by secondamgjeation. During these processes,
electrostatic stabilization in the hydrophilic meali is provided by ammonium silanolates
(SiO) on the silica surface, maintaining colloidal sty

The Stober process of forming silica particles Heeen utilized in many
investigations for creating narrowly dispersed cailiparticles, mostly in hydrophilic
media. However, its use has rarely been exploitedmiore hydrophobic media.
Condensation of mercaptopropyltrimethoxysilaneha polar but nonhydroxylic solvent
DMSO with relatively low concentrations of waterdl¢o the formation of distorted
spherical silsesquioxane particles of about 60 nndiameter: the analogous recipe in
water/ethanol mixtures gave particles over 800 mmliametef. Less polar solvents such
as THF can also be used as a medium to grow sm2al-L75 nm), distorted spherical
silica particles starting from TEOS using relativédrge quantities of amine catalysts.
The amine was shown by NMR experiments to playla bmth as catalyst and as a
stabilizer for the particles.

The ability to grow silica particles in the preseraf even less polar constituents
has also been demonstrated. Avnir and coworkergninnteresting series of papers,

described a strategy to incorporate various orgpolgmers within silica particles. For
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example, the inclusion of about 20% of siliconeadilarious molecular weights within a
classic Stober formulation, led to the typical maisperse, spherical particles of diameter
from about 160- 250 nm. The ability to include silicone oil in t#ica particles hinged
on the use of non-ionic silicone/polyether surfatt

It is also possible to grow silica particles wittirpreformed silicone elastonter,
after cross condensation reactions between TEOSs#iodne oils (room temperature
vulcanization, RTV). After soaking in a TEOS/wasalution, very small silica particles
~15 nm in size eventually formed throughout theremiibber body. Alternatively, silica
of undefined structure can be formed in situ durtggical condensation (moisture
initiated) cure of hydroxy-terminated silicone adlsd functional silanes.

During experiments designed to create hydrophiljicalodified silicones by the
addition of poly(ethylene glycol)(PEG) to an RTVrifwlation! we were surprised to
discover very large~6-7 um), narrowly dispersed silica particles exposedhat air
interface of (only partly cured) silicone elastoméFigure 3.1}. The formation of these
large, spherical silica particles was a consequesfcéghe catalyst used. Instead of
dibutyltin dilaurate, the common commercial catalysr RTV silicones** a less
efficient amine catalyst aminopropyl-terminated poly(dimethylsiloxane) (FDMS)
was used. These structures are distinct in the& som previously described materials.
Perhaps more importantly, the method for their gration involves no addition of water,
except in the form of moisture in the air, involwesry low catalyst concentrations, and
the absence of classical surfactants to stabilamiges from aggregation. We have
therefore examined the role of the silica precyrsatalyst type, humidity, and PEG on
this one-step formation of silica particles fronkadysilanes during silicone elastomer

cure.
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Figure 3.1: A: SEM of 25% TEOS with PEG elastomeed with AT-PDMS at ambient
conditions showing exposed, narrowly dispersedcasilparticles directly below the
elastomer surface. B: Expansion of A. C: ExpansiérB. D: SEM cross-section of
dibutyltin dilaurate-catalyzed elastomer at 25% TE&@ading.

3.3 Experimental Section

Materials

Hydroxy-terminated PDMS (HO-PDMS, 1800-2200 cSt,6~800 g/mol,
Aldrich), tetraethylorthosilicate (TEOS, 99.999%,IdAch), aminopropyl-terminated
PDMS (AT-PDMS, 10-15 cSt, ~875 g/mol, Gelest), dyftut dilaurate (Aldrich),
poly(ethyleneglycol)- (PEG, 1000 g/mol, Aldrich¢ttahydrofuran (THF, reagent grade,
Caledon), and hexanes (reagent grade, Caledon)useckas received.
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Particle Formation in Silicone Elastomers

Silica microspheres were prepared in silicone silttee nonaqueous dispersion
medium. HO-PDMS, TEOS, the catalyst dibutyltin drate or AT-PDMS; and,
optionally, PEG were mixed together in a specifides. First HO-PDMS was measured
using a 3 mL plastic syringe and poured into a 20 gtass vial. Then PEG, when a
constituent of the formulation, was added intodlass vial where it was weighed. TEOS
was added dropwise and then the mixture was ghetyed to a temperature of ~50 °C
for approximately 30 s. This step was continuedluhe PEG liquefied. After the
mixture was cooled for 30 s, the amine or tin gattalvas added to the mixture that was
manually mixed for approximately 2 min, leadingat@loudy mixture. The mixture was
poured into a plastic Petri dish (35 mm diametiém thickness was approximately 2
mm) lined with a Teflon film and allowed to curerabm temperature (20 °C) for either 2
weeks at ambient humidity (20 — 30% RH) or 1 day@¥% RH inside an ESL-2CA
constant humidity chamber (ESPEC). The general rerpatal details for particle
forming formulations are provided in Tables 2 and A3l individual formulations,
including controls, can be found in the Supporiimgrmation.

As seen from Table 2, to make an elastomer com@REG with a 25% TEOS
loading, the following formulation was used: HO-PBNML.600 g, 60 wt %, 1.2 mol %),
TEOS (0.625 g, 25 wt %, 87 mol %), PEG (0.125 @it%%6, 3.5 mol %), and AT-PDMS
(0.250 g, 10 wt %, 8.3 mol %) were mixed togeth&hwhe procedure shown above and

cured for up to 2 weeks at ambient conditions, dayl at 90% RH.

Extraction of Samples

Cured samples were first cut into circular disks® mm in thickness using a 0.6
cm diameter coring tool. These were placed in ki extraction thimbles and extracted
with a Soxhlet apparatus using reagent grade hexawernight. Elastomers were then
dried in a vacuum oven at room temperature ovetnigktraction was done to remove

residual materials that could obscure morphologiesils on the SEM.
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Imaging of Samples

Scanning electron microscope (SEM) images of alasts were obtained by first
gold coating samples for 30 s at a rate of 15 nm/rBamples were then mounted on
aluminum stubs and imaged using a JEOL 7000F SEM atcelerating voltage of 5 kV.
To obtain cross sections, elastomers were initiiidzen in liquid nitrogen and then
fractured before mounting. Particle sizes and iBistions, with a sample size of n = 50,

were determined using ImageJ software.

Hardness Tests
This test was only performed on the tin cured fdenons. The AT-PDMS

formulations formed non-homogeneously cured elastespwhich had brittle surfaces but
lightly cured bottom halves in many cases (thetligbured elastomers formed using AT-
PDMS were too soft to be characterized by Shoreadiness). First 3 elastomer disks
were cut, as mentioned above, and then stackedmroft each other. Measurements
utilizing a Shore A durometer (MFG. Co. Inc., UBatent 2453042) were then made on
these stacked elastomer disks. Shore A hardnesslated to a materials Young's

modulus.

X-ray photoelectron Spectroscopy (XPS)

XPS was conducted at the University of Toronto ggirifThermo Scientific Theta
Probe XPS spectrometer (ThermoFisher, E. Grinstell,) in standard mode. The
angles were taken relative to the surface normahohochromatic Al K X-ray source
was used, with a spot area 4(f. Charge compensation was provided utilizing the

combined dAr* flood gun. The position of the energy scale wasisidd to place the
main C 1s feature (€C) in the high resolution spectrum at 284.4 eV, lifezature value

for PDMS?! Data processing was performed using the softw&rar(tage) provided with
the instrument. There was an approximately linearehse in the atomic% of nitrogen
measured on elastomer surfaces at takeoff angle20df 30°, 50°, 70°, and 90°,
respectively, as a function of TEOS concentratibme key results, presented in Table
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3.1, show that nitrogen, which is only associatedhwthe AT-PDMS catalyst,
preferentially migrates to the air interface.

Attempts to section the silica particles to perafiaracterization by transmission
electron microscopy and EDX were unsuccessful. paréicle that fractured during the
manipulation showed it to be dense throughout (awit shown), similar to Stéber
particles.

Table 3.1: Atomic % of nitrogen from AT-PDMS casalgn cured elastomers at 20-30%
RH as measured by XPS at a takeoff angle 6f 30

%TEOS Surface of Elastomer Bottom of Elastomer
10 1.283 0.846
15 0.74 0.003
20 0.594 0.442
25 0.257 0.006

45% TEOS elastomers not measured by XPS due te eparated liquids that contaminated the
surface.

3.4 Results and Discussion

Control elastomers were prepared using a traditi®¥a/ silicone formulation
catalyzed by dibutyltin dilaurate, but with a higiading of TEOS (25 wt %), the addition
of PEG, and under 90% RH for 24 h to give a rigsthdre A hardness of 55), white
silicone elastomer typical of commercial RTV-curedlastomers (Supporting
Information). After extraction with hexanes to remaresidual silicone oils, PEG, and
catalyst, a cross section of the elastomer showetksybut no evidence of silica particles
either at the micro- or nanoscale within the resotuof the instrument (Figure 3.1D).
PEG is relatively insoluble in silicone oil and thieids thus indicate the location of
insoluble PEG droplets that were present followmixing and during the curing
process? The PEG appeared to improve the curing procesgeindreasing water
transmission into the system and had a minor etiagbarticle size as will be explained
below.
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Table 3.2: Typical formulations of AT-PDMS catalyzalicone elastomers with varying
TEOS loadings (5 - 25% in 5% increments) (2.5 gltot each formulation)

Parameter Formulations w/o PEG (g) Formulations w/ PEG (Q)
2.125-1.6258 2.000-1.500
HO-PDMS (85-65%) (80-60%)
0.125-0.625 0.125-0.625
TEOS (5-25%) (5-25%)
0.250 0.250
AT-PDMS (109%) (10%)
0.125
PEG 0 (5%)
Relative Humidity (HO) 20-30%/90% 20-30%/90%
Cure Time (20C) 2 weeks/1d 2 weeks/1d

% For example, the formulation containing 15 wt % TE®.375 g) was made with 10% AT-
PDMS (0.250 g), 75% HO-PDMS (1.875 g), and cure®?@t30% RH for 2 weeks” For

example, the formulation containing 5 wt % TEOSLP®. g) was made with 10% AT-PDMS
(0.250 g), 5% PEG (0.125 g), 80% HO-PDMS (2.00Gg} cured at 90% RH for 1d.

Table 3.3: Typical formulations of silicone elastasicured with varying amounts of AT-
PDMS (4, 7 and 10%) at 15% TEOS (2.5 g)

Parameter Formulations w/o PEG¥(g) Formulations w/ PEG (8)
2.025-1.875 1.900-1.750
HO-PDMS (81-75%) (76-70%)
0.375 0.375
TEOS (15%) (15%)
0.100-0.250 0.100-0.250
AT-PDMS (4-10%) (4-10%)
0.125
PEG 0 (5%)
20-30%/90% 20-30%/90%

Relative Humidity (HO)
Cure Time (20C) 2 weeks/1d 2 weeks/1d

®For example, the formulation containing 15 wt % TE®.375 g) was made with 10% AT-
PDMS (0.250 g), 75% HO-PDMS (1.875 g), and cure®Gf% RH for 1d” For example, the

formulation containing 15 wt % TEOS (0.375 g) waada with 4% AT-PDMS (0.100 g), 5%
PEG (0.125 g), 76% HO-PDMS (1.900 g), and cure2DaB0% RH for 2 weeks.
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New RTV formulations, using the atypical amine bath AT-PDMS, were
prepared under similar conditions to those abowe.nmelted 1000 MW PEG (when
included in the formulation) was added high loadimgj TEOS (5- 25 wt % in 5%
increments), the silicone base material, hydroxyteated poly(dimethylsiloxane) (HO-
PDMS, 6585 wt %) and the catalyst (Table 3.2). The samplee allowed to cure at
ambient temperature and humidity20-30%) for up to two weeks, or for 1 day at 90%
RH.

Effect of TEOS and AT-PDMS Catalyst Concentrations

A series of elastomers were prepared with AT-PDMScatalyst and TEOS
concentrations varying from 5 to 25 wt % in 5% ements under ambient conditions to
investigate the effect of cross-linker concentratan silica particle formation. In most
cases, except at high TEOS loadings (cured at 96PAvih PEG, see below), thin skins
of elastomer covered layers of close packed sibesticles. Cross sections of the
elastomers prepared with varying amounts of TEO8eurambient conditions were
imaged by SEM (Figure 3.3A-C) and showed that kyadrparticles of approximately
the same diameter formed near the air interfaggu(Ei3.1A-C).

Table 3.4: Patrticle diameters (um) with standardid@ons in elastomers prepared with
varying amounts of TEOS

% TEOS  Ambient w/o PE&  Ambient w/ PEGim)°  90%RH w/o PEG ~ 90%RH w/ PEG |{m)

5 NP NP ID 13.4+3.38
10 NP ID 7.0+16 8.5+1.9
15 7.3+15 6.4+1.7 75+1.3 8.2+1.7
20 ID 57+1.3 7.9+1.7 8.6+2.1
25 ID 6.7+0.6 75+1.8 9.1+2.0
25(S} NP NP NP 126+1.4

2w/ PEG = with PEG in the formulation; w/o PEG = R&G in the formulation; NP = no
particles observed’ ID = ill-defined silica strunts formed.” Refers to the single layer of
particles that grew and presented at the air imterfof the elastomer. The previous line in the
table refers to particles that were present belus gingle silica particle layer. The presence of
two different layers of particles only occurredwihe formulation containing a 25% T loading at
90% RH with PEG (Figure 3.2B, Table 3.2, Sl)
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Particle sizes were sensitive to the humidity dyrthe reaction, which was
effectively moderated by the presence of PEG, @ddily when low humidity conditions
were used~6-7 um at low humidity, and ® um at higher humidity (Table 3.4). At
conditions of low relative humidity, 280% RH, elastomers prepared with 5% or 10%
TEOS loadings showed essentially no particles ledefined silica structures (Figure
3.3A). At higher humidity, particle formation wasuoh more effective even at low TEOS

loadings.

NANNNSN Ay
XOOOOO0OOO0OK
OOOOO0000C (o) O =

©O

O Silica Particles (Figure 3.1A-C)
O Voids (Washed out PEG, Figure 3.1D)
{:] Degree of cros«linking (darker = more cro-linked, no gradient = homogenea

Figure 3.2: Cartoon showing different 3D structufahtures of elastomer cross-sections
prepared using different catalysts. A: AT-PDMS dusdastomers for all formulations
that form particles (Table 3.4) except for the fakation in the next pictorial. B: AT-
PDMS, humidity 90%, 25% TEOS and with PEG; surfeaeered with a thin silicone
layer interrupted by ‘silica particle pock marksigure 3.1A. C: Dibutyltin dilaurate,
homogeneous elastomer. D: Ninhydrin-stained elastoshowing presence of amine at
the air interface.

There was a correlation between the TEOS conceorirat the formulation and
the thickness of the particle layers. For exampkethe TEOS concentration increased
from 5 to 25% in the PEG-containing samples cute2D&6 RH, the silica layer increased
in thickness from~15-35 um (Supporting Information). In general, additioteayers of
particles formed at higher humidity and when morEOB was included in the
formulation (Table 3.5), but particle size remaimethtively invariant (Table 3.4). To
summarize, TEOS loadings had only a minor effectthan size or morphology of the
particles formed, but played a major role in deiemg the number of defined spherical

particles that formed.
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Table 3.5: Summary of parameter effects on parfaimation

Parameter Effect on Particle Formation
HO-PDMS -

TEOS [TEOS] O number of defined spherical particles and thedpdisity
AT-PDMS Required for surface stabilization and catalysipaticle formation

Improves water transmission, indirectly allows particle formation on elastomer
PEG surface; increases the degree of cure in the uidgrélastomer

) o [H-0] O number of particles/minor effect on particle siaed increased cure of
Relative Humidity elastomer

Cross sections of the cross-linked elastomersesday ninhydrin (Figure 3.2D)
show that the majority of the amine groups assediatith the catalyst were present at
the air interface and associated with the silicaigas. The preferential presence of
amines at the air interface, and to a much lowe¢ergxat the vessel interface (data not
shown), was supported by XPS data (Table 3.1). Wthenamine concentration was
decreased, silica particles were either ill-defimeddid not form at all (Figure 3.31F).
These results seem to indicate that the amineysata a key contributor to particle

formation and likely in the stabilization of therpele surface (Table 3.5).

59



Ph.D. Thesis — V. Rajendra Depant of Chemistry — McMaster University

10pum m
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Figure 3.3: SEM cross-sections (air interface istla¢ top of all images) of AT-PDMS-
catalyzed elastomers containing PEG with varyingdBEconcentrations (%T) at 20-30%
RH (A, B, C); varying catalyst concentration (%Cp47% and 10% with 15%T at 20-
30% RH (D, E, F), and varying TEOS concentration8 RH (G, H, I).

The degree of cross-linking and the formation afuge gradient of the silicone
pre-elastomer depended inversely (surprisinglyXhe concentration of TEOS present.
For ATPDMS- derived silicones prepared with a 25®%0B5 loading and cured under
ambient conditions, the top half (1 mm) of the ®laser body was comprised of highly
cross-linked silicone with silica, however, the Evpart of the silicone was comprised of
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very lightly cross-linked viscoelastic materialsgiiie 3.2A). The cohesive strength of
the lower silicone layer was insufficient to pereigan removal from the Petri dish. With
lower TEOS loadings (20%), the silicone layers were more homogeneousigd:(i.e.,
there was a less pronounced gradient in cure fremair interface to the bottom of the
vessel, Figure 3.2A, B), and the bottom half of Hiéeone body more highly cross-
linked, thus making removal more facil&€lastomers cured at 90% RH were far more
homogeneously cured and slightly more cross-linggdure 3.2B). However, none of
these soft elastomers exhibited properties like riitmust (Shore A hardness 55) and
homogeneous silicone elastomers prepared usindilbiyltin dilaurate catalyst (Figure
3.1D, Figure 3.2C, Supporting Information). Elastwsthat also contained PEG were
more homogeneously cross-linked than formulationthout it, that is, AT-PDMS
catalyzed formulations cured at 90% RH with PEQileited the smallest cure gradient

between the air interface and bottom of the vg$sglire 3.2A, B).

r—~—_NH,
OFt OEt OEt OEt NHs 2o Bare
I A I B | | Cc o @ D spots
S —— s — ___Si_ S —> —
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i /\/NHZ / \S
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I/ SILICONE \
e )

+TEOS
Figure 3.4 Model for steric stabilization of siéicby AT-PDMS. A, hydrolysis; B,
condensation; C, precipitation of silica oligomeEs, growth of sterically stabilized silica
(by particle capture and growth through hydrolys@idensation); E, aggregation once
particle size exceeds available surfactant, libematof surfactant that can lead to
additional patrticle layers (if TEOS is present).

Effect of Atmospheric Water and PEG
The constituents of the elastomer include HO-PDNIEQS and the catalyst.

However, water is also a key component for the ggscas it plays a catalytic role in
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silica and elastomer formatidn A comparison was therefore made between the s#ico
structures formed at ambient humidity {20% RH) and at higher humidity (90% RH)
(Table 3.2, Table 3.3). Cross sections of the cuetbtomers showed that silica
microspheres are formed more efficiently at higmidity than under drier conditions
(Figure 3.3AC vs. G, Supporting Information): the presence of highmoisture
concentrations favors silica particle formationtla¢ interface, and at the expense of
silicone cross-linking. For example, a thin monelagf silica particles formed at the air
interface when a 5% TEOS formulation was cured0do RH with PEG (Figure 3.3G),
whereas at ambient humidity no particles formedyFe 3.3A). Particle size did increase
slightly with the increased water concentrationrtipees prepared at 90% RH ranged
from ~7-9 um (Table 3.4) compared t06-7 um at ambient conditions (260% RH).
The presence of slightly larger particles at highmidity could be reconciled by the
location of the catalyst and the increased efficyeaf hydrolysis of TEOS. There is a
concentration gradient in the catalyst: as one mdéwan the air interface into the silicone
the concentration of the AT-PDMS catalyst decreaggsgure 2D)° Less
catalyst/stabilizer means particles will aggrega&arlier than at higher stabilizer
concentrations. At higher humidity and TEOS congdiuns, kinetics favor TEOS
hydrolysis and condensation into particles at tindnéerface. Thus, the availability of
water plays a minor role in determining the sizd sinape of the silica particles formed.

One outlier to the particle sizes observed at thigmidity was the 5% TEOS
formulation which shows a larger average particte ®f 13.4 £ 3.8um. At this TEOS
concentration, the system is considerably less weelhaved, leading to a more
polydisperse set of particles as seen from thetastandard deviation. This indicates that
a large molar excess of TEOS is also required teedithe system toward narrowly
dispersed silica particles, as TEOS is being usedl&neously for both RTV curing and
particle formation.

As shown previously, the presence of PEG did neeledramatic effect on silica
particle sizes or their morphology. However, foratidns that included PEG were

capable of forming particles over a wider rangeT&OS loadings and led to more
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homogeneously cured elastomers than formulatiotisowi PEG. We believe that PEG
aids in atmospheric moisture transmission onto #mwdugh the silicone system to
increase the rate of hydrolysis for TEOS. As expdiabove, this increased rate pushes
the reaction kinetics in favor of silica formatiah the air-surface interface. RTV curing
can also take place more efficiently throughoutdlzestomer as water can be transmitted
further into the material. Thus, PEG makes boticasiformation at the air interface and
RTV curing throughout the silicone body more e#i due to increased water
transmission. Figure 3.2B depicts a second outhersingle layer of silica particles
formed directly at the air interface of the elastorat a high relative humidity, with 25%
or higher TEOS loadings, and in the presence of .PEH@se particles were larger, with
an average particle size of 12.6 + ju#, than the particles in layers further away from
the air interface, or in other elastomer formulasi¢Table 3.4): the underlying elastomer
was better cured in this case. We propose thaPH#@/TEOS mixtures can efficiently
capture water at the air interface. Such a podPBEG/TEOS/HO/silica may overcome
surface reversion by the underlying silicones andoant for the open zones (pock
marks) on the surfaces of these materials thatéxtie silica particles directly (Figure
3.2B). In addition, this layer can lead to the gilowf larger particles than the more

poorly hydrated layers beneath.

Origin of the Nearly Monodisperse Silica Particles.

Many studies have been done on the formation awavthr of Stdber silica
particles with improved techniques emerging over years to provide a more detailed
understanding of the proce$s? We found the aggregative growth model that was
proposed initially by Zukoski et al. to be a vergnmpelling model for the system
described above, even though it was developed ptaiexsilica formation in aqueous
solutions. Once primary silica particles nucleapre¢ipitate from solution during
oligomer growth), they can continue to grow eiti@& molecular addition or through
aggregation. Larger particles capture newly (seapy)dnucleated particles because of
van der Waals attractive forces that overwhelmtedstatic repulsion due to silanolate

groups (RSIO) on the silica surfaces.
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Electrostatic stabilization requires a medium thapports ion solvation. While
this can sometimes be observed in polar organiceatd’® nonaqueous dispersions
generally require steric stabilization for stalifit** particularly in a nonpolar medium
such as silicone oil. Pelton et al. demonstrateakt thilicone chains can stabilize
poly(methyl methacrylate) particles in a siliconevieonment®®® Vincent et al. have
similarly shown that silica particles with polyséyre chains grafted to the surface of the
particles can be dispersed within nonaqueous meudli#his case, however, the silica
particles were pre-formed using the classical Staethod and then surface modifféd.
We have been unable to find reports of silica plrtiormation in silicone oils without
any pre-modification.

The narrow degree of polydispersity of the silioanfed in silicones (Figure 3.1
and Figure 3.3) is consistent with particle grodahowing Zukowski’'s mechanism. To
invoke such a process, however, requires idengf@rnreplacement for the electrostatic
stabilization that is provided in hydrophilic sohte. AT-PDMS was shown to
preferentially migrate to the air interface, whistalso where water vapermecessary for
both cure and silica formationarrives at the pre-elastomer formulation. We higpsize
that AT-PDMS is acting both as a hydrolysis/condg¢ios catalyst and a steric stabilizer.
As silica starts to form from hydrolysis/condensatiat the air interface Figure 4B,
silanols that present on the external silica serfae titrated by the surfactant, generating
ammonium silanolaté$? that anchor the surfactant to the surface (Figud€). Such
anchoring may occur at one or both ends of theastaht chain: at lower catalyst
concentrations, looping would be expected. Normahg stabilization provided by such
a few siloxane linkages would not be expected tudrg efficacious as a steric stabilizer.
The lack of completely efficient stabilization apgatly permits larger silica particles to
sequester small, secondarily nucleated particlea ggowth mechanism in addition to
further hydrolysis/condensation of TEOS (Figure[3,4similar to the Stéber process.
However, the stabilization is sufficient to prevemeversible aggregation of the large
particles only until they reach about/um in diameter at ambient conditions et94um

at 90% RH, at which point the particles are ableagsemble into close packed systems

64



Ph.D. Thesis — V. Rajendra Depant of Chemistry — McMaster University

prior to the final elastomer formation (Figure 3)4Hhis could be related to the
efficiency of AT-PDMS becoming protonated and pmbpestabilizing the charged
particle surface.

This process is therefore analogous to the Stdbea $ormation, even though it
occurs in a water-deprived hydrophobic medium. Tharacteristics of the formulation
that favor silica formation over silicone oil cragsking include the migratory aptitude of
the catalyst, which prefers the air interface aswshby XPS and ninhydrin staining
(Table 3.1, Figure 3.2D), as previously repoftddhe presence of water is also important,
as it enters the silicone at the air interface,clvhinen becomes the locus of reaction:
migration of water through the silicone oil is imémtly inefficient. The formation of
well-defined silica particles thus reflects a catefkinetic balance. Because
hydrolysis/condensation is inherently inefficientrwAT-PDMS as a catalyst, migration
of TEOS and the catalyst to the air interface, wheater is comparatively plentiful,
occurs more rapidly than the silicone oil can cunte elastomers. Very little silicone
cross-linking, and no observable silica formatioccurs below the silica rich layer within
a few days, although a very lightly crosslinkedduat eventually becomes more cross-
linked throughout the elastomer body. The preseficaditional water (e.g., 90% RH)
facilitates silica formation by favoring surfaceactions?® For example, although
formulations containing 5% TEOS did not lead tolvaeifined silica particles when cured

at 20-30% RH, high moisture reaction conditions 90% Rélitle silica particle formation

even at this low TEOS concentration (Figure 3:BAvs. Gl). These observations
suggest migration of water at the silicone/silicaeiface into the silicone is slow
compared to migration of TEOS from within the e pre-elastomer to the air interface
where silica forms: additional humidity illuminatéss difference in rates of migration.
This silicone elastomer formulation using AT-PDMsSvery different from tin-
catalyzed systems that also need water to undengo @ith tin, a homogeneous cross-
linked rigid elastomer formed. In this case, thealyat does not preferentially diffuse to
the air interface, and there are no surfactantsepteto stabilize silica. As a consequence,
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a homogeneous, highly cross-linked elastomer iemkd with only very small silica
domains that are homogeneously dispersed throwgeldistomer.

The use of amine RTV catalysts in lieu of tradiibtitanium or tin-derived
compounds does not lead to better silicone elaswntéowever, it does provide a
surprising ability to synthesize large, nearly mdisperse silica particles in a
hydrophobic environment, when forming lightly cureldstomers. With the less effective
AT-PDMS catalyst, in particular, it was relativedifficult to achieve homogeneous cure
of the elastomer. We are currently examining styiateto better manipulate and exploit

these silica structures by varying the system patars.

3.5 Conclusion

The use of an amine-based catalyst, high concemtsabf the cross-linker and
silica precursor TEOS and, optionally, PEG as adykilic phase, permits the formation
of well-defined silica particles near or at the iaterface of silicone elastomer matrices.
The surface-active aminopropylsilicone AT-PDMS bathdissolves efficiently neither
in silicone nor PEG and migrates effectively to #ueinterface where it facilitates silica
formation and stabilizes growing silica particlestiuthey aggregate. The amount of
water in the system plays an important role, aghtllf different particle sizes can be
formed depending on the relative humidity. Parictkes—7 um in diameter form at
20-30% RH whereas particles ranging fron¥—9 um can form at 90% RH. This
discrepancy can be attributed to increased amduntdrolyzed TEOS that preferentially
takes part in silica formation giving particlestslized by the amine catalyst at the air-
surface interface. PEG containing formulationsvadld for silica particles to be formed
with wider range of TEOS amounts than those withudnd also gave elastomers that
exhibited less gradient cure because of increasgdrwransmission through the silicone
body. In a specific formulation that included PEf@rticles can be seen growing directly
on the surface of the elastomer. By further varyhmgdifferent parameters in the system,
it should be possible to achieve different typesib€a structuring and morphologies in
the future.
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3.7 Supporting Information

Table S 3.1: Control formulations utilizing dibutgl catalyzed silicone elastomer
formulations with varying TEOS loadings (5-25% Wb thcrements) (2.5 g total in each
formulation)

F. # Parameter Weight (g) Wtd F.# Parameter Wegh Wt.%
HO-PDMS 2.362 94.5 HO-PDMS 2.237 89.5
TEOS 0.125 5 TEOS 0.125 S
Dibutyltin Dilaurate 0.013 0.5 Dibutyltin Dilaurate  0.013 0.5
! PEG 0 0 PEG 0.125 S
Relative Humidity =~ 20-30%/90% Relative Humidity  -30%/90%
Cure Time (20C) 2 weeks/1d Cure Time (26C) 2 weeks/1d
HO-PDMS 2.238 89.5 HO-PDMS 2.113 84.5
TEOS 0.25 10 TEOS 0.25 10
, Dibutyltin Dilaurate 0.013 0.5 Dibutyltin Dilaurate ~ 0.013 0.5
PEG 0 0 PEG 0.125 S
Relative Humidity =~ 20-30%/90% Relative Humidity  -30%/90%
Cure Time (20C) 2 weeks/1d Cure Time (26C) 2 weeks/1d
HO-PDMS 2.112 84.5 HO-PDMS 1.987 79.5
TEOS 0.375 15 TEOS 0375 15
Dibutyltin Dilaurate 0.013 0.5 Dibutyltin Dilaurate  0.013 0.5
3 PEG 0 0 PEG 0.125 S
Relative Humidity ~ 20-30% /90% Relative Humidity 0-30%/90%
Cure Time (20C) 2 weeks/1d Cure Time (26C) 2 weeks/1d
HO-PDMS 1.987 79.5 HO-PDMS 1.862 74.5
. TEOS 0.5 20 TEOS 0.5 20
Dibutyltin Dilaurate 0.013 0.5 Dibutyltin Dilaurate ~ 0.013 0.5
PEG 0 0 PEG 0.125 S
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Relative Humidity =~ 20-30%/90% Relative Humidity = -30%/90%
Cure Time (20C) 2 weeks/1d Cure Time (26C) 2 weeks/1d
HO-PDMS 1.862 745 HO-PDMS 1.737 69.5
TEOS 0.625 25 TEOS 0.625 25
Dibutyltin Dilaurate 0.013 0.5 Dibutyltin Dilaurate ~ 0.013 0.5
PEG 0 0 PEG 0.125 5
Relative Humidity ~ 20-30%/90% Relative Humidity  -30%/90%
Cure Time (20C) 2 weeks/1d Cure Time (26C) 2 weeks/1d

Table S 3.2: AT-PDMS catalyzed formulations (2Wdh varying TEOS loadings and
the thickness of the silica particle layers formed

F. # Parameter Weight (g) Wt% F.# Parameter Wemh Wt.%
HO-PDMS 2.125 85 HO-PDMS 2 80
TEOS 0.125 5 TEOS 0.125 5
AT-PDMS 0.25 10 AT-PDMS 0.25 10
PEG 0 0 PEG 0.125 5
Relative Humidity — 20-30%/ 90% Relative Humidity 0-30% or/ 90%
Cure Time (20C) 2 weeks/1d Cure Time (26C) 2 weeks/1d
Thickn_ess of SiQ n Thickn_ess of SiQ /~15um
particle layer particle layer
HO-PDMS 2 80 HO-PDMS 1.875 75
TEOS 0.25 10 TEOS 0.25 10
, AT-PDMS 0.25 10 AT-PDMS 0.25 10
PEG 0 0 PEG 0.125 5
Relative Humidity = 20-30%/ 90% Relative Humidity 0-30%/ 90%
Cure Time (20C) 2 weeks/1d Cure Time (26C) 2 weeks/1d
Thickness of Si@ I~25um Thickness of Si@ 1~23um
particle layer particle layer
HO-PDMS 1.875 75 HO-PDMS 1.75 70
TEOS 0.375 15 TEOS 0.375 15
AT-PDMS 0.25 10 AT-PDMS 0.25 10
3 PEG 0 0 PEG 0.125 5
Relative Humidity = 20-30%/ 90% Relative Humidity 0-30%/ 90%
Cure Time (20C) 2 weeks/1d Cure Time (26C) 2 weeks/1d
Thickness of Si@ ~20pm/~55um Thickness of Si@ ~27um/~27um

particle layer

particle layer
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HO-PDMS 1.75 70 HO-PDMS 1.625 65
TEOS 0.5 20 TEOS 0.5 20
. AT-PDMS 0.25 0 | AT-PDMS 0.25 10
PEG 0 0 PEG 0.125 5
Relative Humidity = 20-30%/ 90% Relative Humidity 0-30%/ 90%
Cure Time (20C) 2 weeks/1d Cure Time (26C) 2 weeks/1d
Thickness of Si@ /~55um Thickness of Si@ ~29um/~28um
particle layer particle layer
HO-PDMS 1.625 65 HO-PDMS 15 60
TEOS 0.625 25 TEOS 0.625 25
: AT-PDMS 0.25 0| - AT-PDMS 0.25 10
PEG 0 0 PEG 0.125 5
Relative Humidity = 20-30%/ 90% Relative Humidity 0-30%/ 90%
Cure Time (20C) 2 weeks/1d Cure Time (26C) 2 weeks/1d
Thickness of Si@ I~45um Thickness of SiQ 22um/~35um

particle layer

particle layer

& Obtaining silica particles directly on the elasesraurface requires 90% RH over 1d.

Table S 3.3: Silicone elastomers cured with vanangunts of AT-PDMS at 15% TEOS

(2.50)
F. # Parameter Weight (g) Wt% F.# Parameter Weh Wt.%
HO-PDMS 2.025 81 HO-PDMS 1.9 76
TEOS 0.375 15 TEOS 0.375 15
AT-PDMS 0.1 4 4 AT-PDMS 0.1 4
PEG 0 0 PEG 0.125
Relative Humidity 20-30% Relative Humidity 2090
Cure Time (20C) 2 weeks Cure Time (26C) 2 weeks
Thickness of Si@ ) Thickness of SiQ i
particle layer particle layer
HO-PDMS 1.95 78 HO-PDMS 1.825 3
TEOS 0.375 15 TEOS 0.375 15
, AT-PDMS 0.175 7 . AT-PDMS 0.175 7
PEG 0 0 PEG 0.125 5
Relative Humidity 20-30% Relative Humidity 2090
Cure Time (20C) 2 weeks Cure Time (26C) 2 weeks

Thickness of Si@ -

Thickness of Si@ -
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particle layer particle layer
HO-PDMS 1.875 75 HO-PDMS 1.75 70
TEOS 0.375 15 TEOS 0375 15
AT-PDMS 0.25 0| AT-PDMS 0.25 10
PEG 0 0 PEG 0.125 5
Relative Humidity ~ 20-30%/ 90% Relative Humidity 0-30%/ 90%
Cure Time (20C) 2 weeks/1d Cure Time (26C) 2 weeks/1d
Thickness of Si@ ~20um/~55um Thickness of Si@ ~27umi~27um
particle layer particle layer
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Chapter 4 — Controlled Formation of Macroporous or Hollow

Silica Particles in Non-agqueous Silicone Dispersien

4.1 Abstract

The formation of silica particles by sol-gel proges from alkoxysilane precursors
normally requires an aqueous environment. This ystdemonstrates that optionally
macroporous or hollow silica particles can be fainfiem Si(OEt) within silicone oil:
water, a key element in the process, is providdg foom moisture from the atmosphere.
Particles grow in or around a non-aqueous dispersigoly(ethylene glycol) droplets in
the silicone, which may be an oil or a curing edastr. The structures of both the silica
and silicone elastomer are established in a oné @ao¢ step methodology. Control of the
silica particle morphology is provided simply by oote of the amine catalyst,
benzylamine or dodecylamine: benzylamine leads genp macroporous monolithic
particulate structures, where the particles are mlesoporous, while dodecylamine gives
hollow particles with highly condensed shells. Tehesfferences arise from the relative
abilities of the two catalysts to partition betwedne hydrophilic/ hydrophobic
silicone/poly(ethylene glycol) media. The two moofdygies release the surrogate drug

fluorescein with different profiles.

4.2 Introduction

Porous and hollow silica particles are materialat thave promise in drug
delivery}® as reinforcing agenfsseparation scienéé in catalysis,® as templating
agents, etc. The advantages possessed by these matemidlsdd the ability to

encapsulate a variety of (bio)molecules, high sefarea, controlled porosity, and good

” The following chapter was reproduced by permissibthe Royal Society of Chemistry. The
paper was published in RSC Advances with the falgveitation: Vinodh Rajendra, Michal A.
Brook,RSC Ady.2013 3, 22229-22238.

| was responsible for all practical and analytizakk, plus the writing of the*1draft of
the manuscript. Dr. Brook gave some useful aducktelped with editing the document for final
submission to the above journal.
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biocompatibility. The formation of silica with spéc morphologies for use in these
applications normally requires control of sol-gebgessed®'* Most processes of this
type utilize agueous solutions of alkoxysilane preors that react at pHs away from
neutrality. For example, the classical Stober mgtleads to highly crosslinked particles
by hydrolysis of TEOS (Si(OE{) in an ethanol/water solution containing M¥H as a
basic catalyst with constant stirrif.

A variety of strategies exploiting sol-gel proeessre used to create structured
silicas. Templated silica structurf'sfor example MCM-41, arise from the formation of
silica around pre-assembled surfactants such gkgenhonium bromide (CTAB)**° A
different class of meso- and macroporous, monalgilica structures arise from the acid-
catalyzed hydrolysis and condensation of TEOS énpitesence of high molecular weight
poly(ethylene glycol) as a structuring ag&ht’ As the silica structures begin to grow,
spinodal decomposition occurs to give a silica nttase that matures into a highly
structured monolithic assembly of fused silica rgarticles. Both types of processes take
place in the presence of water-rich environments.

Textured mesoporous silica particles can be ademteanalogous aqueous-based
processes, for example, in an acidic medium whewe doncentrations of TEOS and
surfactant are useé8’® Hollow silica particles can be formed around &aipie template
on which the silica is grown. The utilization ofrpele templates such as polystyrene
(PSY° or poly(methyl methacrylat€) (PMMA) result in good control of particle size and
morphology. However, after silica formation, thenfgate has to be removed, usually
through solubilization of the organic polymer irpm@cess that is not always convenient.
Alternatively, hollow particles can be formed atiaterface, typically a 3 phase system
where a water-in-oil-in-water (W/O/W) dispersion usilized with the silica precursor
located the inner water phase, and a basic catldysd in the outer water phase; the
organic phase lies between the %6’ In this case, silica formation takes place at the
internal interfaces of the droplets giving a hollsiica particle, and without additional
steps required for removing a template. The comthogad between these strategies is
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the requirement for an aqueous phase both to hyralkoxysilane precursors and to
stabilize the evolving silica particles during thigirmation.

Previously, we demonstrated that solid, Stoberilkea particles can be formed
within silicone (pre)elastomer mixtures where tmycource of water is humidity from
the air®* The objective of the current research was to dgveynthetic methods for silica
particles with alternative morphologies, includintgacroporous and hollow structures,
which could similarly be formed in situ in a sill® environment. Such particles may
hold promise as reinforcing agents in elastomerafter isolation from non-crosslinkable
silicone oils, as carriers for a variety of (bio)ewule payloads.

We report a strategy to prepare controlled-morpiwlailica within bulk
hydrophobic phases based on either hydroxyl-terrath@olydimethylsiloxane (PDMS,
HO-PDMS) or vinyl-terminated PDMS (VT-PDMS). Of theo, only HO-PDMS can
undergo room temperature elastomer vulcanizatiomguSEOS as both silicone
crosslinker and silica precursor. Thus, the sifimaned is embedded in the elastomer.
With VT-PDMS, a condensation reaction cannot odouform a silicone network, and
TEOS only acts as a precursor to silica partidkes tnay be recovered in this system. In
either formulation, and atypical for silicones, wde use of low molecular weight
poly(ethylene glycol) (PEG) as a hydrophilic phésat can aid in structuring silic&?®
and either benzylamin®A) or dodecylaminel¥DA) as catalysts (Figure 4.1). By simply
switching between the two basic amine catalystschvaxhibit very different solubilities
in silicone oil and PEG, respectively, two differesilica particle morphologies could be

attained.
4.3 Experimental Section

4.3.1 Materials

o,w-Hydroxy-terminated PDMS (HO-PDMS, 1800-2200 cStligenes are
commonly sold by their kinematic viscosity in c®&tiich may be converted to viscosity
by multiplying by the density of the fluid. 2000tciS thus 970 mPa s, ~ 36000 g/mol,
Aldrich), vinyl-terminated PDMS (VT-PDMS, 2000 cSt 36000 g/mol, Gelest),
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tetraethyl orthosilicate (TEOS, Si(OEtP9.999%, Aldrich), benzylamin®A, Aldrich),
dodecylamine DA, Aldrich), poly(ethylene glycol)(PEG, 600 & 1000ngpl, Aldrich),
tetraethylene glycol (TEG, Aldrich), fluoresceinl@fch), human serum albumin (HSA,
97-99%, Aldrich), and sodium dodecyl sulfate (SB#®shop), were used as received.

4.3.2 Preparation of Silica Particles

Silica microspheres were prepared in a siliconerenment using either HO-
PDMS or VT-PDMS, TEOS, PEG and eitiig#A or DDA. PEG1000 was utilized in the
crosslinkable HO-PDMS samples while PEG600 was édue the VT-PDMS and drug
loaded samples. It was important to add the cdtdlst once all the elastomer
constituents were present. First HO-PDMS or VT-PDM& measured using a 3 ml
plastic syringe and added into a 20 ml glass viaen PEG or TEG was added into the
glass vial where it was weighed. TEOS was addegvdse and then, depending on the
MW of PEG and the catalyst used, the mixture waglgdeated to a temperature of 40
°C for approximately 30 s until PEG and the cataligmefied. IfBA was included as the
amine catalyst, it was added to the mixture afiguefying PEG1000: no heating was
required with PEG600 or TEG. WitbDA as catalyst, the PEG was added after the
addition of the hydrophilic phase and for PEG10®® mixture was heated to 4CQ until
it just liquefied. After all the reagents were addehey were manually mixed for
approximately 2 min, leading to a cloudy mixturéeTmixture was poured into a plastic
Petri dish (35 mm diameter, film thickness was agp2 mm) lined with a Teflon film
and allowed to cure in an ESL-2CA constant humidihamber (ESPEC) at room

temperature and 90% RH over the course of 1 day.
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Figure 4.1: Amine-catalyzed reactions lead to belkstomers and silica. Silica particles
are entrapped in silicone rubber formed from HO-P®Nbut can be isolated when VT-
PDMS is used. PEG is required to form the strualwsifica structures described below.

The VT-PDMS based mixtures did not cure but weeated identically to those
of the HO-PDMS cured silicones except, because@0®l PEG was used, no heating
step was required. PEG600 was utilized instead=63 000 with the VT-PDMS samples
since PEG600 is a liquid, thus for the drug relestsélies, loading fluorescein or HSA
into a liquid PEG phase was simpler than a soliG PBase. The experimental details for
all formulations, including control formulationsieaprovided in Table 4.1and Supporting
Information (Sl). As an example from Table 4.1, n@ake aBA-catalyzed elastomer
containing PEG with a 25% TEOS (T) loading: HO-PDME600g, 60%), TEOS
(0.625¢g, 3.0 mmol, 25%), PEG (0.125¢, 5%) &#d (0.250g, 0.233 mmol, 10%) were
mixed together as mentioned above and cured farylati90% RH (F#10, SI).

Fluorescein- and HSA-loaded silica particles uskghtly modified processes.
PEG (600 g/mol) containing 0.6 mM fluorescein repld pure PEG in the recipe shown
above for the 25%BA mixture (F#17, Sl) or the 15%DDA mixture (F#35, SI). HSA-
loaded particles were prepared by dissolving apprately 20 mg of HSA in just enough
water for solubilization, which was then added 18 @ of PEG600 with vigorous stirring.
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The HSA-PEG mixture was incorporated using thedsesh protocol into the 25%BA
(F#18, SI) mixture.

4.3.3 Soxhlet Extraction of cured Samples

Cured elastomer samples were first cut into circdisks using a 0.6 cm diameter
coring tool, giving disks that were ~ 2 mm in thieks, which were then placed in
cellulose extraction thimbles and extracted witBoxhlet apparatus using reagent grade
hexanes overnight. Elastomers were then dried vacaium oven at room temperature

overnight.

4.3.4 lIsolation of Silica Particles from Silicone Oil

Silica particles formed in the non-curing siliconié VT-PDMS were isolated by
placing the mixture in 15 mL glass vials. The mmtuwas initially washed with
approximately 10 mL of THF and then centrifuge®@® RCF (relative centrifugal force)
for 4 min. The same washing procedure was rep&atiedes with hexanes and then again
with THF as the solvent. With fluorescein or HSAstaining particles, particles were
only washed with hexanes (3 times).

4.3.5 Imaging of Samples

Scanning electron microscope (SEM) images of atasts were obtained using a JEOL
7000F SEM. In order to obtain cross-sections, etasts were initially frozen in liquid
nitrogen and then fractured before mounting; sammelated from silicone oil were
crushed before analysis by placing them in a midcretto which steel ball bearings were
added. The sample was then shaken vigorously foroapnately 1 min on a mechanical
mixer. SEM images oBA-and DDA-catalyzed systems can be found in Figure 4.2 and
ESIT. Particle sizes and distributions were measuranually with a sample size of n =
50 using ImageJ software.
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Table 4.1: Composition @A andDDA-catalyzed elastomers and silica particles

Eormulations w/o PEG Formulations with PEG
Parameter* g (Wi%) g (Wt%)
HO-PDMS 2.125-1.625 (85-65%) 2.000-1.500 (70-60%)
TEOS 0.125-0.625 (5-25%) 0.125-0.625 (5-25%)
Amine catalyst (BA or DDA) 0.250 (10%) 0.250 (10%)
PEG 0 0.125 (5%)

* see also Sl.

4.3.6 Porosity Measurements

Nitrogen sorption data was collected with a Quamtome Nova 2000 utilizing
the Novawin v. 1.11 software. All samples wereiatly degassed at 120C overnight
and directly measured thereafter. The pore siz&illision and surface area of the
particles were calculated from the Barrett, Joyaed Halenda (BJH) mod#&.Finally,
the total pore volume was measured at & R/R. Crushed particles were prepared as

described in the next section.

4.3.7 Fluorescence Measurements of Fluorescein and HSA-aded Silica Particles

Silica particles loaded with fluorescein or HSA wasolated using the method
described above. A fraction of these were placadiwia 2 mL microtube containing a
1% aqueous solution of SDS (SDS was necessary $ecauits absence, residual VT-
PDMS led to clumping/aggregation) without any ptr@atment to remove PEG.

The microtubes were centrifuged at 600 RCF forid with either silica sample
type. Approximately 150 ul of the supernatant freach microtube was placed within the
well of a sterile optically clear bottom 96 wellape (Nunc, Thermo Fisher Scientific).
Fluorescence measurements to follow release ofdhoein were conducted using an
Infinite M200 fluorescence plate reader (Tecanyomm temperature and each sample
was run in triplicate. The first measurement wadetaat about 15 min. The release of
fluorescein from the particles was measured usmg@xitation wavelength of 494 nm
and emission of 521 nm. For HSA-loaded particlesexcitation wavelength of 296 nm

and an emission wavelength of 314 nm were usefldorescence measurements. Once
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measurements were taken, the 150 pl aliquots veeneved from the 96 well-plate and
added back into their respective samples. B#eand DDA-derived particles were

measured approximately every 15 min for 2 h (Figui@.

4.4 Results and Discussion

Silica particles formed in silicone elastomers dgrcure after reacting HO-PDMS
with the tetrafunctional crosslinker, TEOS. In lielithe normal catalyst for such RTV
(room temperature vulcanization) formulations —udjitin dilauraté” — the simple
amines BA or DDA, respectively, were utilized. When TEOS was addad
concentrations excess to the requirements for lonkssy, the formation of silica
particles within the elastomer was observed. Insgheases, two parallel reaction
pathways are simultaneously followed: hydrolysisTEOS and condensation with HO-
PDMS to form the network, and, hydrolysis of TEOS& aondensation with TEOS-
derived silanols to give silica (Figure 4.1). Theime catalysts facilitate both reactidfis.
Poly(ethylene glycol) was also incorporated inte fbrmulations as, in the absence of
this hydrophilic polymer, structured silica paréisl were not observed. Instead, a few
solid silica particles presented themselves atainesurface interface non-reproducibly
when the process was catalyzedB»# (Sl); monolithic silica structures formed only in
the top ~30 um of the elastomer surface when theegs®s were catalyzed DDA
(Figure 4.2L). These observations suggest thathénpresence of PEG, silica particle
formation takes place in a non-aqueous disperdi®EG in silicone (see below).

Experiments were also conducted with VT-PDMS (Fegdrl) to determine if
silica particles form and can be isolated from @iteomedium. Vinyl-terminated PDMS
cannot undergo a condensation reaction forming sikaxane linkages and thus remains
as a viscous liquid during silica formation. Bd@#\- and DDA-derived silica particles
could still be formed within this non-crosslinkalsidicone medium. Since PEG was also
required for the formation of the silica particlaghese formulations, experiments to load
the particles with fluorescent hydrophilic drug regiates, fluorescein or HSA, and then
follow their release in an aqueous solution wemdcted.
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Particle Size and Morphology

Particles formed using Benzylamine in Crosslinkable HO-PDMS

With BA as catalyst, the transparent silicone pre-elastonrdure was converted
to an opaque elastomer, which cured homogeneouslly womparable hardness
throughout the elastomer body shortly after mixing 4 constituents of the formulation
(HO-PDMS, TEOS, PEGBA). However, the elastomers were not as highly drdesl
(i.e., were softer) than analogous tin-catalyzditasie elastomer&’ Analysis of the
rubbers by optical and electron microscopy showed polydisperse silica particles of
average size approximately 10—fufin were distributed throughout the cured elastomer
body (Figure 4.2A). As seen from low resolution gea (Figure 4.2D, Sl), all particles
exhibited the same open structure of fused sil@aoparticles covered by a thin silica
shell in the nanometer range.

At 25%T in theBA-catalyzed formulation, the silica particles weowered by an
extremely thin silica shell (Figure 4.2G): at 20%fie microspheres were covered with a
somewhat thicker solid silica shell (Figure 4.2But which was still only several
nanometers thick. The average particle diametere welydisperse, with diameters of
approximately 10—-11 um irrespective of the TEOSceoitration used in the formulation
(Table 4.2). However, the polydispersity of thetjg#es slightly increased and the shell of
the silica particles became less prominent witlhé&rd TEOS] as shown in Figure 4.2J, M
and N. Higher concentrations of silica precursisp affected particle morphology as
seen in the cross-sections (Figure 4.2G, J, K).sStheture of the silica contained within
the BA-catalyzed particles were macroporous in nature amdreminiscent of those
described by Nakanistliand BrennaA>?***When comparing Figure 4.2M-0O, the pore
sizes of the 20%T and 15%T particles appear tarler than the 25%T particles. The
monolithic silica in the 25%T particles appearedaasopen assembly of ~70—-100 nm
diameter fused silica particles (Figure 4.2M), whihe 20%T and 15%T fused particles
were even smaller and ranged between ~25-60 nmr@~gaN, O).
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All of the SEM images shown above were obtainedhfformulations containing
PEG1000. When very low molecular weight TEG replaP&EG, well defined particles
did not form, and instead bulk aggregates res\(iéd

These results were initially quite surprising sin¢akanishi® reported that very
high molecular weight poly(ethylene oxide) (>10@06/mol) is necessary to form
macroporous silica structures. It has been repdhiadPEG of lower molecular weights
will also serve to facilitate phase segregationlileg to porous silica structures but only if
the PEG is capped by small hydrophobesm both cases, the high viscosities created by
these PEGs are important to maintain structurenim@ueous environment. Here, PEG
droplets dispersed in a silicone oil can be of lowiscosity because of the slow ingress
of the key reagent water: the silica structures rareer exposed to a mobile aqueous

environment.

Particles formed using Dodecylamine in Crosslinkable HO-PDMS

Using DDA as catalyst, a very different outcome was obseunreter otherwise
identical conditions. First, the silicone did note homogeneously: preferential curing of
the silicone elastomer was always noted near thperufair) surface (Figure 4.3B-D),
which is the locus of entry of the co-reactant waide silicone at the bottom portion of
the elastomers was only lightly crosslinked in maages and had the consistency of a
soft, tacky gel-like material. Over several weeake, bottom layers of thBDA-catalyzed
elastomers underwent slight additional cure, bet libttom half of the elastomer body
was never as highly crosslinked as the upper Hdtlieelastomer (thickness of the body
was ~2 mm).

The type of silica particles that formed withinet®DA-catalyzed silicone
elastomers depended on the presence of PEG, andrathe concentration of TEOS. In
the absence of PEG, or at low [TEOS], a monolitiilica layer formed at the air interface
(Figure 4.2L). In the presence of PEG, a monolithiica layer was still observed near
the air interface but only at high [TEOS] (25%Tit leven in these cases the layers were

much thinner than in the absence of PEG.
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The silica particles that formed in the presencBEG withDDA catalysts inside
the silicone were polydisperse, but less so thaBth-derived silica (Table 4.2), and
were also smaller in diameter ~4-5 um: they werpeadsed throughout the elastomer
body except near the air-interface and the bas¢hefvessel (Figure 4.2B,C). The
morphology of the silica particles was completeiffedent from BA-derived silica. The
particles appeared to be solid and non-porousyupan freeze fracture were shown to be
hollow, with a dense shell that varied slightlyWjTEOS]. With 15% TEQOS, the particle
shell thicknesses were approximately ~310 nm, wisese25%T the particles had a shell
of ~250 nm thickness. [TEOS] also affected partidlerphology, as at lower [TEOS]
(15%T), the particles were hollow but at higher @amtrations (25%T) the dense external
shells were lined with a layer of porous monolithiica and a hollow core (Figure 4.2H
v I). As with the BA-derived particles, the polydessity of the particles also increased
slightly with higher [TEOS].
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Figure 4.2: SEM Cross-sectionsB®A- andDDA-derived particles are shown at different
TEOS concentrations and magnifications. ImagesdJkashowBA-catalyzed particles at
20%T and 15%T. Image L shows monolithic silica fran at the air-surface interface
with DDA in the absence of PEG. Images M—O are expandegaseaf thaBA-catalyzed
porous silica at 25%, 20% and 15%T, respectivetye&ed additional photos with
identical scaling may be found in the SI.
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Table 4.2: Average diameter, standard deviation)jand polydispersity index (PDI) of
BA and DDA-derived particles in HO-PDMS with varyiamounts of TEGS

% TEOS BA-catalyzed PDI DDA-catalyzed PDI
15 11.6 + 3.6 0.1 3.8+0.9 0.06
20 11.1+3.4 0.09 49+1.8 0.13
25 10.6 + 4.4 0.17 45+1.4 0.1

4BA andDDA-catalyzed formulations at 5-10% TEOS did not givbesive elastomers for SEM
imaging.

BA and DDA-Derived Particles in Non-crosslinkable VT-PDMS

Both macroporous and hollow silica particles cobll formed in and isolated
from VT-PDMS oil, which does not undergo crosslmki under the condensation
conditions used. The morphologies of the partiohe¥ T-PDMS were characterized in
the SEM after crushing them with steel ball beagings shown in Figure 4.4A-C, the
BA-derived particles were similar in morphology toeith counterparts formed in
crosslinked elastomers. By contrast, Bi2A-derived particles in VT-PDMS were more
sensitive to [TEOS]. Clean hollow particles werastiserved: the formulation containing
15%T contained hollow particles but with macropaailica lining the inside of the
shell, similar to the particles observed in DBA 25%T in the elastomer (Figure 4.2H);
at higher [TEOS] the shells were filled with momloic silica (Figure 4.4D, E). The
average particle diameters of the isolated pasti€lable 4.3) were nearly identical to
those obtained in the crosslinkable HO-PDMS systemnever, they were slightly more
polydisperse compared to their elastomeric couat&sp The shell thicknesses of both
BA andDDA catalyzed were similar to the HO-PDMS counterpatal the shell of the
BA catalyzed particles at 25% T can now clearly benseompared to its crosslinked
counterpart. Also unlike the case with crosslinkslicone elastomers, SEM images
showed the presence of small amounts aggregated 8il the VT-PDMS samples in

addition to the structured particles.
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Figure 4.3: Model of silica structuring occurring iA: BA-catalyzed elastomers, B:
DDA-catalyzed elastomers with low % TEOS DDA with high % TEOS, DDDA with
high % TEOS and no PEG.

When using either catalyst in VT-PDMS, PEG600 ledptrticles that were
similar to those in the crosslinkable HO-PDMS aitGR000, but it was not possible to
make particles in the presence of a lower molecwight hydrophilic phase (TEG).
Instead, only aggregates resulted (SI).

The amount of available TEOS constitutes one wdifiee between the
crosslinking and oil formulations. Since TEOS camerosslink VT-PDMS, there is more
TEOS available to produce silica than with the HOMRS formulations. Silica formation
can therefore start more rapidly, and with lesd w@htrolled timing of phase separation.
More silica precursor also leads to a larger prigpoorof monolithic silica in thédDA-
derived patrticles in oil. In addition, the sizetlé final silica particles depend on the PEG
droplet sizes. In the VT-PDMS system, PEG droptets coalesce with each other over
time to give a variety of particle sizes. Howeweithin the curing HO-PDMS system, the
PEG droplets are eventually locked within a silieanatrix, which reduces the degree of
coalescence. For these reasons, dispersed mooaditlga and the increased particle

polydispersity is observed in the non-crosslinkadyletem.
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Figure 4.4: SEM images of isolated and crushedsaiparticles using PEG600 and
catalyzed wittBA-containing 25%T (A), 20%T (B), 15%T (C) abB®A-catalyzed
particles with 25%T (D), 20%T (E) and 15%T (F).

Table 4.3: Average diameter, standard deviation Ypemd PDI of BA and DDA-
catalyzed particles isolated from VT-PDMS with wagyamounts of TEOS

% TEOS BA-catalyzed PDI DDA-catalyzed PDI
15 10.2+ 4.7 0.21 33+15 0.21
20 9.4+4.0 0.18 3.0+1.1 0.13
25 9.6 +3.6 0.14 35+2.0 0.33

Structural information was also provided by nitnogaisorption-desorption data
for two particles with very different morphologiésee also fluorescein release from these
particles below). Figure 4.5A shows that tBA-derived particles all have a type V
physisorption isotherm whereas th®A-derivedparticles type IV (Figure 4.5B). The
hysteresis loops for all samples appear as a tyhecéhsistent with slit-shaped porés.
Utilizing the BJH model, Figure 4.5C and D reprasdse pore size distributions of the
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BA- and DDA-derived patrticles during adsorption. TBA particle pore sizes change
from predominantly micro and mesoporous at 15%Tméso-macroporous at 25%T. At
20% T, there is an even distribution of micro tocnapores. As expected, the surface area
of the BA particles calculated by MP-BET decreases with édiEOS] as shown in
Table 4.4. Th®DA particles show a similar trend with a greaterticacof smaller pores

at a lower [TEOS]. The 15%T particles contain aoardistribution of micro-mesopores,
while the 25%T mainly consists of meso-macropoféeBA-derived particles had much

higher pore volumes than tR¥A-derived particles.
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Figure 4.5: Nitrogen adsorption-desorption isotherof A:BA catalyzed BDDA
catalyzed particles and BJH pore size distributitaa during nitrogen adsorption for C:
BA catalyzed and DDDA catalyzed particles.

The Role of the Amine Catalysts in Silica Formation

Amines are not particularly efficient catalysts &ilicone crosslinking® although
ammonia is widely utilized to prepare silica frork@S in the mechanistically related
sol-gel Stober process in hydroxylic solvelft¥he way in which silica is formed within
silicone elastomers in the presence of PEG is lgladependent on the nature of the
catalysts. We propose that structural distinctiortie silica particles arise because of the
different solubilities of the two amine catalystssilicone oil and PEG, respectively, and

the facility with which water is transported thrdute silicone.

Table 4.4: Surface Area and total pore volume ofaB4 DDA catalyzed particles

Particles Surface area {iy) Total Pore Volume (cc/g)
BA 15%T 341 0.572
BA 20% T 165 0.311
BA 25% T 77 0.356
DDA 15%T 88 0.098
DDA 20%T 61 0.101
DDA 25% T 78 0.092

Irrespective of the catalyst used, silica was fotmtbrm preferentially within the
dispersed PEG droplet, rather than within the @ilecenvironment. An understanding of
silica formation requires, therefore, consideraidrihe behavior of TEOS in PEG when

only low levels of water are present. When a catalypresent in PEG along with TEOS

88



Ph.D. Thesis — V. Rajendra Depant of Chemistry — McMaster University

the sol gel process begins to occur. At relativedyly stages in the process, alkoxysilane
hydrolysis and silanol condensation begin but, teefthe silica matrix can solidify,
decomposition of the mixture into two phases occU?EG/silica-rich and solvent
(ethanol)-rici? phases are stabilized by hydrogen bonding betireeather oxygens and
the free silanols on the nucleated silica partittéd The latter phase simply contains
solvent or ethanol by-product from hydrolyzed TE@Bich can be removed to form
pores at the meso and macroporous séaf€sThis behavior is exactly mimicked by the
system of TEOS + PEG witBA as catalyst.

BA is soluble in both silicone and PEG. Not surpggm therefore, silicone
crosslinking was relatively efficient, occurring rhogeneously through the elastomer
matrix. Within the PEG droplet (in the absence B3 ill-defined silica aggregates are
formed), BA effects hydrolysis and condensation at sufficieifidw rates that spinodal
decomposition occurs prior to complete silica faiora within the droplet. As a
consequence, the observed silica structure is ritbiwoand appears to be very similar to
those observed in silicone-free systems with PEB)S and small amounts of wafér*
That is, the PEG/TEOBA droplet is simply a microreactor for monolithiclica
formation because the catalyst is also solubleE@ RPFigure 4.6A). In non-crosslinkable
VT-PDMS, BA is not required for elastomer crosslinking at #ilys it only catalyzes
silica formation to form the same porous structufesseen earlier with Figure 4.2M-0,
the size of the pores appear to be marginally tangeh higher [TEOS], and this can also
be related back to spinodal decomposition. An ia&eein TEOS leads to an increase in
the ethanol by-product, thus phase separation efethanol and the PEG/silica phases
becomes more pronounced. This allows for phaserasgpa of the PEG/silica and
ethanol domains to occur much more efficientlystlrading to larger pores.

The monolithic silica appears to be comprised il (~50-100 nm, Figure
4.2K) silica particles that are fused to give ayvepen structure. The monolithic silica
assembly is limited by the size of the PEG droplghin the silicone. Thus, the silica
particles are formed in a type of hierarchical agdg controlled by phase separation:

PEG/silica phase separation leads to monolithiacsires comprised of small, fused
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silica particles, while PEG/silicone phase separationtrols the size of the monolithic
assembly of silica particles in silicone that abmwt 100 times the size of the fused
particles.

PEG plays roles in addition to acting as a sillmaubator. Since the polymer is
hydrophilic, it acts to sequester water and angaike soluble PEG can facilitate water
transmission through the silicone to the PEG dtspMhere it can be used to make silica.
Without it, transmission of water through the edasér occurs more slowly and as a
result, so does hydrolysis/condensation/cure.
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Figure 4.6: General schematic of BA (A) and DDA fBase separation from continuous
silicone oil phase into PEG droplets for the forroatof particles.

DDA-catalyzed silicone elastomers exhibited less tirdssg per se and led to
less homogeneously crosslinked elastomer bodiegi@i4.3B-D). The silica particles
within the elastomer or the silicone oil (VT-PDM8gre smaller than witBA-catalyzed
systems, suggesting the presence of more or lsitéxce-active species to stabilize the
PEG droplets. UnlikéBA, DDA with its longer hydrophobic tail is sparingly sble in
either silicone oil (silicones are oleophoBichr PEG. The catalyst thus preferentially
resides at the PEG/silicone droplet interface hih amine oriented into the PEG phase

(Figure 4.6B). This proposal is consistent with thech less efficient curing of the
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silicone into elastomers that was observed with tlaitalyst — the catalyst is tied up at the
PEG/silicone interface.

The addition of a surfactant to a formulation @ases the surface area of a
dispersed phase that can be suppoftéthe presence dDDA in the PEG-in-silicone
dispersion led to much smaller, and less polydspnelPEG droplet sizes than in
analogousBA-containing formulations because tHEDA is acting as a surfactant
stabilizing the PEG/silicone interface (Figure 4.9jithin the PEG droplet, hydrolysis
and condensation of TEOS will primarily be catatyzs the PEG/PDMS interface where
the DDA is located, gradually leading to thick silica ¢d@round the PEG droplet. That
is, DDA facilitates silica particle structuring by opengfias a catalytic surfactant (Figure
4.6B).

In crosslinkableHO-PDMS, DDA-derived patrticles always led to hollow silica
particles, however, in VT-PDMS patrticles filled tviporous silica were formed at higher
[TEOS] and hollow particles with porous silica hgi the shells were formed at low
[TEOS]. This suggests that at higher [TEOS] thalgat can more easily migrate into the
PEG droplets. This change in solubility can be wstded by the evolving solvent
conditions that arise during sol-gel reactions.aiti, formed during the sol-gel process,
helps solubilizeDDA in PEG, as shown by Caldararu et’aHigh [TEOS] lead to more
ethanol by-product that can solubilize the aminlgat in the PEG. In this situation,
silica forms in three distinct locations: at the G7&ilicone interface leading to the
external particle shell, inside the PEG droplestfarming monolithic porous silica, and
adjacent to the silica shell where the EtOH conegion is higher and solubiliz&3DA.

The dominant process wilbDA, which is exclusively seen at lower [TEOS], is
the formation of a PEG-filled dense silica shelt.igh [TEOS], catalyst migration into
the PEG droplet increases, thus explaining thesidifft morphologies observed with the
DDA-derivedparticles in HO-PDMS and VT-PDMS. In VT-PDMS, criisking of the
silicone doesn’'t occur and a much larger amountsiita precursor and ethanol
byproduct is available to solubilize the catalystttier into the PEG droplet to form

monolithic structures similar to thBA-catalyzed particles. That is, with higher EtOH
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concentrations the silica forms at the PEG/siliconierface and, by virtue of the EtOH,
also in the PEG itself.

For DDA-catalyzed elastomer formulations that do not donREG, a layer of
monolithic silica preferentially forms at the airrface interface due to the higher rate of
hydrolysis and formation of ethanol, and therefoaalyst solubilization, at the locus of
entry of water (Figure 4.2L). The same effect whsewsved in particles formed in non-
crosslinkable VT-PDMS formulations, which also tedhollow particles. Since there is a
larger quantity of available TEOS, as a siliconéwoek is not being crosslinked, it
appears that more TEOS migrates into the PEG deopbehelp solvatddDA better.
Thus, the same macroporous silica lining the iateof the hollowed particles can be
achieved at lower [TEOS] compared to the HO-PDM@&iglas.

TEOS concentration plays an important role in auhhg pore volume and
surface area (Figure 4.5). With tB&-derived particles, surface area dropped sharply
with increased TEOS. By contraBtDA-derived particles were much less sensitive. In all
cases, dense silica at the PEG/silicone interfamendd and at higher TEOS
concentrations, was accompanied with monolithiecstires inside the droplets.

Fluorescein and HSA Release from Silica Particles

Silica patrticles of very different morphologies wearbtained simply by changing
the catalyst for its formation. We reasoned thetiglas could be very useful for
controlled release. Two particles were comparedh wery different morphologies: the
macroporousBA-catalyzed particles at 25%T and the hollD®WA-derived particles at
15%T, both formed within VT-PDMS. Their potentia drug depots was investigated by
formulating silica with PEG that contained eithérofescein or HSA, the release of
which were easily followed by fluorescence. A conmgzn was made between releases
into a 1% SDS aqueous solution from the as-isolpteticles: the surfactant was required
as to avoid coagulation due to residual VT-PDMS.

Figure 4.7shows the release profiles for fluorescein and Hi&&led silica
particles. For theBA-derived particles, release appears complete within first

measurement of the experiment (within 15 minutefer the burst. By contrast, the
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DDA-derived particles show a large initial burst rekeaf fluorescein followed by a
slower secondary release.

In previous work with meso/macroporous silica,aserved that small molecules
could diffuse through the silica with relativelyworesistancé€® Only with certain
formulations, which produced small mesopores (<nd monnected by macroporous
channels, could proteins be retained. The secorglavy release of fluorescein from the
dense shells oDDA-derived particles (hollow) is consistent with thishavior. Figure
4.5 demonstrates th&®DA particles at 15% T have a high fraction of smailtgs, from
which it is proposed the secondary release ocdurat is, the main release is through
leakage from the PEG core to the outside througlropares, with slower release
through channels in dense silica structures frororapores.

The use of amine RTV catalysts in lieu of tradifib titanium- or tin-derived
compounds does not lead to better silicone elagtrirestead either lower levels of cure
were observedBA) on inhomogeneous cur®DA) was observed. The use of amine
catalysts, however, does provide two distinct levefl morphological control over the
silicone elastomer: cure within the silicone, anthrphology of the silica found within
the silicone. At high water levels and wiBA as catalyst, particularly when PEG is
present, it is easier to obtain a silicone elastobwly that is homogeneously cured
throughout. With the less effectiM@DA catalyst, in particular, it was not possible to
achieve homogeneous cure. Thus, these catalyststdead to better silicone elastomers.

Of much greater interest is the level of morphaalycontrol over the silica
formed within silicone oils that is formed withihe silicone simply by changing the
catalyst. It is possible to create either large no@arous silica particles throughout the
elastomer or hollow silica particles. The very @ifint silica structures provide different

release profiles of a small molecule and protein.
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Figure 4.7: Fluorescence profiles BA- andDDA-catalyzed particles loaded with
fluorescein (F) or HSA over time.

45 Conclusion

The use of amine-based catalysts, high concentsatbthe crosslinker and silica
precursor TEOS, and PEG as a hydrophilic phasepifsethe formation of well-defined
silica particles within silicone elastomer matriGsd in silicone oil, which can then be
isolated. The solubilities of the amine catalystssilicone and PEG determine the
structural morphologies of the resulting silicatjgdes. The soluble amin®A, leads to
macroporous silica particles (~10+i) that are dispersed throughout the elastomer
network when using crosslinkable HO-PDMS, or thah dbe isolated from non-
crosslinkable VT-PDMS. Pore sizes of tBA particles were found to increase in size
with higher [TEOS]. Dodecylamine, which is a cataly surfactant for PEG,
preferentially resides at the PEG/silicone integféfacilitating droplet formation). As a
consequence, hollow particles with thick silicalhg-250-310 nm) surround the PEG
droplets in the final product. Howev@®DA can penetrate further within the PEG droplet
in VT-PDMS at high [TEOS] due to the higher concatibn of solubilizing ethanol
byproduct, leading to particles with a higher mathat fraction. Release profiles of
fluorescein and HSA-loaded silica particles showghgly different patterns that
correspond to a greater fraction of small porah@DDA-derived particles.
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4.7 Supporting Information

Table S 4.1: BA-catalyzed formulations (2.5g) witlrying TEOS loadings and their
average particle sizes (un)

F.# Parameter Weight (g) Wt% F.# Parameter Weigh Wt.%
HO-PDMS 2.125 85 HO-PDMS 1.5 60
TEOS 0.125 5 TEOS 0625 25
1 BA 0.25 10 | 10 BA 0.25 10
PEG1000 0 0 PEG600 0125 S
Avg. Particle Size - Avg. Particle Size 10.6 +4.4

HO-PDMS 2 80 VT-PDMS 1.875 75
TEOS 0.25 10 TEOS 0375 15
2 BA 0.25 10 | 11 BA 0.25 10
PEG1000 0 0 PEG600 0 0

Avg. Particle Size - Avg. Particle Size -
HO-PDMS 1.875 75 VT-PDMS 1.75 70
TEOS 0.375 15 TEOS 05 20
3 BA 0.25 10 | 12 BA 0.25 10
PEG1000 0 0 PEG600 0 0

Avg. Particle Size - Avg. Particle Size -
HO-PDMS 1.75 70 VT-PDMS 1.625 65
TEOS 05 20 TEOS 0.625 25
4 BA 0.25 10 | 13 BA 0.25 10
PEG1000 0 0 PEG600 0 0

Avg. Particle Size - Avg. Particle Size -
HO-PDMS 1.625 65 VT-PDMS 1.75 70
5 TEOS 0.625 25 | 14 TEOS 0375 15
BA 0.25 10 BA 0.25 10
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PEG1000 0 0 PEG600 0125 5
Avg. Particle Size - Avg. Particle Size 10.2+4.7
HO-PDMS 2 80 VT-PDMS 1.625 65
TEOS 0.125 5 TEOS 0.5 20
6 BA 0.25 10 | 15 BA 0.25 10
PEG1000 0.125 5 PEG600 0.125 O
Avg. Particle Size - Avg. Particle Size 9.4+4.0
HO-PDMS 1.875 75 VT-PDMS 1.5 60
TEOS 0.25 10 TEOS 0625 25
7 BA 0.25 10 | 16 BA 0.25 10
PEG1000 0.125 5 PEG600 0.125 O
Avg. Particle Size - Avg. Particle Size 9.6 +3.6
HO-PDMS 1.75 70 VT-PDMS 1.5 60
TEOS 0.375 15 TEOS 0625 25
8 BA 0.25 10 | BA 0.25 10
PEG1000 0.125 5 0.6 MM PEG60OW/ (125 5
Avg. Particle Size 11.6+3.6 Fluorescein
HO-PDMS 1.625 65 VT-PDMS 1.5 60
TEOS 05 20 TEOS 0.625 25
9 BA 0.25 10 | 18 BA 0.25 10
PEG1000 0.125 5 HSA-PEG600 0125 S
Avg. Particle Size 11.1+3.4

& At 5% and 10%T loadings, cohesive elastomers coibd obtained with or without PEG.
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Table S 4.2: DDA-catalyzed formulations (2.5g) witlrying TEOS loadings and their

average particle sizes (un)

Depant of Chemistry — McMaster University

F.# Parameter Weight (g) Wt% F.# Parameter Wemh Wt.%
HO-PDMS 2.125 85 HO-PDMS 15 60
TEOS 0.125 5 TEOS 0.625 25
19 DDA 0.25 10 | 28 DDA 0.25 10
PEG1000 0 0 PEG600 0125 S
Avg. Particle Size - Avg. Particle Size 45+1.4
HO-PDMS 2 80 VT-PDMS 1.875 75
TEOS 0.25 10 TEOS 0375 15
20 DDA 0.25 10 | 29 DDA 0.25 10
PEG1000 0 0 PEG600 0 0
Avg. Particle Size - Avg. Particle Size -
HO-PDMS 1.875 75 VT-PDMS 1.75 70
TEOS 0.375 15 TEOS 0.5 20
21 DDA 0.25 10 | 30 DDA 0.25 10
PEG1000 0 0 PEG600 0 0
Avg. Particle Size - Avg. Particle Size -
HO-PDMS 1.75 70 VT-PDMS 1.625 65
TEOS 05 20 TEOS 0.625 25
22 DDA 0.25 10 | 31 DDA 0.25 10
PEG1000 0 0 PEG600 0 0
Avg. Particle Size - Avg. Particle Size -
HO-PDMS 1.625 65 VT-PDMS 1.75 70
TEOS 0.625 25 TEOS 0375 15
23 DDA 0.25 10 | 32 DDA 0.25 10
PEG1000 0 0 PEG600 0125 5
Avg. Particle Size - Avg. Particle Size 3.3+15
HO-PDMS 2 80 VT-PDMS 1.625 65
TEOS 0.125 5 TEOS 0.5 20
24 DDA 0.25 10 | 33 DDA 0.25 10
PEG1000 0.125 5 PEG600 0.125 O
Avg. Particle Size - Avg. Particle Size 3.0+£1.1
HO-PDMS 1.875 75 VT-PDMS 1.5 60
25 TEOS 0.25 10 | 34 TEOS 0625 25
DDA 0.25 10 DDA 0.25 10
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PEG1000 0.125 5 PEG600 0.125 S
Avg. Particle Size - Avg. Particle Size 3.5+2.0
HO-PDMS 1.75 70 VT-PDMS 1.75 70
TEOS 0.375 15 TEOS 0375 15
26 DDA 0.25 10 | DDA 0.25 10
PEG1000 0.125 5 0.6 MM PEG60O W/ (125 5
Avg. Particle Size 3.8+£0.9 Fluorescein
HO-PDMS 1.625 65
TEOS 0.5 20
27 DDA 0.25 10
PEG1000 0.125 5
Avg. Particle Size 49+1.8

& At 5% and 10%T loadings, cohesive elastomers edube obtained with or without PEG
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A (BA, 25%T, no PEG) BRA, 25%T, no PEG)

G)

E (BA, 15%T) , 15%T)

R

McMaste SEI s 54 m WD 10.0s

Figure S 4.1: SEM images of various BA and DDA lgatd elastomers at different
magnifications. Arrow in B points out few solid fieles that appear non-reproducibly in
BA catalyzed systems without PEG.
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Chapter 5— Silicone Resin Films from Reactive Siloxane-in
Water Emulsions'’

5.1 Abstract

The Piers Rubinsztajn (PR) reaction has gainecaiderable amount of attention
because of efficient formation of siloxanes undeid monditions. This report explores
the utilization of the PR reaction to form siloxabased films from surfactant free
siloxane-in-water (S/W) emulsions as a convenidtgrraative to traditional sol-gel
chemistry. Typically the PR reaction is extremedpid and exothermic, however, since
the B(GFs)s catalyst used is a good Lewis acid, water, whicis as a Lewis base, co-
ordinates to the catalyst to greatly moderate #atron. The emulsions were formed
within seconds by sonication and their stabilitg @inoplet sizes were investigated over 2
weeks. During this time depending on the conceptratf the catalyst, which also acted
as an electrostatic stabilizer, droplets undervgeotvth and coalescence, or crosslinking
to form elastomeric systems. Depending on the age catalyst concentration in the
dispersion, it was possible to form rigid hydropitolbam, dense films, or films of
particles that fuse but do not coalesce. The fitraracteristics also depended on the cure
temperature: more control was observed when cuwrered at RT rather than 10Q on
a glass substrate. The higher surface area patictilms formed may be of interest as
separation media such as in gas chromatography ¢@@nns. It was possible to deposit
fused particulate films on the inside of glass kai tubes or fused silica GC columns.

™ Portions of the following chapter were submitted\CS Applied Materials and Interfaces with
the citation: Vinodh Rajendra, Michael A. BrodCS Appl. Mater. Interfaceg014.

| was responsible for all synthesis and analysis.Hbook gave some useful advice and
troubleshooting ideas. | wrote thé& draft of the manuscript and Dr. Brook helped vetliting
the document for final submission to the abovenalr
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5.2 Introduction

The formation of films of siloxane-based resinsditianally utilized sol-gel
methodology. This process involves the condensaifakoxysilanes such as tetraethyl
orthosilicate (TEOS), or methyltrimethoxysilane, ather functional silanes, commonly
under acidic or basic conditions. Over time andooyatlly with heating a network of
siloxanes Si-O-Si forms. Once the solution has hepared, substrates can then be dip
coated to form thin silica film&* porosity of the films can be controlled with
surfactant$;>>® particle template§® modified silica particle, electro-assisted
depositiom° the ordering of porous silica films can be conewf'* and many other
different studies. Such films are used in a varmtyapplications, including as catalytic
supports and in electronics as interlayer dielestfi

The Piers Rubinsztajn (PR) reaction can be usefbrta Si-O-Si linkages by
utilizing alkoxysilanes, hydrosilanes and the Lewaisidic catalyst B(gFs)s (Figure
5.1A) ' Reactions occur rapidly under mild and can be usegrepare precisely
structured small siliconé$;'” large polymers or well defined 3D structut&€’ It has
been applied in organic media or without solverfits, example, to prepare foamed
elastomer® or aqueous solutions, including cationic silicopelymerizations in
solution? Rubinsztajn et al. have reported the formatiosilaol free resins using this
method®® Ganachaud et al. described the formation of stafadree siloxane-in-water
emulsions which were used as microreactors to tavge molecular weight silicone
polymers and small cyclics from difunctional monasfé The study also reported that
the emulsions were colloidally stable for up to éek, whereafter precipitation occurred.
Piers et al. have extended the control of thistreacBy synthesizing a carbamato borate
salt, the catalyst remains inactive until irradiatwith a 254 nm UV source that releases
the carbamato group, thus reactivating the catalyShey noted that the PR reaction
under these conditions leads to thin silica-baskdsfusing much milder conditions
compared to the standard polycondensation method.

Our group was interested in forming hydrophobim§lusing this chemistry. One

challenge involved finding conditions under whitte treaction was controllable both in
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terms of the exothermicity of the reaction and strectures of the resulting crosslinked
products. It was also necessary to develop metbgas that had dispersions with
reasonable pot lives. To address all these isswesytilized the Ganachaud et al.
emulsion methodolog$%** Water is a Lewis base that co-ordinates to therboatalyst
to greatly inhibit catalysis: polymer synthesis lcbtake up to several days to complete
according to Ganachaud's findings because moseadfdtalyst was located in the water.

This report investigates the condensation of tetretional siloxanes in a silicone-
in-water emulsion by utilizing the PR reaction torh siloxane-based films upon drying.
We note that the reaction conditions had to begtesi to avoid competing reactions of
boron-catalyzed silanol formation and the couplofghydrosilanes and silanol groups
(Figure 5.1B, C).

|

oL B(CeFs)s | |

Si_ _Si.  + H,0=egh L .
PR 2 Si___Si + H
° VO H <0 \CoH  ®

| | | | B(C¢Fe)s | | | |
) sie (CeFz)s s

Si. Si. Si_ _Si___Si___Si_ +
S I hc i e T R R R

Figure 5.1: General reaction scheme of A:Piers-Ragbtajn, B: hydrosilane with water
and C: silanol coupling with a hydrosilane.

5.3 Experimental

Materials
Tetraethyl orthosilicate (TEOS, 95%, Aldrich), #dis(dimethylsiloxy)silane
Si(OSiMe2H), (QM",, Gelest), B(GFs)s (95%, Aldrich), and de-ionized water (DI) was

used to produce emulsions. All reagents were usedceived. RT = 21-23 °C.

Characterization

'H nuclear magnetic resonance (NMR) experiments weréormed on a Bruker
600 spectrometer arfdSi NMR with Si-H cross-polarization and magic angfgnning
(CP-MAS) studies were conducted on a Bruker 30DRX500 spectrometer.
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ATR-IR spectra were recorded on either a Thermer&ific Nicolet 6700 FT-IR
or a Bruker Vector 22, which was then processedbyic software and Excel. S/W
emulsions were dropped onto the ATR crystal (Zn&eaxmbient conditions and were
measured for their composition. In certain expentagthe emulsions were allowed to
dry on to the crystal to form a film. The films wethen removed from the crystal by
physically scrapping them off.

Scanning electron microscopy (SEM) was conductethiguss JEOL 7000F
microscope with samples coated in gold for 1 min-&5 nm mir. Particle size and
distributions were then measured manually fromrtherograph using ImageJ software
with n = 50.

Zeta potential measurements were performed withe@mPius Zeta Potential
Analyzer by Brookhaven Instruments. Measurementg warried by diluting samples (3
separate samples) in a 2mM NaCl solution at RT Withmeasurements and 15 cycles for
each.

A Melles Griot 05-LHP-928 instrument with 75mW HeNaser at 633 nm
wavelength at RT was utilized for dynamic light tseang (DLS) measurements for
average particle size measurements of the emulsiossparate samples were utilized to

determine an average.

Catalyst Stock Solutions

Three different stock solutions of TEOS/BEg)3; were created using 1 mg (0.002
mmol, 0.016 mM), 4 mg (0.008 mmol, 0.063 mM), orrhg (0.024 mmol, 0.19 mM) of
the boron catalyst in 0.125 g of TEOS. Under dmgditions, the catalyst stock solutions

could be stored for several hours or days.

Aqueous Emulsions
QM", (0.2 g, 0.6 mmol) was added to DI water (3 mLjimlass vial that was
immersed in an AquaSonic Model 50HT sonicator (VW®) approximately 10 s to
facilitate dispersion. Immediately thereafter, mighe TEOS + catalyst stock solutions
(0.125¢g of TEOS and either 1, 4 or 12 mg of 8{)s) was added to the water mixture
during sonication, which was continued for an addal 20 s to form the dispersion
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(Figure 5.2). The sample could be used at oncstased on the bench for up to several
weeks. The particle size changed over this time {mdow). An additional experiment
was performed using a higher QM B(CsFs)s ratio: QM', (0.26 g, 0.8 mmol) and
B(CsFs)3 (4 mg TEOS (0.08 g, 0.4 mmol)) were dissolved/eispd in 3 mL of water to
give a 2:1 molar ratio between OMand TEOS, respectively\(4, Table 5.1). The
dispersions were turbid.

/
—SiH
\

H O /O | Water 1. Sonication (10s)
\|s \/Si\O/SiH >
2.

0 5 ,OJ

SiH- N ‘ISLO/\
/—O
+
QMH
¢ B(CeFs)s

3. Sonication (20s)

Figure 5.2: General procedure for forming S/W enuuls.

Film Formation

Films could be formed from the aqueous dispersiplacing approximately 0.3
mL of the emulsions dropwise with a pipette on clegass slides and then drying at
either ~100°C on a hot plate or at RT. Emulsions dried withid ghin at ~100°C. At
RT, the drying process was dependent on humidityould take several hours for films

to form and dry.

Coating of Capillary Tubes and GC columns

90 mm melting point capillary tubes (Fisher Sciitiwere used as received and
were cut into 2 cm pieces with both ends open. BioosW2A7 or W3A10 (100 uL)
were loaded into the cut capillary tubes and wies ttaped to steel rollers of a modified
‘hot dog roller’ with temperature control. The dégoy tubes were rolled at a constant 4
rom under ambient conditions and allowed to dryrowngt and then broken for SEM
analysis. A fused silica GC column (untreatedu@®internal diameter) was provided by

Restek and used as received. Approximately 3 ctefGC column was cut and then
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loaded with theW2A7 emulsion, which was then dried at ambient cond&ion the

bench.

Table 5.1: S/W emulsion formulations

Recipé TEOS QMY B(CsFs)s Aged (d) Temp. Dried
wi 0.6 0.6 0.002 - -
w2 0.6 0.6 0.008 - RT

w2T 0.6 0.6 0.008 - ~100°C

W2A3 0.6 0.6 0.008 3 RT

W2A3T 0.6 0.6 0.008 3 ~100°C

W2A7 0.6 0.6 0.008 7 RT

W2A7T 0.6 0.6 0.008 7 ~100°C
w3 0.6 0.6 0.024 - RT

waT 0.6 0.6 0.024 - ~100°C

W3A3 0.6 0.6 0.024 3 RT

W3A3T 0.6 0.6 0.024 3 ~100°C

W3A10 0.6 0.6 0.024 10 RT

W3A10T 0.6 0.6 0.024 10 ~100°C

% Recipe code shows the solvent, days emulsion esl @agpd temperature dried. For example,
W3A3T: W = water, A3= aged 3 days, T = dried at6-10 (no T in code means RT).

5.4 Results

Colloidal Stability

Alkoxysilanes such as tetraethoxysilanes underdgtively rapid hydrolysis at
pHs away from neutralit§f, This is a classic route to the formation of silitspersions in
water?’ B(CsFs); forms a strong Brensted acid in water. We werprised, therefore, to
learn that it was possible to create relativelyblstaTEOS/QM'; emulsions in the
presence of B(s); in water: silica formation was not observed butnsistent with
B(CsFs)3:H,O complex formation, pHs of the agqueous continyahese became slightly
more acidic (pH = 6.5-6.8) as the dispersion formed

Initially, attempts to form a stable silicone O/\¥il{in-water) emulsion by stirring

the tetrafunctional reagents in water were probtenand irreproducible. Even with the
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slow addition of TEOS and B¢Es); catalyst to a dispersion of QM in water, the
mixture frequently reacted violently releasing ethane gaand/or gave
precipitate/coagulate. The violent reaction washatted to the direct PR reaction of a
phase separated QWllayer with TEOS generating ethane. However, a lggmous oil-
in-water dispersion was readily formed if JMwas first added to water and dispersed
briefly by sonication to give a hazy dispersionteifaddition of a mixture of TEOS and
B(CsFs)3 the dispersion became milky white (Figure 5.2)m8ogas bubbles could be
observed at the air/water interface once sonicatias complete. We have not established
if the gas is H resulting from the hydrolysis of hydrosilane greuisi-H) giving polar
silanols (Si-OH)(Figure 5.1B) or the PR reacliowith TEOS giving ethane (Figure
5.1A).

Ganachaud et al. have suggested that colloidailiztdlon arises from boronate
water complexes that present at the oil/water faterin emulsions containing B{&)s
(Figure 5.3Y%?* The decrease in pH observed during dispersiondtom is consistent
with this proposal. Control experiments for dispeysthe siloxane agents in water were
conducted by sonicating QM and TEOS both individually and together using a
sonicator for 10 s in the absence of catalyst terd@ne if sonication alone could lead to
the formation of stable emulsions: surfactants wereused to aid the dispersion. In the
absence of B(gFs)3, complete phase separation of any of the oil/waii&tures occurred

within 1-2 minutes.
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Figure 5.3: Model for the formation of stable s@éme-in water emulsions that can be
aged and dried to give 3 distinct film structures.

To examine in more detail the role of Bg)s in stabilizing the emulsions,
solutions were prepared with three different catadplutions (1 mg, 4 mg and 12 mg of
catalyst in 125 mg of TEOS to giwl, W2 and W3, respectively). Zeta potential
measurements of the dispersions formed from treetbatalyst solutions with TEOS and
QM", showed an initial sharp increase in the zeta pialevalues after the addition of
catalyst, and then a slower, steady increase one: tthe magnitude of the increase

depended on the catalyst concentrations (Figure &#the three samples tested, zeta
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potential measurements indicated ti&2 had the largest negative values throughout the
1 week study. This result was unexpected, as greatéace charge was expected with
W3, which had the highest concentration of catalyst, @herefore, of potential interface-
stabilizing ionic groups.

0 1 2 3 4 5 6 7

—p—
p——

mV
,_’_4
——

-
L 2N |
==
W N

Days

Figure 5.4: Zeta potential measurements over 1 w#eRM', and TEOS with varying
concentrations of catalyst.

The three dispersions underwent sedimentation tginga degrees. The larger
particles inW1 (Table 5.2) sedimented most rapidly, to be follovegdV3 andW2. The
latter two dispersions could be resuspended quicklggitation for up to two weeks. By
contrast, after 1 weekly1 had aggregated (aggregate sizes ranging from 1800400

nm).

Table 5.2: Patrticle size measurements (nm) of $Mseons after 1 week using DLS.

Formulation and Catalyst loading (mg)

Day | W1 (1) W2 (4) W3 (12)
0 325+ 132 241 + 88 267 £ 103
7 Aggregate 445 + 128 294 77

Table 5.2 shows that dispersidi2 initially formed the smallest particles as
determined by dynamic light scattering (DLS): ewkaugh it did not have the highest

catalyst concentration, it did have the highestidahisurface charge (Figure 5.4).
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However, the particles increased in size after gafim one week. By contra¥V3, with
the highest B(gFs)s concentration, had comparably sized particlesymthesis that did
not change very much over one week. These datdycthat nominal particle size and
stability could be controlled by the amount of tgghpresent and the degree of aging.
Normally, with electrostatic stabilization, higheharged particles would be
expected to be the most colloidally stable. Althoeghanced stability was observed with
W3, the surface charge was less than expected asdHasW2. We do not have an
explanation at this time for the greater chargemaAdel that is consistent with the
colloidal behavior is shown in Figure 5.5. Low dgsalevelsW1 lead to unstable larger
particles that readily coalesce. An intermediatalgat loadingW2 gave electrostatically
stabilized particles, with some of the catalystdest at the water/silicone interface to
give particles of intermediate stability that inzse in size over one week. At the highest
catalyst loadingaN3, more stable particles are formed. We ascribe resdth particle
stability in this case to the partition of catalpstween the external interface and interior
of the drop. The internal catalyst initiates crodshg, which obviates Ostwald ripening
as a viable mechanism for particle growth: the nmo@e become linked into the particle

28.29
w1 :O - - __GO_ T _% -

networ

325 nm + 132
oo - O -
241 nm + 88 445 nm £ 128
ws () O .
e — A 4 — _
267 nm =103 1 week 294 nm =77
Partly crosslinked . completely crosslinked

Figure 5.5: Model showing changes in particles owene as a function of catalyst
concentration.
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The compositional change of emulsion® was tracked utilizing ATR-IR over
the course of a week (Figure 5.6A). The Si-H fummaility, which has an intense
absorption at ~2130 ¢l was monitored, as it is a key reactive compormerthe PR
reaction. It was found to slowly disappear over ttwmurse of a week due to the
crosslinking PR reaction occurring slowly withinetlemulsions. It less likely that the
alternative mechanism for Si-H loss, hydrolysishe Si-H group, is a major contributing
factor to the loss of Si-H, as the zeta potentiahsurements indicated that the emulsions
became less stable over time. Conversion of Si-ISit®H should increase the surface

polarity and facilitate droplet stabilization: bgrdrast, thaV2 particles were destabilized

TN
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T TN ST —— T d

over time.
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Figure 5.6: ATR-IR data of W2 A: over 1 week iruoh, B: drying on the instrument
after 60-100 mins in ambient conditions.
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Film Formation

Crosslinked siloxane films formed froW2 andW3 emulsions after dryingiV1
led to sticky, improperly crosslinked materials. Thes@iption of the Si-H groups in the
IR was used to follow curing by the PR reactionimgithe drying of emulsioklV2 under
ambient conditions to form a film. Figure 5.6B stsothat the PR reaction only occurs
after most of the water has evaporated (60 minaties being placed on the slide) and
proceeded to form a crosslinked film with the migyoof the Si-H having disappeared
within an additional 40 minutes.

The film character depended on the chemical makedpage of the dispersion at
the time of deposition on a surface. Films varyifrgm dense and transparent
homogeneous films, to opaque aggregates of patibam-like structures or mixtures
thereof were formed frorv2, W3. As shown in Figure 5.7, higher drying temperature
with freshly prepared emulsions led to an increas#el of the PR reaction and formation
of foam-like films blown by release of the alkangptoduct. By contrast, drying at RT
led to films with far fewer voids.

Aging the dispersions for a few days before filrstoay initially led to films with
fewer voids or pockets when dried either at RTtorE00°C. For example, after 3 days
drying at RT,W2A3 was a transparent cohesive film with few voidskats (Figure 5.7).
However, films formed from dispersions aged 7 desse opaque and highly friable
when formed heated at ~10C, or simply cloudy when dried at RT. The cloudmes
proved to be a consequence of the presence of, l@rgsslinked particles in the

dispersion prior to deposition.
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Formulation Optical SEM top dowin SEM Cross sectién

W2
(22°C),0d

w2T
(~100 °C), 0 d

W2A3
(22°C), 3d

W2A3T
(~100 °C), 3 d

W2A7
(22 °C), 7 d

W2A7T
(~100 °C), 7 d

% Arrows indicate the presence of small voids orpaickets ifW2 and red circlesW2A7) show
“necking” of particles. The outline of the film ovided in yellow.

Figure 5.7: Dried films from both ageing the S/Wudsions and then by drying them at
RT or ~100C using optical and scanning electron microscopM$ Scale bars for
optical images =5 mm.
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SEM images (Figure 5.7) of the films above fadiéthinterpretation of the optical
images of the films and provided greater morphaalgdetail. For example, curing the
freshly preparedN2 dispersion at elevated temperaturé¢2T) led to pores on the
surface and/or internal voids ranging from a fewcnms to a few hundred microns in
diameter. These voids are probably the result lodiret (or less likely hydrogen, Figure
5.1) gas evolving during the condensation reactisnhas been reported elsewtfére.
Fewer voids and greater homogeneity were observehwure was performed at lower
temperature®V2. The cross-sectional image of the homogeneousigaleegion ofV2
reveals a dense siloxane based film that is formiglal small structures of up to a few
hundred nanometers diameter throughout, which prtwvéde hollow pockets of a smaller
dimension than those found W2T film (see arrow, Figure 5.7). These data suggest
rapid evolution and coalescence of ethane bubldegivte large voids at elevated
temperatures, but low gas concentrations, and emsdhle voids, at the time of gelation
at lower temperatures.

SEM images of films derived from emulsions aged 3odays show a slightly
different outcome. Although large voids up to sevdrundred microns formed (fewer
than from a freshly made dispersion) when the eimulsvas dried at elevated
temperaturesW2A3T), a void free film was observed when the dispersias dried at
room temperature. This suggests that crosslinkiag wccurring during the three days
and, by the time gelation was initiated at roomgenrature, the gas that formed did not
effectively coalescence into bubbles.

The films formed from dispersions aged 7 days amed at room temperature
were comprised of crosslinked particla&ZA7): the film cured at ~100 °C was too
friable to collect good SEM pictures. The crosstiseal image oMW2A7 shows that the
entire film is comprised of tightly packed, fuseatiicles with an average particle size of
529 £+ 307 nm, comparable to the size of the precutispersed particles. The films are

thus assemblies of crosslinked particles that faseshch other during the drying process.
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Formulation _ SEM top down

SEM Cross section
W3 (22 °C),0d = :

3 e R e b -
. . . ' 4

W3T (=100 °C), 0 d

W3A3 (22 °C), 3 d

W3A3T (~100 °C), 3d

W3A10 (22 °C), 7 d

W3A10T (~100°C), 7d

Figure 5.8: SEM images of W3 samples (highest gsttaloncentration) as a function of
dispersion age and drying temperature.
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With higher catalyst concentrations/3 underwent more rapid crosslinking than
the other particles. As a consequence, even otdy afing for 3 daysW3A3) particles
were sufficiently crosslinked that they did not geerduring film formation, unliké\V2
(Figure 5.8). Particle sizes in the cured filmstaoted from the SEM images appear to
show only small changes over time: average size®af+ 223 nm, 266 + 111 nm and
338 = 147 nm were observed for the films derivennfiv3, W3A3 andW3A10, which
were dried at RT.

The effect of catalyst concentration on film morlgyy was also investigated for
the W2 (0.008 mmol/0.6 mmol silane) an@/3 formulations (0.024 mmol of boron
catalyst) (Figure 5.8). As shown in Figure 5W2 formulations can form foamed,
homogeneously dense and particulate films deperointhe age of the dispersion. The
W3 formulations only formed foamed and particulatené or a combination thereof
(Figure 5.8). With the higher catalyst concentmatiorosslinking of the particles is
efficient and drying the dispersion does not leadrnooth/homogenous films. Instead
films of fused crosslinked particles resulted.

The solid staté”Si NMR data (Figure 5.9) shows differences betwienfilms
dried at different temperatures from emulsions #ratO, 3 or 7 days old. Films dried at
~100°C are more highly cross-linked as shown by the emaleaks for M (SiMeH),
MM (SiMeOH) and @ (Si(OH)(OSi)). At RT, water evaporates much more slowly,

thus the PR reaction is less efficient and condenrsés less complete.
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Figure 5.9: Solid staté’Si NMR spectra of dried S/W emulsions at A: 0d (\&/2¥2), B:
3d (W2A3T & W2A3) and C: 7d (W2A7T & W2A7).

These data permit a discussion of the processeasgtgilace during film

formation. Particles form in newly created dispmrs that are electrostatically stabilized

by catalyst/water complexes. At lower catalyst @mrations 1) insufficient charge

was available to stabilize particles, which underweelatively rapid aggregation. At

higher catalyst concentrationd/R), particles were stabilized by sol/charged gro{&is
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OH, Si-O and B-OH) at the interface. At yet higher concentrasiofiv3) there is
sufficient catalyst to stabilize the particle ae timterface (and if it is at the interface
complexed to water, it will not be a catalyst foe tPR reaction) and facilitate cure within
the particle. However, as shown in Figure 5.3, lgatdahat isn't bound to water resides at
the siloxane droplet core, thus able to undergdPfReeaction. This results in a crosslink
density gradient between the interior of the plsi¢highest crosslink density) and at the
siloxane-water interface (lowest crosslink densififie lower crosslink density at the
interface is evidenced by drying of the emulsiansetveal the coalescence of particles by
“necking” (Figure 5.7,W2A7). Thus, films contained particulate structuresmaich
earlier time points foWW3 thenW2. The effects were amplified at higher temperatures
Voids were also found in some of the films, whicasxcaused by release of gas from the
PR reaction.

Although TEOS crosslinks with hydrosilanes, it aleo migrate into the water
phase over tin®® and undergo condensation (traditional sol-gel wetogy) to act as a
silica “glue” between silica particles during filformation during drying of the
dispersion Figure 5.3.

High Surface Area Coatings

A variety of applications require high surface arkgdrophobic coatings. For
example, gas chromatography (GC) columns will benedbm higher surface area
coatings that lead to an increase in the numbéheadretical plates. Currently, the gold
standard for GC is fused silica columns coated wititone elastomers. To test the
ability to coat the interior of glass cylindergstistandard capillary tubes (e.g., a melting
point tube) and then an untreated fused silicaroolwere coated with emulsiolg2A7
andW3A10, respectively. Emulsions were placed in the capjltubes that were allowed
to dry while rolling on a modified hot dog rollek. thin coating (of a few microns thick)
of hydrophobic silica particles formed on the imsglrface of the capillary tube, (Figure
5.10A-D). These films cracked and delaminated fribie surface only adjacent to the
fracture in the glass (that was required to allavaging). Otherwise, in both cases the

films was comprised of fused polydisperse partioagh a smaller particle size observed
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for W3AL10. In neither case was perfect coverage observéteas were bare patches: the
origins of this will be examined in future work.

Figure 5.10: SEM images dlV2A7 (A,B) andW3A10 (C,D) emulsions dried within
standard capillary tubes coated with hydrophobiccai particles. E, F, G: Fused silica
GC column coated wittW2A7 was allowed to dry.

Using more dilute solutions, it was possible toieeh a submonolayer coverage
of particles by allowingV2A7 to dry inside a fused silica column typical of $koused
for GC (Figure 5.10E-F). Further studies to coteelparticle size, dispersity and film

thickness with particle density and separationgrerince are underway.

5.5 Conclusion

Slow crosslinking silicone-in-water emulsions canfbrmed from tetrafunctional
hydrosilane and alkoxysilanes in the presence GtBj)s. The stability of the surfactant-
free emulsions was discovered to be a functiomeforon catalyst concentration, which
also provides charge to the particle surface. Aimgg amount of catalyst is required to
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achieve the highest stability, which can then rensaable for over 1 week. Various film
morphologies could be produced by drying the emuki which include foamed,
homogeneously dense and particulate films fromstdme emulsion by optionally ageing
it over several days and by drying it at either®F100°C. These morphologies depend
on the available hydrosilane (Si-H) available aedrde of crosslinking that has occurred
in the siloxane droplets. The hydrophobic partitifims are of greater interest due to
their ability to form cohesive films, thus invesitgd for their ability to coat capillary
tubes for applications in GC columns. Although opzation for coating the capillary
tubes are necessary, the initial results demoestritat the emulsions could be easily
applied and dried to form a thin silica particleatting. Further studies and optimizations

to demonstrate their efficacy as GC column wildoge in the future.

5.6 Acknowledgments

Funding from the Natural Sciences and Engineeriagegrch Council (NSERC)
and the Sentinel: NSERC Bioactive Paper Networkcienowledged with gratitude. We
also wish to thank Dr. John Grande for useful dismns, Prof. Robert Pelton for access
to their zeta potential analyzer and DLS and Rtaifrald Séver for access to a modified
‘hot dog roller’. We thank Dr. Shawn Reese and &eS§torp. for providing an untreated

fused silica chromatography column.

5.7 References

D) Strawbridge, 1.; James, P. . Non-Cryst. Solids1986,82, 366.

(2) Grosso, D.; Babonneau, F.; Albouy, P.-A.; Antech, H.; Balkenende, A. R.; Brunet-
Bruneau, A.; Rivory, JChem. Mater.2002,14, 931.

3) Lu, Y.; Ganguli, R.; Drewien, C. A.; Andersavi, T.; Brinker, C. J.; Gong, W.; Guo, Y.;
Soyez, H.; Dunn, B.; Huang, M. H.; Zink, J.Mature 1997,389, 364.

4) Morikawa, A.; lyoku, Y.; Kakimoto, M.-a.; Ima¥., Polym. J, 1992,24, 107.
(5) Yang, H.; Coombs, N.; Sokolov, I.; Ozin, G. Nature 1996,381, 589.

(6) Yang, H.; Coombs, N.; Sokolov, I.; Ozin, G. A&. Mater. Chem.1997,7, 1285.
@) Khramov, A. N.; Collinson, M. MChem. Commun2001, 767.

(8) Kanungo, M.; Collinson, M. MChem. Commun2004 548.

121



Ph.D. Thesis — V. Rajendra Depant of Chemistry — McMaster University

(9) Ohno, K.; Morinaga, T.; Koh, K.; Tsujii, Y.; Kuda, T.Macromolecules2005,38,
2137.

(10)  Etienne, M.; Sallard, S. b.; Schréder, M.; Guillemin, Y.; Mascotto, S.; Smarsly, B. M.;
Walcarius, A.Chem. Mate(.2010,22, 3426.

(11)  Alberius, P. C. A,; Frindell, K. L.; HaywarR, C.; Kramer, E. J.; Stucky, G. D.;
Chmelka, B. F.Chem. Mater.2002,14, 3284.

(12) Muraka, S. P., Interlayer Dielectrics for Seomiductor Technologies; Academic Press,
2003.

(13) Rubinsztajn, S.; Cella, J. AMO2005118682005,General Electric Company
(24) Rubinsztajn, S.; Cella, J. AlJS 70641732006,General Electric Company

(15) Brook, M. A.; Grande, J.; Ganachaud, F., NentBetic Strategies for Structured
Silicones Using B(gFs)s Silicone Polymers; Springer Berlin, 2011; Vol. 235

(16) Grande, J. B.; Thompson, D. B.; Gonzaga, FopB, M. A.,Chem. Commun2010,46,
4988.

(17) Grande, J. B.; Gonzaga, F.; Brook, M. Ba]ton Trans, 2010,39, 9369.
(18) Cella, J.; Rubinsztajn, $4acromolecules2008,41, 6965.
(19) Thompson, D. B.; Brook, M. AJ, Am. Chem. Sq&007,130, 32.

(20)  Keddie, D. J.; Grande, J. B.; Gonzaga, F.pBr&/1. A.; Dargaville, T. R.Organic
Letters 2011,13, 6006.

(22) Grande, J. B.; Fawcett, A. S.; McLaughlin J&.Gonzaga, F.; Bender, T. P.; Brook, M.
A., Polymer 2012,53, 3135.

(22) Kostjuk, S. V.; Radchenko, A. V.; GanachaudMacromolecules2007,40, 482.

(23) Chojnowski, J.; Rubinsztajn, S.; Fortuniak, Wurjata, J. Macromolecules2008,41,
7352.

(24)  Longuet, C.; Joly-Duhamel, C.; GanachaudiMag¢romol. Chem. Phy2007,208
1883.

(25) Khalimon, A. Y.; Piers, W. E.; Blackwell, J..MMichalak, D. J.; Parvez, MJ, Am.
Chem. So0¢2012,134, 9601.

(26)  Brook, M. A_, Silicon in Organic, Organomeiglland Polymer Chemistry; Wiley-VCH
Verlag, 2000.

(27)  Brinker, C. J.; Keefer, K. D.; Schaefer, D.;\Wshley, C. S.J. Non-Cryst. Solids982,
48, 47.

(28) Dickinson, E.; Ritzoulis, C.; Yamamoto, Y.;dan, H.,Colloid Surf. B1999,12, 139.
(29) Zeeb, B.; Gibis, M.; Fischer, L.; Weiss,Jl.Colloid Interface Sci.

(30) Schacht, S.; Huo, Q.; VoigtMartin, I. G.; StycG. D.; Schuth, FSciencel1996,273
768.

(32) McNair, H. M.; Miller, J. M., IBasic Gas Chromatographyohn Wiley & Sons, Inc.:
2008, p 156.

122



Ph.D. Thesis — V. Rajendra Depant of Chemistry — McMaster University

Chapter 6— Inkjet Printed Siloxane-Based Hydrophobic

Barriers on Paper for Microfluidic Assays™*

6.1 Abstract

Paper-based microfluidic devices exhibit many ativges for biological assays.
Normally, the assays are localized on certain acdagaper by hydrophobic barriers
comprised of wax or following cellulose functiormdtion by alkyl ketene dimers.
Neither hydrophobic barrier is able to constraimesmus solutions of good surfactants,
which are frequently used in biological assays. Wénonstrate that rapidly curing
silicone resins can be inkjet printed onto puréubete paper. The Piers-Rubinsztajn (PR)
reaction dominates the cure chemistry leading timlose fibers that are surface coated
with a silicone resin. The resulting barriers amdtdr able to resist penetration by
surfactant solutions and by the solvents DMF andSaM The utility of the barrier is

demonstrated using a coliform assay baseflgalactosidase detection.

6.2 Introduction

Microfluidic, paper-based analytical devidg$ AD) offer a variety of advantages
over traditional laboratory-based bioassays asa#fopm for the detection of various
analytes in qualitative or quantitative assays. Timest common paper sensor is, of
course, pH paper that informs the user of the pka @fiven solution by colorimetric
detection. Detection of various other analytes halse been developed on paper sensors,

including Fe(lll) and Au (11! glucose? infectious bacterfsand many others.

* Portions of the following chapter will be submittes Journal of Materials Chemistry: B with
the following citation: Vinodh Rajendra, Clémendea®d, John D. Brennan, Michael A. Brook,
J. Mat. Chem. B, 2014.

| was responsible for the majority of the practiaatl analytical work, plus the writing of
the ' draft of the manuscript. Dr. Sicard gave usefuiica performed a few of the experiments
(surface tension measurements and the detectigirgalactisodase biosensor) and wrote the
detection off-galactisodase section of the paper. Dr Brennae gawe useful advice and Dr.
Brook also gave useful advice and helped with eglithe document for final submission to the
above journal.
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The availability, cost effectiveness, biocompditjai and ability to move liquids
by wicking rather than external pumping has madesdéhpaper-based devices very
attractive® In addition, many of the paper-based sensors dpeelto date do not require
highly skilled technicians to operate, which is orant in countries with limited
resources.

The ability to print hydrophobic barriers on pafmrthe formation of paper-based
microfluidic devices for diagnostics has recentBceived a lot of attention. The
hydrophobic barrier is designed to localize assaysregion of the paper, or direct flow,
using capillary forces, in certain directions. Savenethodologies for forming paper-
based microfluidic and diagnostic devices have breported, including wax printing’
ink-jet printing!® laser ablatiori! and plasma treatméfamong others.

Methods such as inkjet printing and thermal pnigtiutilize hydrophobizing
agents to form hydrophobic barriers. There are amlyhandful of available agents
available to do so. The two most common materiedsveax and alkyl ketene dimers
(AKD, Figure 6.1), since they are cost-effectivetenals and can be implemented in a
number of printing techniquéd.The major limitation with both of these materiesheir
ability to withstand liquids with low surface teoss: surfactants are frequently utilized

for biological samples and assay processes for.them

0]

O\

A B

Figure 6.1:Structure of two AKD compounds, A: Pseand B: Aquapet?

We have been exploring the utility of a differenire chemistry for silicone
elastomers. The Piers-Rubinsztajn (PR) reactiolizesi a Lewis acidic boron catalyst
[B(CeFs)3] to facilitate the condensation of hydrosilanes-§RH) to alkoxysilanes (R
Si-OR’) to form new Si-O-Si bonds and an alkane rbgpct (Figure 6.2A3>*° This
chemistry is extremely rapid (seconds to minutesaim temperature) and is capable of

forming various silicone elastomers:®resins:® and other materiafS.
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Silicones have a lower surface energy than hydbores and, we reasoned, might
be better able to contain aqueous solutions, orerpgparticularly those containing
surfactants. We describe the printing of siliconecprsors (siloxanes) onto pure cellulose
(filter paper) that are rapidly converted into hgplnobic siloxane barriers (silicone
barriers), and their ability to localize aqueoukiBons. The beneficial attributes of this
approach is demonstrated using a previously regppgréper sensor for coliform detection

developed by Hossain et&l.
6.3 Experimental

Materials

Tetraethyl orthosilicate (TEOS, Aldrich), tetrakdstiethylsiloxy)silane (QM.,,
Gelest), tris(pentafluorophenyl)borane [BFS)3, 95%, Aldrich], 1,3-
dimethyltetramethoxysilane (DMTMDS) (Gelest), caiyhethylammonium bromide
(CTAB, Sigma-Aldrich), Triton X-100 (poly(ethylene glycol) p-(1,1,3,3-
tetramethylbutyl)-phenyl ether, Sigma-Aldrich), 8od dodecylsulfate (SDS, BioShop),
B-PERI direct bacterial protein extraction reagent (Podd#1861465, Thermo
Scientific), chlorophenol red (CPR, Sigma-Aldrictsppropyl$-D-thiogalactopyranoside
(IPTG, Bioshop), Whatmd! qualitative paper grade 1 and quantitative ashbegser
grade 41 paper (Whatman) were obtained from thécated suppliers and used as
received. Tryptic soy broth (TSB) media was comgdosd bacto tryptone (BD),
potassium phosphate (Caledon), dextrose (D-gluc@sa&edon), sodium chloride
(Bioshop) and peptone (BD). All alcohols used wesgent grade and used as received.

Siloxane formulations

Printable formulations were produced by first @mepg catalyst stock solutions.
B(CsFs)3 was added to TEOS (0.125 g, 0.6 mmol) or DMTMDS6(ing, 0.6 mmol) to
give stock solutions of 0.016 M (2 mg, 0.004 mnanigd 0.063 M (4 mg, 0.008 mmol),
respectively. For the P4A formulation (Table 640, mg of catalyst was dissolved in 1
mL of a 1:1 MeOH and IPA mixture. Stock solutiormiltl be kept for several hours or

days if stored under relatively dry conditions. Tpentable formulations were then
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prepared in a very specific order by first combgnithe stock solutions with the
appropriate alcohols and finally with Q! Full details for each formulation are shown
in Table 6.1.

Table 6.1: Key siloxane formulations to form silieobarriers on paper. Siloxanes and
catalyst amounts are reported in mmol and alcolaoésreported in mL.

Recipe
Reagents M1 P1 P2 P3 P4A P4B
TEOS 0.6 0.6 0.6 - - -
DMTMDS - - - 0.6 - 0.6
QmY, 0.6 0.6 0.6 0.6 - 0.6
B(CeFs)3 0.008 0.008 0.008 0.004 0.08 -
MeOH 1 0.1 0.05 0.05 0.5 0.05
IPA 0.05 0.05 0.5 0.05
Printer Method - 1P 1P 1P 2P
App® - 4 4 4 b 2°

& Printer Method = Number of printers used to forticsne barriers (e.g. P4A and P4B used
together utilizing the 2 printer methodology (2P)).

® App = number of applications or printing passes.

° P4A and P4B were printed once on each side opdlper, thus a total of 2 applications/printing
passes.

Printing hydrophobic siloxane barriers

Ink-jet printing siloxane barriers from a single printer

A Canon Pixma MP280 was used to ink-jet printghe@xane containing solutions
(P1-P3) onto Whatmal filter paper grade 1, which was cut into 8.5 xifidh pieces.
PG-210 black ink cartridges that can dispense impldts of 25 pL (picoliters), were
reconstructed in the following manner. The sponigegle the cartridge and the tank
cover slip were removed. The black ink was remoaed the cartridge was thoroughly
cleaned with water and air dried to reduce the arhoii residual water. Once dry, the
siloxane-containing solutions were loaded into ¢hetridge. The printer was controlled
by a personal computer and hollowed out circldg (the letter “O”) of 1.1 cm diameter
were constructed using Microsoft Word and weretpdronto the paper. Up to 4 printing
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passes (Table 6.1) were performed with the printimgulations to optimize the amount

of siloxane deposited on paper, and then rapidigacwith a heat gun for 10 s.

Ink-jet printing siloxane barriers from two printers

Two Canon Pixma MP280 printers were used to kbepcatalyst separate from
the other ingredients. The first printer was usegbrint only the catalyst mixture P4A,
while the second printer was used to lay the sitexmixture P4B on top of the dried
catalyst solution: cure began once the two solstionixed leading to a siloxane-based
barrier. It was not possible to use a single printéh two separate ink cartridges, as the
automatic cartridge cleaning protocol performedtly printer (which cannot be shut
down) leads first to cross contamination followaddbogging. To print two solutions on
the same page location (with proper registratiooinftwo different printers, 4 document
templates in Microsoft Word were devised: 1 tenglabs used to print the front side and
1 for the back side of the paper for each prirBerce the front and back side templates
were properly aligned, formulations P4A and P4Bpextively, were loaded into their
respective printers. P4A was first printed on hibign front and the back side of the paper
with 1 pass each. Then P4B was printed on the fodtback sides with 2 passes each
and the treated surface. Although cure was relstinapid at room temperature, greater
reproducibility in barrier formation was observetiem the samples were heated with a
heat gun for 10 s.

Wax printed hydrophobic barriers

For comparative studies with the most commonlydusgrophobic barrier, wax,
identical hollowed circles were printed on Whatnfdier paper grade 1 as previously
described?® with one pass through a Xerox Phaser 8560 wastgurand then heated at
120°C in an oven for approximately 2 min and alloweddol. In one case, the process

was repeated 4 times to load extra wax onto thermpap
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Surface tension measurements

The surface tension of the tested surfactant isolsitwere measured with Optical
Contact Angle OCA20 (Future Digital Scientific Cpnpsing the pendant drop method
with a 500 pL Hamilton syringe and a 1.65 mm needle

Testing the robustness of the hydrophobic barriers

Distilled water (DI) was utilized on its own amd solutions of 1% w/v SDS, 1%
viv Triton X-100 and 1% w/v CTAB in 75 mM phosphateiffer at pH 6.8. The
concentrations of all surfactant solutions weresemoto be well above their critical
micelle concentration$ 2> A commonly used cell lysing solution, 10% v/v BfREvas
also prepared. The B-PER concentration was chosercotrespond to standard
concentrations used for cell lysing experiment&lophenol red (CPR) was then added
to each solution as a colorimetric and fluoresaiy@ for both optical and fluorescent
imaging. Each surfactant solution (15 pL) was addéal the printed hollowed circles of
either siloxane- or wax-based barriers for compagastudies. Solvents were used as
received and were tested against the hydrophobielsaby placing 15 pL of the given
solvent into the printed hollowed circles. The codbserved for the CPR solutions are
pH sensitive and can be affected once dried, héérecebserved color variations.

Paper sensor: Detecting p-galactosidase from lysedE. coli cells within the
hydrophobic barriers

Total coliform test strips were adapted from thevpusly reported tests strips for
total coliform detectiori* Circles of 1.1 c¢cm in diameter were delimitated &yrinted
wax-based hydrophobic barrier or a siloxane-basgitdphobic barrier, using the 2
printer method explained above. A sensing zone mraged inside the circle with a
Canon Pixma MP280 printer. A layer of poly-L-argiaihydrochloride (P-Arg, 2% wi/v
in Milli-Q water) was first printed, followed by enlayer of chlorophenol ref-
galactopyranoside (9 mM in MilliQ water). In theiginal article by Hossain et &,
poly(vinylamine) (PVAmM) instead of P-Arg was utdid as a capturing agent to
concentrate the formed dye. However, due to chgdlenwith printability with
poly(vinylamine), P-Arg was used insteaH. coli ATCC 25922 cells were grown
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overnight at 37 °C in TSB media. IPTG (2 pL/mL) vemkled to the media to induce the
B-galactosidase enzymatic production. Cells weredywith B-PER® direct bacterial
protein extraction reagent following the manufaetuprotocol (9:1 ratio of cells in
suspension to B-PER). 15 pL of cell lysate was pegponto the circle test strips.

Imaging of hydrophobic barriers
Optical and fluorescent images were obtained amtOlympus BX51 microscope
fitted with a Q-imaging Retiga EXi camera and witle Image Pro-Plus software. By
utilizing a rhodamine fluorescent filter with anogation wavelength from 530-550 nm
and a long pass emission filter at 590 nm, fluease images of CPR were obtained.
Scanning electron microscopy (SEM) images werertakith a JEOL 7000f FE-
SEM after coating samples with 15 nm of gold.

6.4 Results

The chemistry used to prepare the hydrophobicaile barriers involves the
condensation of alkoxysilanes with hydrosilaneghie presence of small quantities of
B(CsFs)3 (~0.3 mol %) to produce new siloxanes and a hydbmraby-product, usually
in the form of a gas: the Piers-Rubinsztajn (PREtien (Figure 6.2A5%2® By selecting
from the wide variety of available siloxanes, itssaightforward to tune the physical
properties of the oil, foaffi or elastomé? produced, including modulus, by manipulating
the chain lengths between crosslinks.

Preliminary survey experiments demonstrated thatgble formulations required
low viscosity starting materials. In addition, iroped beneficial to create highly
reticulated silicone resins on the paper. The predestarting materials were found to be
a tetrafunctional hydrosilane QMand tetrafunctional alkoxysilane (Figure 6.2C).i8s
discussed in more detail below, when a mixturehaf three compounds is placed on
cellulose, a hydrophobic domain rapidly forms, vihis tightly anchored to the substrate.
As a starting point, siloxane ink M1 (Table 6.1high used TEOS as the alkoxysilane,
was applied dropwise to Whatman paper using a tei@etd then heat dried with a heat
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gun. This experiment demonstrated that Whatman rpagmild be completely
hydrophobized using this chemistry.

Pure siloxane mixtures cured too quickly to befad. It was necessary to dilute
the mixtures with a solvent that slowed reactiordidytion and also by sequestering the
B(CsFs)s catalyst by complexation. Any Lewis base, inclgdalcohols and water, can
reversibly complex with the borofl. These interactions serve to retard the rate oPfRe
reaction. B(GFs)s can also catalyse the reaction of SiH-containioghgounds with
phenols’™*? and, to a lesser degree, aliphatic alcohols tmfarnew silyl ether bond
(Figure 6.2B)*® Since the rate of the alcohol reaction is far siow the PR reaction
occurs within minute’ while silyl ether synthesis may take several hoorsdays
depending on the alcoldl- combinations of methanol and isopropanol cogldibed as
diluents. The final solvent mixture was chosen tamesurface tension.

A) RsSi-H + R’3Si-OR”— R3Si-O-SiR’3 + R"H
B) RsSi-H + R'OH— R3SI-OR’ + H,

\
/S'Ho - B(CgFs)s t‘SiH

Nsin g |S'H (')- ? \/ ? | (1)/ 9/
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Figure 6.2: General schemes of: A) the PR reactmform new siloxanes; B) silyl ether
synthesis of alcohols with hydrosilanes, with s as the catalyst in all of the
reactions; and C) the PR reaction with tetrafunotibprecursors.
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We chose to use a very inexpensive inkjet pritdgorepare silicone barriers on
paper. Three main issues had to be addressed wiraaléting inks for such a printer: (i)
the solution surface tension, (ii) clogging of timk cartridge, and (iii) the choice of
paper. Thermal ink-jet printers commonly use ink8hwoth low surface tension (30-40
mN/m) and viscosities (1-5 cP4*

Inks formulated from QN and TEOS in methanol (P1, Table 6.1) initially had
too low a surface tension for consistent printimdpich led to dripping issues. A wide
range of formulations were screened and a 50:5Gamet:propanol ratio was found to
allow for P2 (Table 6.1) to be printed without ghipg while retaining its reactivity on
paper.

For certain combinations of paper and surfactahttions, the barrier created by
QM", and TEOS was not sufficiently robust and a moréectif’e hydrophobic
formulation had to be prepared. Attempts to usepotar low molecular weight silicone
hydrides or alkoxy-terminated poly(dimethylsiloxangPDMS) proved to be
unsuccessful. Larger molecular weight siliconeseaased the viscosity of the solution,
which was not desirable with respect to printajilNlore effective was a combination of
the low molecular weight siloxanes OM(the hydrosilane), and DMTMDS (P3, Table
6.1, Figure 6.2C). It was possible to use lessystavith this formulation (2 mg), which
also helped reduce the incidence of the ink caygriclogging (see next section).

The desired reaction between alkoxy- and hydmesgaoccurred slowly after the
addition of the B(@Fs)s catalyst to the methanolic solution. As a consaqagthere was
a limited ‘pot life’. More problematic was cure thtaok place at the nozzle, which led to
clogging, a problem that was greatly mitigated fmyniediately washing and storing the
cartridge in isopropanol after use. To completelgi@ the clogging issue, two separate
inks were prepared (P4A and P4B, Table 6.1, FiG2€) that could be printed from two
separate printers and ink cartridges. While in @pile keeping these inks as separate
‘colors’ should remove the need for 2 printers, thgomatic cleaning routine of the
printer still led to cross contamination and cloggi The use of two printers obviated
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problems with pot life and printer clogging and leda highly reproducible printing
protocol.

The final parameter that needed to be optimizesl tha nature of the paper to be
printed, for which the ink needed to be tuned. Ruintterplays were observed between
paper characteristics and printability. For exampkng a pipette to drop the dilute ink
M1 (Table 6.1) onto Whatman filter paper grade dad briefly heating it, led to a
silicone barrier that could resist water penetrafimote that small amounts of gas may be
observed during heating — this is evidence of akialease during the PR reaction). By
contrast, under the same conditions on Whatmaer fdaper grade 1 a barrier was not
achieved. The most notable difference betweenvilee\WWhatman papers is the pore size
of the cellulosic network: 11 pm and 20 pum for Whah #1 and Whatman #41,
respectively. The larger surface area on Whatmarpafder required more siloxanes
delivered from a more concentrated ink (P1-P3 @k Bdd P4B, Table 6.1). The resulting
printed barriers were quite resilient: crumplingtioé modified paper appeared to have no
discernible difference in the ability of the hydhmbic siloxane barriers to withstand
water, even after several washings of hexanes.

As noted above, alcohols and water are paragiigants for hydrosilanes in the
presence of B(§Fs)s. Inconsistency in performance of the inks couldtigbuted to days
on which the humidity in the atmosphere (>75% redéahumidity), and therefore water in
the paper, was high. Inconsistency due to sidetioesc between hydrosilanes and
alcohol/water could be avoided by keeping the regand boron catalyst relatively dry
(stored as stock solutions under a nitrogen blarded by pre-drying out the Whatman
#1 paper in an oven at 10Q for several minutes immediately before printiSgch pre-

treatment was not necessary in drier weather pe(egd., Canadian winter).

Testing barrier robustness to surfactant solutions

After formulations of the siloxane “inks” were lbed into clean and dry ‘black
ink’ cartridges, hollowed circles were printed orh@¥man #1 paper. Distilled water was
initially utilized to test the robustness of thdfelient silicone barriers formed from the

various siloxane inks. Consistent barriers afterifiting passes to contain water could
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not always be formed using the P1 formulation (€abll), due to the low surface tension
issues mentioned earlier. Inks P2 and P3 also nedjait least 4 printing passes to fully
hydrophobize the paper, that is, to prevent wétdnl) placed in the centre of the circle
from penetrating through or under the barrier. ifs P4A and P4B, two printers were
utilized to create the silicone barriers. P4A (bettamixture) was first printed once on
each side of the Whatman paper, with a subsequenrting of P4B (siloxane mixture)
once on each side of the paper using a separatempiVith a total of 4 printing passes (2
for each ink), barriers that would contain watereviermed.

Afterwards, a comparative study between wax pdinbarriers and the inkjet
printed silicone barriers were done using surfdctaolutions. Standard surfactant
solutions representing different classes of molexwere prepared from anionic (SDS),
non-ionic (Triton X-100) and cationic (CTAB) surtaats, respectively. In addition, B-
PER, which is commonly used for cell lySigthe exact composition is a trade secret of
Thermo Scientific), was investigated: the abilibyretain cell lysates in a defined area of
the paper would validate its use for paper-basedbfical analysis. Neither silicone
barriers formed from P2 (data not shown), nor thexwased barriers (Figure 6.3A),
could resist breach by any of the surfactant smhstiover time. Note that a surfactant
solution could breach a barrier derived from 4 safgsapplications of wax (Figure 6.3B).
By contrast, robust barriers could be preparedgudiprinting passes with ink P3. When
surfactant solutions (1pL) were added by drops into the circles (Figure3.B) there
was no breaching of the hydrophobic barrier. Howewbe surfactant solutions
penetrated further on the bottom side, which amakas a lightly colored corona on the
printed side of the paper. This indicates that dlemholic siloxane solution that was
always printed on the ‘top’ side of the paper shikgtnot penetrate the paper evenly. The
cross-sectional image likely has a rhombus-likgoshgimilar to that reported by Shen et

al *® rather than a rectangular shape (Figure 6.4).
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10% B-PER 1% SDS 1% Triton 1% CTAB

g be i1

5

A

Figure 6.3: Wax based hollow circles stained witRRCsurfactant solutions from the
printed side (A). 4 wax layers were breached by dame solutions (B). P3 printed
hollowed circles on Whatman #1 paper with CPR suafat solutions on the printed side
(C) and back side (D). Scale bars =5 mm.

Printed Side

Surfactant or Siloxane Surfactant or Siloxane

Solvent Modified Solvent Modified

A B

Figure 6.4: Cross-sectional representation of Whatml paper with a surfactant
solution/solvent contained by a silicone barrieatths rectangular (A) or rhombus (B)
shaped. The dotted line in B represents the trifargalice that appears as a light corona
from the printed side.

Analogous silicone barriers could be printed ugngrinters: one with a cartridge
containing the catalyst and the other a mixturthefhydro- and alkoxy-silanes. Although
the initial setup is slightly more complicated, tweo printer method is preferred: both
mixing and chemistry occur directly on the papeinc® formulations P4A and P4B

(Table 6.1) do not react over time, they can beestdor much longer time periods than
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the mixture P3. Using this protocol, both sideshef paper were printed (once on each
side for each ink formulation). The two ink formtiten approach avoided the clogging of
ink cartridges and led to consistent to siliconeribes. It also permitted printing full
pages of hollowed out circles as shown in FigusA6within a relatively short time
frame (~2-3 mins). Of course, slightly more compssicone barrier shapes could be
printed such as the one shown in Figure 6.5B, wiemhtains 2 mm wide unmodified
cellulose channels loaded with the 10% B-PER smiudarker region). The robustness
of the barriers derived from P4A and P4B was dermnatex] with the different surfactant
solutions (Figure 6.5C, D). In no case was thei®abreached and unlike those described
with P3 using the one printer method, they appearefbrm on both sides of the paper:
no corona was observed by eye.

A B

Figure 6.5: P4A and P4B silicone barriers using thprinter method in the form of A: 90

hollowed circles, B: rectangular blocks with unmfeeti paper channels loaded with a
10% B-PER solution (darker region). Images of ommtpd side (C) and the other

printed side (D) of the hollowed circles with the#dad surfactant solutions. Scale bars =
2cm (A), 1 cm (B) and 5 mm (C, D).
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The wax-based barriers and the silicone barrienmwdéd with both P3 (1 printer
method) and P4A/P4B (2 printer method) were alqmegd to several solvents to discern
any differences in their barrier properties. Like surfactant solutions, 15 pL of a given
solvent was added to the hollowed circles. Neither siloxane nor wax-based barriers
were capable of containing alcohol-based solvemsti{anol, ethanol) or nonpolar
solvents such as toluene or hexanes (Table 6.2\eker, the silicone barriers were
capable of containing both DMSO and DMF while thexviearriers could not. DMSO has
a surface tension value of 42.92 mN/m while DMF hagalue of 35.74 mN/r¥. 1,4-
Dioxane was just above the limit that the silicop@riers could contain; only the
P4A/P4B silicone barriers could contain this sotvétowever, after several seconds of
adding dioxane, it would slowly creep into the PBRAB barrier, but would not breach it:
there was no breaching even after addition of arsd5 pL of solvent.

Table 6.2: Solvents tested against wax and siloxesed barriers (P3 and P4A/P4B) to

determine if they are contained (Y), not contaiflor partially contained (P) Surface
tension values are reported at Z5°"

Solvent wax  Silicone Surface Tension (mN/m)
barrier

Hexanes N N 17.89
Isopropanol N N 20.93
Ethanol N N 21.97
Methanol N N 22.07
Acetone N N 22.72
Tetrahydrofuran N N 26.40
Toluene N N 29.46
Dioxane N P 32.75
Dimethylformamide N Y 35.74
Dimethyl sulfoxide N Y 42.94
Water Y Y 71.99

2 The P3 silicone barriers could not contain theesat, whereas the P4A/P4B derived ones could
with some solvent penetrating into the barrier.
The wax and silicone barriers were characterizedgua variety of techniques.

Fluorescent images after exposure to either B-PERDS chlorophenol red dye solutions

are shown in Figure 6.6. A B-PER/CPR surfactanutsmh was added to the wax
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hollowed circles and was able to breach it (blaok)l by creeping along the cellulose
fibers (Figure 6.6B). Surfactant migration may lssariated with wax dissolution once
the surfactants come in contact in with the basriesther than a consequence of exposed
fibers that were not sufficiently coated with w8y contrast, the surfactant solution was
shown to be well contained within the P3 silicoragriers when imaged on the printed
side of the paper (Figure 6.6C). Figure 6.6C alsows a corona that is ~200-400 pum
thick, which contains a lower concentration of Cgarker region) compared to the rest
of the surfactant treated area. The back side ef paper appears to show a thick
interlayer (Figure 6.6D) that corresponds to theoa seen by eye on the printed side of
the paper. This further suggests that the crossesat modification has a rhombus-like
shape® In other words, the surfactant actually does neneprate the hydrophobic
siloxane barrier: the observed corona is the CPRappearing from the backside of the
paper as depicted by the dashed triangular slic€igure 6.4B. The more resilient
silicone barriers provided by the P4A/P4B inks eamtd the CPR surfactant solutions,
but do not have an observable corona on eitheteatiside of paper. Printing both sides
ensures the siloxane ink doesn’t have to wick tghothe entire thickness of the paper.
Unsurprisingly, a much smaller corona was obsemeceither side (Figure 6.6E, F),
which probably results from slight printing misadigents, gradients in hydrophobization,
etc. Thus, the cross-sectional silicone resin nicattibn of paper with printing on both
sides more closely resembles a rectangular shdpeh e shown in Figure 6.4A.
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F

Figure 6.6: Fluorescent images of a 10% B-PER @)-and 1% SDS solution (E,F) with
a CPR dye added to the wax (A,B), P3- (C,D) and/P4B-s (E,F), respectively. Image
C shows the printed side and D shows the backdideeoWhatman #1 paper, while E
and F show both printed sides of the paper. Arringicate the observed corona that
corresponds to the thick interlayer on the backsitithe paper. Scale bars = 500 um (A,
C —F) and 200 um (B).
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Figure 6.7: SEM images of Whatman #1 paper thatnisiodified (A, B), wax modified
(C, D) and siloxane-modified with P3 (E, F).

The hydrophobization of paper typically involvesating a hydrophobic layer on
the paper surface by chemical modification, physiegosition or physical blocking of
the paper pores.Wax physically deposits on the cellulose fiberthwiit blocking pores
and can be compared to unmodified Whatman #1 p@pgure 6.7A-D). Only at high
magnifications can the physical deposition of waxnwoticed — discrete fibrils can’'t be
seen. Superficially, the silicone barriers on thiedifvthan #1 paper appear to be similar to
those of wax, as the pores of the paper are noplatety blocked. However, at high
magnifications modification of the individual cdlhse fibers can be seen as shown by the
‘blurring’ of striations arising from fibrils (Fige 6.7B vs. F). Thus, it appears that the
crosslinked hydrophobic siloxane cures around #lelose fibers
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When hydrosilane, alkoxysilane, cellulose and 4Bz are all in contact on the
paper surface, where the alcohol concentratiolmmsparatively high both from cellulose
and the solvent (MeOH + IPA Table 6.1), competitngactions occur between the
hydrosilane and either the alkoxysilane or the lab¢sr the partition between the reaction
pathways is unknown. Based on reaction rates iatisol, it is expected that chemical
anchoring of the silicone resin to the paper vigl gther formations (in analogy with
direct binding found with AKD) is less likely thaan layer of silicone resin coating the

exposed fibers during a PR reaction (Figure 6.88) <
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Figure 6.8: Potential chemical modification of eagtise fibers (A) and the cross-sectional
diagram of siloxane modified cellulose fibers (B).

The ability of the siloxane barrier to containfagtant solutions with low surface
tension values was surprising: surface tensionegiuvere 31.3 = 0.2 mN/m, 36.6 + 0.2,
31.4 £ 0.2, 35.5 £ 0.2 and for B-PER, SDS, Trito1100, CTAB and respectively. With
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the tested solvents, DMF and DMSO were also coathwithin the siloxane barriers but
1,4-dioxane, which has a surface tension value 273 mN/m was only partially
contained. This value is larger than some of th&ained surfactant solutions, thus, the
ability of a barrier to contain a solvent or sutéatt solution is not exclusively reliant on
its surface tension. It is clear that wax cannottam these surfactants, and AKD (Figure
6.1) is reported only to withstand liquids with fawe tensions >35 mN/M.Thus, these

siloxane inks form more robust hydrophobic barrteen either wax or AKD.

Applications of printed silicone barriers for diagnostics

Hossain et al. previously reported a paper-basstsos for total coliform
detectior* The sensor relied on the colorimetric detectiora @ommonly used marker
for total coliform, the intracellular enzynfegalactosidase. The test strips contained a
yellow substrate, chlorophenol rdigalactopyranoside, which in the presencepof
galactosidase, was hydrolyzed into a red-magerddugt, chlorophenol red. The color
change from yellow to red-magenta was thus indieatif the presence @tgalactosidase
and, therefore, of coliform. A chemical lysing st@ps performed prior to the assay to
release the enzyme, #isgalactosidase is an intracellular enzyme. Thedysamples
were, then, assayed via a lateral flow (LF) format.

As part of optimization studies, the strip deswas modified to replace the LF
format by a direct drop format. Additionally, a pile color change was observed instead
of red-magenta for the presencepefalactosidase, which could have been the result of
using of P-Arg instead of PVAm as the capturing rmgéVhen the circles were
delimitated by a wax barrier, the sample leachedide of the sensing zone, rendering
the results hard to analyze and quantify (Figu8Ap. The P4A/P4B silicone barriers,
when using in lieu of wax, allowed the containmeinthe assay in a well-defined zone on
the paper and did not interfere with the assay. ddlelysate did not leach outside of the
circle and an intense color change was readily robsge (Figure 6.9B and C)
demonstrating the potential of such a barrier toubkzed for a biologically relevant

assay.
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Q@ @ ©

Figure 6.9: Inkjet printed P-Arg and CPRgalactopyranoside solutions (yellow) within
wax barriers (A) and P4A/P4B-barrier (B, C) withetladdition of lysed. Colicells in a
10% B-PER solution (purple) for total coliform detien. Image C shows the back side of
the printed sensor. Scale bars = 1 cm.

Siloxane barriers offer advantages over conveatibarriers derived from wax or
alkyl ketene dimers in challenging assays on papased microfluidic devices.
Localization of the assays into specific locatiogsmportant both because migration
leads to dilution of colors needed for assay deualent and, in the worst case, will lead
to mixing of adjacent spots. The silicone barriare able to resist migration of the
surfactants commonly found in biological assaysn@é or complicated hydrophobic

patterns can be readily printed using an inexpensikjet printer.

6.5 Conclusions

Siloxane-based hydrophobizing agents are readiyjat printed onto Whatman
paper for use in paper-based diagnostics and ruat@f devices: the paper typically
does not require any pre-treatment before prinbngost-treatment after the silicone
resins have cured. The best reaction found invotiiedPR condensation of Qlyi(the
hydrosilane) with DMTMDS catalyzed by B{k)s using either the 1 printer or the
preferred 2 printer methodology. The silicone leas; unlike wax or AKD hydrophobic
layers, were able to withstand low surface tensiariactant solutions (10% B-PER, 1%
SDS, 1% Triton X-100, 1% CTAB), which can have \edwas low as 31.3 mN/m (B-
PER). The barriers were also capable of contaismigents such as DMSO and DMF.
SEM images of the unmodified and modified papergssgthe silicone resin is able to
encase cellulose fibers, although direct graftmgedllulose alcohols cannot be eliminated
as a mechanism. The detection and containmeffitgzflactosidase from lyse. coli
cells in a B-PER surfactant solution demonstrabes utility of this protocol. Both the
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silicone barriers and the biosensor utilized irs teiudy demonstrated that a low cost
inkjet printer can be utilized to form both robbstrriers and a colorimetric biosensor for

surfactant based mixtures.
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Chapter 7 — Summary

This thesis has demonstrated the formation ofasikcelastomers and silica-based
colloids, films and foams by controlling a varietyinterfaces. The chemistry utilized to
form these different materials varied from convendil basic catalysis of siloxane bonds
(Chapters 2-4) to the relatively recent Piers-Rsitigjn (PR) reaction (Chapters 5, 6).
These investigations have led to new methods to ®licone/silica based materials that
were either unknown or not considered possibleipusly. Additionally, the materials
prepared could be exploited in a number of differ@pplications, as the processes for
their preparation is either simplified, comparedetdsting methods or leads to more
robust materials than what is currently available.

The beginning of the thesis described the formatbrsilicone elastomers with
hydrophilic PEG structured within the elastomerthwut the need to covalently link the
two phases. These elastomers were formed usinglititely basic AT-PDMS catalyst,
thus avoiding the use of highly toxic tin and piaitn based catalysts. By varying the
different parameters of the elastomer, surfacehnags, homogeneity of cure, location of
catalyst, different internal structures of PEG doalso be realized. The hydrophilic PEG
structures were controllably localized at the airface interface and could form isolated
droplets, interconnected channels and even be hemeogsly distributed throughout the
upper interface of the elastomer. The surface roegh of the elastomers formed could
also be varied from several hundreds of nanomeétetrsns of microns as judged by the
root mean square roughness valueg.(R

This directly led into the third chapter, which disses the formation of silica
particles within a silicone pre-elastomer matribs Binted in the second chapter, silica is
formed during the formation of the silicone elaseopparticularly near the air-surface
interface as water ingress from the atmosphererscat this location first to allow
hydrolysis and the condensation of TEOS to forntail Silica particles are commonly
formed within alcoholic-agueous mixtures using gel- methodology. However, the
formation of narrowly dispersed, micron sized, cailiparticles within a hydrophobic
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matrix is highly unusual. Although no liquid wateas required, the atmospheric water
content was important for controlling both the mes of particle formation and particle
size. The key for particle stabilization during sysis was the catalyst, which also acted
as a surfactant to stabilize the particle chargeenEthough silica particles form
negatively charged silanolate groups on the surfadech would normally not be
colloidally stable outside of a polar, protic madiuwith the correct surfactant narrowly
dispersed silica particles could be formed withimydrophobic medium.

Chapter 4 discussed forming silica particles witdrying morphologies within a
hydrophobic silicone medium. Unlike the solid sliparticles formed in chapter 3, the
macroporous and hollow silica particles formedhater 4 required the hydrophilic PEG
phase in order to form. The solubilities of the ibasatalysts used (benzylamine and
dodecylamine, respectively) in the PEG phase détexhthe morphology of the resulting
silica particles. Benzylamine readily solubilizedthin the PEG phase, thus catalyzing
silica formation directly within the PEG dropleBue to spinodal decomposition, both
the silica and PEG phase separate to yield a mawog silica particle. Conversely,
dodecylamine did not solubilize readily in eithdrage, and was localized at the PEG-
silicone interface. As a result, catalysis of siliormation took place around the silica
droplet leading to the formation hollow particl&8hen utilizing these particles for drug
release, it was discovered that the particles waveporous to inhibit the release small
molecules and proteins such as fluorescein and H8Avever larger drug surrogates
such as metal nanoparticles could potentially beased in a controlled manner from
these silica particles.

In chapter 5, the Piers-Rubinsztajn reaction waslus form hydrophobic siloxane
films with varying morphologies from surfactantdrailoxane-in-water emulsions. The
silicone-in-water emulsions were first introduced ®anachaud et af as a medium in
which to form various polymers. It is believed thhe emulsions are stabilized by
negatively charged boron-water adducts that preserthe siloxane-water interface.
Without the boron catalyst, phase separation ofstlexanes and water occurs. Catalyst

concentrations also affected emulsion stability.wideer, these emulsion behaved
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differently compared to organic surfactant-stabiiz emulsions, as a specific
concentration of catalyst gave the most stable siong: higher or lower concentrations
resulted in lower stability. The different film npdrologies that could be formed from
these structures included foamed, monolithic anehgvarticulate films. Aging a given

mixture over several days enabled these differemphologies to form. In addition, the

catalyst concentration could affect the morpholegad the films produced. Higher

catalyst concentrations resulted in films of aneégbparticles that rapidly formed. The
particulate-based films were of greatest interestapplications in gas chromatography
because of their high surface area. Preliminaryeergents with glass capillary tubes
demonstrated that these hydrophobic particulatesfilcould be incorporated into

capillary-based columns.

Finally, chapter 6 discusses ink-jet printing hyahrobic siloxane barriers onto paper
for paper-based microfluidics and diagnostics. $tate-of-the-art wax and alkyl ketene
dimer (AKD) hydrophobic barriers, which are printedto paper, are unable to contain
most surfactant based solutions and there is aiggoneed to be able to pattern more
robust barriers onto paper for more complex ansfy/fhus, the use of rapidly curing
hydrophobic siloxane barriers, via the PR reactappeared to be a potential method to
form more robust barriers on paper. A low concdiumnaof alcohol was added to a
tetrafunctional hydrosilane and alkoxysilane migtuthat also contained the boron
catalyst, which was then loaded into the blackdakridge of the ink-jet printer utilized.
Hollowed circles were then printed on the papengisip to 4 passes of ink that was
rapidly cured with a heat gun to drive off the imtory alcohols. Coupling of the
hydrosilane and alkoxysilane then occurred to farrosslinked hydrophobic siloxane
resin around the cellulose fibers. Although theribes produced were effective, this
specific printing methodology led a great deal lwigging of the cartridge nozzles: the
active alcoholic solutions would dry/cure and ctbg ink cartridge. This problem could
be avoided by separating the mixture into two déifet ink cartridges and printers. Using
the approach, the chemistry occurred directly anphper, eliminating the clogging of

the cartridges. The robustness of the siliconedrarproduced was compared to the wax
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barriers by testing them against various aqueouscant solutions and solvents. All
surfactant solutions and both DMSO and DMF solvemsre contained by the
hydrophobic silicone barriers, whereas wax barrieogsild not contain any of the
surfactant solutions or the tested solvents. Thtase tension values measured for the
surfactant solutions were also lower than the regosurface tension limit of the AKD
barriers. To demonstrate the utility of the basjea paper-based sensor for coliform
detection was adapted from Zakir ef @nd printed within both the wax barriers and the
silicone barriers. A surfactant solution was reedifor the paper sensor and was only
contained within the silicone barriers.

The importance of interfaces in controlling matem@rphology cannot be overstated.
Nature demonstrates this concept best in organsmed as diatoms, sponges, and
radiolarians, which produce extravagant silicacitmes® In this thesis, | have used a
variety of control elements: catalyst type, reattiype, substrate type and reaction
conditions; to control interfaces between polarsstates including water, silica, PEG and
paper, and a variety of mobile, lightly crosslinked highly crosslinked silicones. The
methods and materials are broadly applicable argdanticipated that these technologies

will be adopted in future to make devices.
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