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Abstract

Silicone polymers, particularly PDMS (poly(dimethylsiloxane)) exhibit a wide range of
exceptional properties including optical transparency, biostability, hydrophobicity and
excellent oxygen transmissibility that make them extremely useful in a wide range of
applications, particularly as biomaterials. Current methods for the preparation of silicone
elastomers have been well documented, however, silicone elastomers are thermoset
materials and once cured, they cannot be reformed without chemical intervention. The
properties of silicones that make them a popular material choice in a wide variety of
industries also make them un-responsive and non-reusable often limiting their application
to one primary purpose.

This thesis aims to further understand the mechanisms of silicone polymer chain
interactions and how the chemistry of polymer modification can alter the mechanical and
chemical properties of materials. The effects of distinctive functional groups (coumarin)
on silicone chains to allow for both the formation of thermoplastic silicone elastomers
and stimuli-responsive elastomers for reversible crosslinking are explored.

A companion study examined a different way to form silicone elastomers. The Piers-
Rubinsztajn reaction was used to create elastomers and foams rapidly and under relatively
mild conditions using very small quantities of the catalyst B(C¢Fs);. The factors required
to create — on demand — a foam or an elastomer, and the strategies to control physical
properties, including bubble density and modulus, are explored.

Silicone foams that were structured in a completely different way are described. Allyl-
modified PEG (poly(ethylene glycol)) was found to structure foam mixtures precure. The
product foam after cure was amphiphilic, due to the presence of both silicone and PEG
constituents. The origins of bubble stabilization and the ability to control foam properties
are described.
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CHAPTER 1: Introduction

1.1 Silicone Polymers

Although the history of silicone polymers is relatively short in comparison to its carbon-
based analogues, the sheer magnitude of its current production and uses indicates how
truly unique and valuable the materials are. Silicones were discovered in the early 1900’s
by Fredrick S. Kipping, who coined the term silicone for compounds of molecular
formula RR’Si0, which he thought at the time were similar in structure to analogous
carbon-based ketones."*> A cheaper, more efficient method for manufacturing silicones
was developed in the early 1940’s,” which initiated the commercial production of
silicones, today several billion kilograms are produced each year." The silicon-oxygen
backbone (Figure 1.1) provides the unique properties of silicone polymers that make them
so attractive for so many industries: electrical resistance, optical clarity, flexibility,
stability over a wide range of temperatures (-100 — 250 °C because of the low T, of -127
°C), oxygen transmissibility, and stability to oxidation in chemical or biological
environments.” There are several processes available for synthesizing and crosslinking
silicone polymers.

| l, [l N\, |
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Figure 1.1. Poly(dimethylsiloxane) structure
1.1.1 Silicone synthesis

The starting material for silicone polymers is typically dimethyldichlorosilane, which
hydrolyzes in the presence of water to give silanols that can dimerize to give a disiloxane.
This procedure repeats to give cyclic oligomers such as D4 (octamethylcyclotetrasiloxane)
shown in Figure 1.2.
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Figure 1.2. Typical cyclic oligomer precursor formation for linear silicone polymers

Longer silicone polymer chains can be synthesized from the cyclic precursors through an
acid/base equilibrium reaction (Figure 1.3). Dimethylsilicone polymers exhibit low
surface activity because of two structural properties: the flexible Si-O-Si backbone and
the hydrophobic methyl groups.', When combined with the flexible Si-O-Si backbone the
hydrophobic methyl groups can preferentially orientate at interfaces, promoting easy
spreading of silicones across surfaces.
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Figure 1.3. Typical industrial synthesis of silicone polymers’
1.1.2 Controlled silicone architecture

Over the last decade, new methods for silicone polymer synthesis have been developed
utilizing the dehydrocarbonative condensation of alkoxysilanes and hydrosilanes with a
catalytic amount of trispentafluorophenylborane — the Piers-Rubinsztajn reaction — to
rapidly form controlled complex 3D structures (Figure 1.3).”' The mechanism forms
gaseous alkane byproducts while forming new Si-O bonds, and is thought to involve
complexation of the Lewis acidic boron with the hydrosilane (Figure 1.3). Addition of the
alkoxysilane produces the key intermediate for both the desired reaction products (b) and
the metathesis product to form (c).”
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Figure 1.4. Mechanism for Piers-Rubinsztajn reaction’

The reaction has been used to create small functional molecules, as the reaction is tolerant
to functional groups like halides and allyl or vinyl groups (with low catalyst loadings).’
This allows molecules or polymers to be formed that contain reactive functional groups,
which can undergo further chemistry after the Piers-Rubinsztajn reaction is complete.

1.1.3 Silicones as Ophthalmic Biomaterials

In ophthalmology, one important goal is to create devices that allow for the correct
dosage of pharmaceutical drug to reach the required tissue without causing any damage to
healthy tissues. In order for a material to be considered biocompatible it must fulfill the
following requirements: no inflammatory, toxic, or allergic response, no protein
denaturation, no immunological response, no carcinogenic effect, and no tissue damage.'’

Silicones have an extensive history as ophthalmic biomaterials and, for example, have
been used for contact lenses since 1966.'> The properties that make silicones such
excellent ophthalmic materials are their optical transparency, oxygen transmissibility,
flexibility, low toxicity, thermal and oxidative stability, and moldability. There are a few
problems with using solely silicone elastomers for anterior ophthalmic applications, for
example, as contact lenses. In particular, the hydrophobic nature of the silicone surface
causes the lens to not sit on the hydrophilic tear film but adhere directly to the cornea,
which results in damage to the eye."> Modification of these silicone lenses was necessary
in order to create a safe and successful material.

Besides improving impaired vision at the anterior segment of the eye, silicones have the
potential to also help in restoring or preventing loss of vision in the posterior segment (the
structure of the eye can be found in Figure 1.5A). Posterior disorders range from
degenerative diseases such as age-related macular degeneration (AMD) and diabetic
retinopathy to infections and traumas. AMD is the leading cause of irreversible blindness
in the developed world for people 50 years of age or older.'* The macula is responsible
for central high-resolution visual acuity and is a part of the retina, it allows for individuals
3
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to read and recognize faces. Over time, the degradation of the internal acellular matrix
can cause the formation of focal deposits, called drusen. When the concentration of
drusen in the eye is very high damage to the retinal pigment epithelium can occur which
in turn can cause retinal atrophy and lead to choroidal neovascularization, and loss of
vision."* Diabetic retinopathy (DR) is the leading cause of reversible blindness among
adults in the United States, with over 20 million having diabetes and 50 million having
prediabetes (this number is expected to double over the next 20 years). Almost all patients
that have diabetes will have some form of DR, these staggering numbers and cost of
healthcare leads to a drain on the national healthcare system."” Like AMD, diabetic
retinopathy causes vision loss through vitreoretinal neovascularization; in this case from
the release of growth factors because of retinal ischemia.

Standard treatment for DR includes retinal laser photocoagulation (very invasive, with
adverse effects) in order to reduce the amount of neovascularization.'” For both DR and
AMD vascular endothelial growth factor (VEGF) is responsible for the loss of vision and
promotion of blood vessel formation. By inhibiting VEGF vision loss can be slowed and
the diseases managed. Bevacizumab or Avastin® is the current leading VEGF inhibitor
that is injected into the vitreous humor to get to the retina.'® Many drugs cannot make it
through the blood-retinal and blood-aqueous barriers and therefore need to be injected
intravitreally: eye drop formulations do not work with this drug. Aside from the
unpleasant aspects of administration using a needle in the eye, the main disadvantage to
intravitreal injections is the rapid clearance of the drug from the vitreous humor causing
the available concentration to fall below therapeutic levels too quickly (drug dependent,
the loss can be over a few days, Figure 1.5C), in addition to the risk of infection from
repeated injections and patient compliance.'” Several polymeric drug delivery
mechanisms have been proposed to overcome the drawbacks of intravitreal injection.

In order to design materials and methods for drug delivery that are superior to intravitreal
injections, not only does the rate and concentration of drug released need to be controlled
but patient comfort and compliance need to be considered. Current devices release drug at
a set rate over time either via biodegradation or diffusion, without the opportunity to
change the release rate to coincide with patient requirements:'®** current methods for
ocular drug delivery are shown in Figure 1.5B. There are several device designs that can
be used to deliver controlled release of drug including: particulate systems and
implantable solid release materials; these are subdivided into two categories:
biodegradable and non-biodegradeable.”’ Particulate systems are advantageous due to
their microscopic size, which allows for easy implantation into the vitreous body. The
main disadvantage with these systems is extended release and ensuring the drug that is
released goes to the retina where it is needed. The microparticules or capsules can float

4



Ph.D. Thesis — A.S. Fawcett; McMaster University — Department of Chemistry

freely in the vitreous space and therefore, there can be non-uniform drug delivery.'’

Solid substrate drug delivery devices can overcome the drawbacks of particulate systems
because the rate of drug release can be extended and the device can be strategically
placed where it will remain in place for the duration of treatment. Biodegradable implants
have the advantage of not needing to be removed from the eye after drug release and the
rate of release is fairly controlled with the rate of degradation; however, the materials
tend to usually only last for a few weeks to months and have a final uncontrolled burst of
drug release. Non-biodegradable materials have a controlled release duration of 1 to ~3
years; however, the device requires surgical intervention to remove the device after the
drug has been depleted. With these “one-time” implantation devices there is improved
patient comfort and compliance.?’
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Figure 1.5. A: Structure of the eye.”” B: Methods of ocular drug delivery.” C: Release
profile for intravitreal injections

There are currently non-biodegradable materials on the market such as Retisert®,
Vitrasert® and Iluvien®. Retisert® and Vitrasert® both are implanted surgically and
require surgical explantation: both materials have had reported problems with either
cataract formation or retinal detachment. [luvien® can be inserted through a one-time
injection due to its very small size, and is designed to deliver a specific daily dosage for
2-3 years after injection. The main disadvantages to the current drug delivery processes
(besides their methods of implantation and explantation, are the rate of drug release.
There is no process in place to change the concentration of drug delivered. It would be
more beneficial to the patient and their disease management if there were a way to
5
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control the rate of drug delivery on a medium timescale through a non-invasive method,
while still having a long-term delivery device implanted through injection.

In order to design a more efficient and compatible ophthalmic drug delivery device the
advantages and disadvantages of current systems can be examined to determine the best
route to an optimal material. For example, a material that can be easily injected would be
ideal, with the ability to externally control the rate of drug delivery, and easily remove the
device after delivery is complete. Silicones provide an opportunity to create such
materials and have also been used in the posterior segment of the eye for scleral buckles
and vitreous substitutes, their flexibility and hydrophobicity could prove to be useful
properties for the development of a non-biodegradable implant.

Creating materials from which drugs can be released non-invasively at a controlled rate
over extended periods of time, with an option for altering the therapeutic range “on-
demand” to coincide with patient needs, would overcome the short-comings of
intravitreal injections. One method for “on-demand” drug release that would be non-
invasive would be through the use of an external stimulus. Creating a material that would
respond to a non-invasive stimuli for initiating drug release could be an effective way of
ensuring patient compliance and efficient drug delivery, while minimizing side effects
which exist with current drug delivery devices.

Previous work on stimulus-responsive materials for ophthalmic drug delivery has been
done with a variety of stimuli such as ion-, pH-, and temperature-responsive polymers.
Temperature-sensitive polymers that gel in situ are probably the most studied class of
materials due to their ease of insertion into the eye. They can be injected as a liquid, and
will gel into a solid at room temperature because of the lower critical solution temperature
(LCST) of the polymer, for example poly(N-Isopropylacrylamide) (PNIPAAm), which
has an LCST of 32 °C.** One disadvantage to these systems in regards to the properties
outlined, compared to ideal ophthalmic drug delivery materials, is the inability to alter or
change the amount of drug delivered “on-demand”. The drug would be encapsulated
during gelling and diffuse out at a controlled rate.

Recently, photoresponsive magnetic nanoparticles have been developed using coumarin
as a two-photon phototrigger for targeted drug delivery of an anticancer drug.”> The
ability to perform two photon experiments to initiate controlled drug delivery would be
ideal in the ophthalmic environment. In this way, light of the visible wavelength can pass
through the cornea, without damaging it, and combine with another wavelength of visible
light of the same wavelength and intensity to initiate a coumarin response and induce a
specific concentration of drug to be released.”*>*
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The development of a light-activated delivery device that can change its internal structure
to allow release would require the use of a flexible and biocompatible polymer. The
properties of silicones make them an excellent candidate to create such delivery materials.
Altering the structure of the silicone polymers with functional groups offers possibilities
for change in both properties and how the polymers will behave when inserted into an
ophthalmic environment. Specifically, the incorporation of photoresponsive groups onto
the silicone backbone could allow for the formation of novel drug delivery materials that
would not only overcome the issues with intravitreal injections, but would surpass
problems associated with current drug delivery materials.

1.2 Functional Silicones

Silicones are extremely susceptible to rearrangement in the presence of acid or base and it
is this susceptibility that allows for formation of larger functional polymer chains. When
functional silicone end groups are combined with the cyclic oligomers and acid/base
catalyst, the reaction proceeds in an equilibrium between cyclic and linear systems.'
Functional linear silicone polymers (PDMS (poly(dimethylsiloxane))) can be synthesized
from the cyclic products of this process (Figure 1.4). Using this method, many functional
silicone polymers can be synthesized: halogenated, vinyl, allyl, etc. The placement of the
functional groups can be on the termini of the polymers, along the polymer backbone, or
a combination of the two (Figure 1.5).
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Figure 1.5. Possible functional group (FG) placement
1.2.1 Click Chemistry

The incorporation of particular functional groups onto silicones allows for a variety of
chemical transformation reactions to occur. One reaction of interest, in particular, is the
Huisgen 1,3-dipolar cycloaddition reaction of azides and alkynes. This reaction falls
under the category of “click” chemistry, which was named by Barry Sharpless® and
includes any reactions which can be done in the presence of water or air with no
disagreeable by-products, and are high yielding with simple product isolation. The
cycloaddition reaction of azides and alkynes is one of the most widely reported click
reaction in literature to date.”~® The azide (4n electrons) acts as the dipole and the alkyne

7
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(2n electrons) the dipolarophile; both participate in a thermally allowed [4+2]
cycloaddition, forming a 1,2,3-trizaole. Using FMO theory it is known that the HOMO of
the azide overlaps with the LUMO of the alkyne, if the alkyne is conjugated and made
into an even better dipolarophile, the energy gap of the HOMO-LUMO can be overcome
to favour the thermal reaction at room temperature (Figure 1.6).”
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Figure 1.6. A: Thermal cycloaddition of an azide and alkyne, B: molecular orbitals of the
azide and alkyne showing the correct orientation for cycloaddition with the HOMO of the
azide and LUMO of the alkyne

Introducing functional groups onto silicones that allow for azide-alkyne click chemistry
to occur has several advantages. The ease of reaction and simplicity of work up with no
by-products permits the preparation of novel materials that can not only be synthesized
reproducibly, but also introduces a relatively straightforward transition to industrial
manufacturing.

1.2.2 Rheology

The incorporation of low molecular weight (< 1 kDa) functional groups onto silicone
polymer chains will change how the polymer chains interact with one another and their
mechanical properties; however, typically the extent to which various molecular
substitutes will alter the properties is limited.”® One change functional groups impose on
silicone polymers can include a difference in viscosity, rheology is used to measure this
change. Rheology measures the change in deformation resulting from an applied force,
and is particularly useful when characterizing viscoelastic materials. Many polymers for
biomedical applications exhibit viscoelastic behavior, meaning they exhibit both viscous
and elastic behaviors in the liquid state. The viscosity of a polymer is proportional to its
molecular weight (MW) when below a certain critical value (MC), the shear viscosity is

8
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proportional to 3.4" the power of the MW when greater than MC. When the MW is less
than MC the polymer is considered to be unentangled, and when it is greater it is
considered entangled. Entangled polymers are highly viscoelastic while unentangled
polymers are not.”

When silicone oils are crosslinked, the polymer properties will change from being purely
viscous to viscoelastic to elastic (a high concentration of crosslinks). When strain is
applied, the response of the polymer is described by shear modulus (G). In a viscoelastic
material when a strain is applied, some of the energy will be stored (elastic portion, G”)
and some will be dissipated (viscous portion, G”). When measuring the viscoelasticity of
materials, as a strain is applied at a specific frequency, the G’ response will be in phase,
where as the G” response will be out of phase by 90°. The combination of the elastic and
viscous responses provides information on the viscoelastic nature of the material (how
much lag displays the quantity of viscous response in a viscoelastic material). It is
possible to measure both the elastic and viscous nature of polymers and how small
changes along the polymer backbone or within a material affect these two properties
using parallel plate rheology.” In some cases the effect of polymer crystallinity can
provide the effect of crosslinking. For example, when linear hydrocarbon polymers are
cooled from the melt they can form crystallized, closely aligned, regions such that the van
der Waal’s interactions can be maximized.*’

The elastic modulus is used to quantify how changes along the polymer backbone or how
the concentration of crosslinks within a material affect its mechanical properties. When a
strain is applied to a crosslinked elastomer the conformation of the polymer chains are
confined by the crosslink sites, this causes the elastic modulus to increase with an
increase in temperature — instead of decreasing like other materials (think of a solid
melting vs. an elastomer becoming more springy).*” The viscosity of dimethylsilicone
polymers has less dependence on temperature than hydrocarbon analogues, due to
silicone thermal stability; the lowest viscosities achievable at high temperatures are
limited by chain entanglements when molecular weights are high.®

It is useful to measure how materials react to oscillating stress over time, in order to give
an approximation of how they will behave in their potential applications. For instance,
when interactive fillers are added to a polymer network, the change in the viscoelastic
nature of the polymers over time provides information on how the material behaves under
shear over time. Self-associating polymers will also demonstrate unique properties over
time, as the change in chain entanglement under shear will provide useful information on
the viscoelastic nature of the polymer.
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1.2.3 Thesis Focus (I)

The low intermolecular interaction between silicone polymers gives silicones a high free
volume. The incorporation of functional groups along the silicone backbone has potential
to change the mechanics of how polymer chains interact with one another. The focus of
Chapter 2 in this thesis is to better understand the effects of incorporating small functional
groups along linear silicone polymers. It is hypothesized that the addition of small
molecules that have an affinity for each other within the silicone chains will change how
the polymers interact with each other, either increasing or decreasing the free volume of
the chains.

This thesis focuses on determining the effect of incorporating 7-hydroxycoumarin onto
the backbone of a linear silicone polymer. As will be discussed, coumarins can undergo a
reversible [2+2] photocycloaddition, however, Chapter 2 examines only the effect on the
silicone polymer chains when the coumarins are attached. Varying the concentration of
coumarin along the silicone chain changes the polymer-polymer interactions, which were
monitored by both rheology and NMR. The incorporation of coumarin onto silicone
polymers could prove to be interesting for novel ophthalmic drug delivery applications.
By changing the free volume of the modified polymers, the properties of the silicone
chains will also be modified, this could allow for materials which, through an external
stimuls such as heat or light, can change its crosslink density..

1.3 Chemical Crosslinking of Silicones

1.3.1 Elastomer Synthesis and Characterization

The crosslinking of silicone polymers allows one to take advantage of the polymer’s
properties to permit applications from biomaterials to the automotive industries. Because
of the polymer’s flexibility — crosslinked PDMS forms elastomers, resins, or coatings.
Although a variety of different processes can be employed to crosslink silicones,*' room-
temperature vulcanization (RTV) methods have been examined in detail in the thesis and
will be discussed here.

The platinum-catalyzed RTV of silicone elastomers takes advantage of the
hydrosilylation reaction between the Si-H group and olefins, typically performed by
combining vinyl-terminated PDMS with a poly(hydridomethylsiloxane-dimethylsiloxane)
copolymer. In commercial systems, for example, Sylgard 184, the platinum catalyst is
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combined with the vinyl-terminated PDMS “base” which is then mixed with the
hydrosilane ‘crosslinker’ to initiate the crosslinking process. The pre-elastomer mixture
is poured into a mold and left to cure at room temperature, or alternatively can be heated
to encourage faster curing rates. The proposed mechanism for curing with Karstedt’s
platinum catalyst is shown in Figure 1.7A. A second possible cure mechanism can occur
under these conditions. The Si-H bond can undergo hydrolysis in the presence of water
and Pt catalyst to form silanols. A silanol and a silane can condense to form a new
siloxane bond, and give off hydrogen gas (R3Si-OH + H-SiR’; = R3Si-O-SiR’; + H»).
Loss of a limited concentration of Si-H will still allow for crosslinking, thus this process
can be considered robust in slight humid environments.

A completely different process exploits the hydrolysis of functional silanes. Tin
compounds catalyze the hydrolysis and condensation of functional silanes, and may be
formulated as a two-part curing RTV system where one part is silanol-terminated PDMS
and the other is the tin catalyst and crosslinker (R,Sn(O,CR’), + MeSi(OR”)3), or a one
part system in which the only missing ingredient is water: exposure to moisture starts the
cure. There are several proposed mechanisms in which water acts as a co-catalyst, to
initiate catalyst activation and nucleophilic substitution of the silicone (Figure 1.7B).
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Figure 1.7 A: Proposed mechanism for platinum-catalyzed hydrosilylation. B: Proposed
tin catalyst mechanism for formation of silicone elastomers'
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1.3.1.1 Shore Hardness

The mechanical hardness of elastomers is often characterized by Shore A or other Shore
hardness measurements. The relative deformation a material can withstand when
deformed with a Shore A durometer can be indicative of the crosslink density of the
elastomer. Shore A hardness from 20-90 can be obtained through RTV silicone elastomer
synthesis, however, 50-70 has been shown to generally give optimal mechanical
properties for many applications including the aerospace and automotive industry as well
as for biomaterials.”!

1.3.2 Stimuli-Responsive Materials

Stimuli-responsive materials have become a popular research topic over the last decade
due to their unique ability to perform specific functions “on-demand”. By incorporating
functional molecules or groups onto polymer chains, the polymer properties can be
modulated in response to stimuli.** The effects of the stimulus on the polymer can range
from altering its solubility, structure and intermolecular associations to inducing bond
formation or breakage.®® For example, the synthesis of photo-responsive polymers would
allow for a non-invasive chemical change within the polymeric material. This would be
particularly useful for ophthalmic materials, since light can be focused with high accuracy
on a specific site in the eye. There are several examples of photoactive small molecules
that could be attached onto a silicone backbone to induce material change, however, the
research in this thesis has focused on coumarin.

1.3.3 [2+2] Photocycloaddition of Coumarin

Coumarin is a lactone derivative of cinnamic acid, and can undergo a [2+2]
photocycloaddition with wavelengths > 300 nm; the resulting cyclobutane rings can be
photocleaved with wavelengths < 300 nm,* suggesting the materials have promise as
reversibly responsive materials (Figure 1.8A). The 2 © electrons on the carbons of the a,f3-
unsaturated carbonyl are the electrons that participate in bonding.

N >300 nm
2 x e
o) o) <300 nm
Figure 1.8. Photocycloaddition of coumarin

1.3.4 Self-Healing Materials
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If covalent crosslinks in a reticulated material are broken during the application of stress,
the material itself will partly (or completely) degrade. Self-healing materials are a new
class of materials that are designed to respond to damage, undergoing repair when
exposed to external stresses, lengthening the lifetime of these materials, improving their
efficiency and saving costs.* ™’ There are two main types of self-healing polymers:
capsular based healing and intrinsic healing.*® Capsular healing mechanisms incorporate
capsules within the polymeric material network that will break when external stress is
applied releasing a low molecular weight “healing agent” that will fill the void and heal
the material.*® This mechanism has been used for creating self-healing silicone
elastomers.*' In these examples, capsular healing agent of crosslinker and catalyst are
combined in some capsules and in others exist long polymer chains to promote
entanglement of the current polymeric network. When a crack in the material begins to
propagate the capsules are broken and the contents of the two different capsules will mix,

encouraging cure and healing of the elastomer (Figure 1.10).

Figure 1.9. Diagram of capsular silicone self-healing mechanism from Cho et al.* A:
silicone elastomer containing the two different capsules (catalyst/crosslinker (white) and
polymer (yellow). B: crack propagation causes capsular breakage. C: polymer filling the
crack, the two components mixing to initiate cure. D: an empty capsule. E: a filled
capsule. Reprinted (adapted) with permission from Cho et al., Adv. Mater., 2006, 18,
997-1000. Copyright (2006) Wiley-VCH Verlag GmbH & Co. KGaA, Weinhelm

Intrinsic healing mechanisms take advantage of material changes at the molecular level:
when a stress is applied to a material, the weakest bonds will break first. Creating a
material that contains both covalent and non-covalent bonds will allow for self-healing by
re-entangling the “broken” non-covalent bonds.”> There are several reversible bonding
mechanisms that can be used to create intrinsic self-healing materials: hydrogen-bonding,
aromatic-stacking, [2+2] photoreactions, and [4+2] thermal reactions are a few
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examples.”® One example exists in the literature for an intrinsic healing mechanism for
silicone elastomers. Zheng and coworkers’’ used an anionic polymerization reaction to
create  self-healing  silicone  materials, with a  catalytic amount of
bis(tetramethylammonium)oligodimethylsiloxanediolate, D4 and a bis-D4 crosslinker the
rearrangement of the siloxane bonds occurs at 90 °C over 4 h (Figure 1.10). This intrinsic
healing mechanism is thermally responsive, re-initiating anionic polymerization, however,
in terms of application practicality, the healing time is about 24 h at 90 °C, which is not
ideal.

HiC CHs H;C\ /CHa HC St
C‘/s‘—o\s‘ P : Ve o/s'_o\s/c e
Hy N
80n w 3‘:\45 (L\CH, . 0 el zL\ﬁz_C\ ! (L CH,
Y / N\ /
wd Yo e Ay
HiC Ha H;({ ’ HSJ
o B s?iHao,(,(':-H) imo;j%
N o7l R . 0723\ ©
O 138mmet oy ofé:o);g,omc e "‘7(4/¥Hz SX:H; % s zas(C”s 027n
90 °C, 4h \ i"’
Tt e .

Figure 1.10. Self-healing crosslinking mechanism described by Zheng et al.”’ D, and a
bis-Dy4 crosslinker with an anionic catalyst are used to create a network. When heated
anionic polymerization can be re-initiated. Reprinted (adapted) with permission from
Zheng et al., J. Am. Chem. Soc., 2012, 134, 2024-2027. Copyright (2012) ACS

There are several examples of self-healing polymers that use hydrogen bonding or
aromatic stacking to create reversible “weak links” within the polymer network. For
example, Burattini et al. combined hydrogen bonding with isocyanate groups and
aromatic m-m stacking with pyrene and a chain-folding diimide to create self-healing
materials.”®® Their work demonstrated the increased strength and healing properties of
the materials by combining two healing mechanisms together. Reversible covalent bonds
can also be used to form self-healing materials. Crack propagation through a polymeric
material comprised of photoactive moieties like coumarin or cinnamic acid has been
shown to preferentially propagate at cyclobutane ring sites due to the stress imposed by
the cyclobutane ring.”® This allows the material to be self-healing in response to light due
to the reformation of the photoactive double bonds (Figure 1.11). The incorporation of
stimuli or responsive polymers or functional groups into a material initiates an interesting
change in mechanical properties that can be followed using rheology.

14
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Damage

hv (>280 nm)
—

Figure 1.11. Diagram of crack propagation through a self-healing material containing
photoactive molecules.”® Adapted with permission from Chung et al., Chem. Mater., 2004,
16 (21), 3982-3984. Copyright (2004) ACS

1.3.5 Thesis Focus (I1, III)

The incorporation of covalent crosslinks between silicone polymer chains leads to
substantial changes in material properties. As previously mentioned, the rheological data
of a crosslinked network will exhibit remarkably different properties than its non-
covalently crosslinked equivalent. Chapter 3 explores the changes in material properties
with various degrees of photocrosslinking of coumarin-functionalized PDMS chains. It
also examines the thermal properties of the photocrosslinked materials and how the
materials change in comparison to the non-photocrosslinked polymers. The ability to
reverse the coumarin [2+2] photocycloaddition was also studied. The ability to reversibly
control the specific concentration of crosslinks between silicone polymers, at any time, to
afford novel materials with unique properties may be of use for ophthalmic drug delivery
applications.

Chapter 4 examines covalently crosslinked networks as well, however, in this case novel
synthetic routes, using the Piers-Rubinsztajn reaction, are used to create a variety of non-
reversible PDMS materials. This chapter describes the use of a range of starting materials
with different reactivities to control the rate of crosslinking and, the final material
properties. In particular, we aim to utilize the reactivity rates of a variety of starting
materials to control the speed of elastomer synthesis. Starting materials were chosen
based on previous work with the Piers-Rubinsztajn reaction. From this previous work it is
known what functional groups the reaction is tolerant to, and based on the proposed
mechanism it is possible to understand which starting materials will be more reactive than
others. Since silicones have many uses as ophthalmic biomaterials we suspect that a faster
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synthetic method may be of use in the ophthalmic industry.

1.4 Control of silicone properties with polymer blends

1.4.1 Polymer Blends

The incredibly hydrophobic nature of silicones can sometimes be considered a
disadvantage, for example, when used for biomaterial applications.”’ As previously
mentioned, the hydrophilic nature of the eye does not have a healthy interaction with
hydrophobic silicone contact lenses. By controlling the chemistry on the interior and
exterior of an elastomer it can be functionalized to become more hydrophilic, while still
maintaining the properties that make silicones such excellent materials. Creating a
polymer blend will allow for control within the material and control of material
properties: hydrophilicity, polymer structure, strength, elasticity, etc.®*® Utilizing what is
known about how molecules interact, for example, through hydrogen-bonding or
hydrophobic-hydrophlic interactions, a broad range of materials can be created.®® The
change in mechanical properties when silicones are blended with other polymers can be
monitored by rheology and by changes in material hardness.

Control of polymer morphology by taking advantage of a secondary phase allows for
potential improvement of the mechanical properties. For example, in the work by Lei et
al.,"”” PDMS was blended with polyurethane to create thermoplastic vulcanizates. They
noted an improvement of mechanical properties over PDMS alone. This secondary phase
does not necessarily have to be a polymer it could also be air, for instance, when air
stabilizes material structures in silicone foams.®®

1.4.2 Silicone Foams

There are several advantages to using silicone foams over conventional polyurethane
foams due to the excellent properties that silicones possess: electrical/thermal stability,
resistance to decomposition by ozone and UV irradiation. Perhaps most important are
their dramatically improved properties during combustion/heating processes.”’ These
properties make silicone foams excellent candidates for mechanical shock absorbers for
the aerospace industry. Siloxane foams also have applications as insulators and
biomaterials (scleral buckles, wound dressings, etc.) among others. Silicone foams are
typically prepared using routes analogous to those used to form silicone elastomers, with
elastomer cure occurring at the same rate as bubble formation in order to entrap the
gaseous bubbles within the elastomer. Typically blowing agents are added, however,
foams can also be prepared through a secondary chemical reaction with the silicone
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constituents that provide gaseous by-products, or through the use of surfactants to
stabilize formed bubbles while cure takes place.””’* While there are several mechanisms
for creating silicone foams or elastomers, their properties can be improved or changed
with the incorporation of other polymers or attachment of functional small molecules
within the silicone.

1.4.3 Thesis Focus (IV, V)

Chapter 5 explores novel methods for silicone foam formation with a focus on examining
foam morphology. It was determined that the gaseous alkane byproducts of the Piers-
Rubinsztajn reaction could be used as blowing agents to simultaneously blow a foam and
crosslink the silicone polymers. We hypothesize that by controlling the reactivity of the
starting materials different foam morphologies can be synthesized. Creating silicone
foams, which can be synthesized quickly and with a range of foam densities, may allow
for optimal mechanical properties for applications such as insulators or for wound
dressings.

Creating a polymer blend of hydrophilic polymers into hydrophobic silicone medium will
affect the properties of the silicone and potentially make them more biocompatible.
Chapter 6 examines the effect of incorporating hydrophilic PEG (poly(ethyleneglycol))
polymers into silicone elastomers to make amphiphilic materials. We hypothesize that the
incorporation of PEG will create more biocompatible materials, and the mechanical
properties will be modified. It was determined that the simple incorporation of low
molecular weight PEG chains with standard RTV PDMS curing materials afforded a
substantial increase in viscosity that on degassing of the PDMS created stable silicone
foams. Applications for silicone-PEG blended foams could include improved scleral
buckles. Silicones have been shown to be a better, longer lasting option for scleral
buckles, however, they have shown some signs of infection in a minority of patients.”
Incorporating hydrophilic polymers may either reduce the incidence of infection, the
foams could also potentially be used as drug delivery devices or for non-adherent wound
dressings.
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CHAPTER 2: Self-Association of Pendant Coumarin Groups

Converts Silicone Oils into Thermoplastic Silicone Elastomers’

2.1 Abstract:

Although there are many benefits associated with self-healing, thermoplastic elastomeric
silicones, very few examples exist: silicone elastomers are normally thermoset materials.
We have discovered that the simple incorporation of coumarin groups on linear silicone
polymer backbones creates physical silicone polymeric networks that exhibit
thermoplastic elastomeric properties in the absence of covalent crosslinks. A range of
materials was prepared by incorporating four different concentrations of coumarin along
the silicone backbone using thermal azide/alkyne cycloaddition reactions: higher
coumarin concentrations lead to more tightly crosslinked, higher modulus materials.
Intermediate properties could be obtained by mixing silicones with different coumarin
loadings in the melt and then cooling. The physical interactions between coumarin-
triazoles on the silicone polymers could be temporarily overcome thermally as shown by
tensile, rheometry and thermal remolding experiments. The simple expedient of grafting
coumarin groups, which crosslink reversibly through head-to-tail m-stacking, to silicone
chains allows one to tailor the mechanical properties of these the thermoplastic elastomers,
enhancing their utility.

2.2 Introduction

Elegant strategies have been developed to create polymeric materials that are able to
respond to a variety of stimuli."® One area of special focus has been the development of
self-healing polymers that, through a variety of mechanisms, can in-fill voids or reinforce
interfaces generated by physical damage.”" There is also interest in repurposing
polymeric systems, or in developing processes that facilitate recycling: both of these are
particularly difficult with reticulated systems. The ability to repurpose/recycle polymers

" Fawcett performed all synthesis and experiments with the guidance and advice from Dr.
Brook. Fawcett also wrote the manuscript with edits and guidance from Dr. Brook. The
chapter is currently a manuscript submitted to Macromolecules.
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is generally inconsistent with the self-healing polymers just noted. There is one class of
polymers that can fulfill both objectives: thermoplastic elastomers.'* '?

Many of the strategies exploited for self-healing polymers utilize dispersed depots of
polymers/catalysts that, upon rupture, are released to form new polymers or elastomers.*
-2 The high mobility of silicone polymers in this context has been utilized to repair
polyolefins, including epoxies and silicone elastomers themselves.® ' ?"*#* Crosslinkers
and polymers/catalysts are typically stored in separate packages that crosslink on
combination: both condensation and hydrosilylation cure mechanisms have been shown
to be successful. These silicone-based elastomers, however, are thermoset polymers,
which are, at best, difficult to recycle or repurpose.

The initial motivation of this research was to develop silicone-based materials that could
undergo controlled, reversible photohealing. As a consequence, coumarin moieties that

undergo [2+2] cyclizations,” ™’ a reaction that has been exploited for the reversible

crosslinking of polymers®™>* at A > 300 nm and retrocyclization at A < 300 nm,
respectively, were incorporated on the backbone of silicone polymers chains (C-
PDMS).**** Surprisingly, prior to any photochemistry, the properties of coumarin-
modified silicones were shown to be dramatically different from their precursors. In
particular, there were enormous increases in viscosity that could be tailored, including the
ability to create elastomeric materials. Importantly, these behaviors were temperature
sensitive: the compounds are thermoplastic silicone elastomers. The low surface activity
of silicones enables easy surface spreading. The low T, of silicones allows even high
molecular weight polymers to remain as liquids at room temperature. The addition of
coumarin onto linear silicone polymer chains created solid thermoplastic elastomers that
exhibited no shape change over extended periods of time. While a few examples of
silicone-modified thermoplastic polymers, such as polyurethane, poly(butylene
terephthalate) or polystyrene’®>’ have been reported, this class of polymers is almost
unknown in the literature for pure silicones.

2.3 Results and Discussion

Linear silicone polymers were functionalized with azidoalkyl groups by reacting a
chloropropylmethylsiloxane-co-dimethylsiloxane polymer with sodium azide and a
catalytic amount of rert-butylammonium azide (Figure 2.1A).*" At most, approximately
every 6™ monomer carried an azide, with Me,SiO units in between, however, lower
concentrations of azide were prepared simply by controlling the stoichiometry during
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azidation (Figure 2.1A): final azide concentrations along the chain ranged from 3-14%,
with the remaining monomers being Me,S10 or unmodified Me(CICH,CH,CH)SiO.

Cl

Gy L
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/SI\O<SLO>:<SI\O>;SSI\ HO oo 2~ TOH
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1. NaNg, BugNNg

THF, RT,2- 48 h Loc(2e

q),
DMAP (0.05 eq),
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Figure 2.1. Preparation of coumarin-modified silicones C-PDMS: A: Azide-functional
PDMS with varying concentrations of azide, B: Formation of coumarin propiolates, C:
Coumarin-PDMS after Huisgen cyclization. D: C-PDMS-M for NOE studies

Coumarin groups could be introduced onto the azidoalkylsilicone backbone using the
Huisgen cyclization,” a metal free version of the popular CuAAC “click’ reaction
between alkynes and azides.*” To do so, the propiolate ester of 7-hydroxycoumarin was
prepared using propiolic acid with DIC-mediated coupling (Figure 2.1B). Four different
silicone polymers were prepared with coumarin densities along the chain ranging from 3-
14% (3% C-PDMS-3, 7% C-PDMS-7, 11% C-PDMS-11 and 14% C-PDMS-14; y =
0.22, 0.50, 0.75, 1.0 respectively, Figure 2.1C) at 72 °C over 24 — 96 hours. One other
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azidoalkylsilicone was synthesized, a precise, highly branched silicone dendron
containing a single azide moiety C-PDMS-M (Figure 2.1D). The Huisgen cyclization
was followed in the '"H NMR by the loss of the alkyne proton and appearance of the
aromatic proton on the triazole ring (Figure 2.1C): quantitative cyclization was observed,
as is common with this reaction.

A surprising accompaniment to the formation of the coumarin-modified silicones was a
dramatic increase in viscosity, in elasticity or embrittlement: the products C-PDMS were
solids with varying degrees of elastic response. Although no covalent crosslinks were
present, the linear C-PDMS samples exhibited stress/strain relationships consistent with
crosslinked silicones, as was shown by comparison with unfilled commercial silicone
rubbers (limited capacity for stress, but high strain tolerance) and silica filled elastomers
(excellent elongation at break, but a significantly reduced strain tolerance) (Figure 2.2A).
The highly (physically) crosslinked sample C-PDMS-14 was brittle, while samples C-
PDMS-11 and C-PDMS-7 were elastic, C-PDMS-3 was a non-flowing soft material
(like Brie cheese). The product formed from melting and cooling a 1:1 mixture of C-
PDMS-14 and C-PDMS-7, exhibited properties in between the two starting materials, but
not identical to C-PDMS-11 (see below). The Young’s moduli of the C-PDMS samples
were all much higher than the starting azidoalkyl/chloroalkylsilicones and increased with
increasing coumarin concentration on the silicone backbone (Table 2.).

Table 2.1. Summary of Mechanical Properties of Coumarin Crosslinked Silicone
Elastomers

Young's Strength-at-  Strain-at- Max Upper yield
Modulus break (MPa) break (%)* Strength strength (MPa)
Sample (MPa) (Mpa)
Control 82+0.7 5+1 133 +7 5+1 5+1
filled PDM
Unfilled PDMS ) 7 L 007 04201 313+131 0501 b
Control
C-PDMS-7 13+1 06+02 265 0.87 +0.04 07+02
C-PDMS-11 39+9 26+09 30+6 37+09 3+1
C-PDMS-14 63+7 32+04 12+3 32+04 147+14
C-PDMS-7 +
C-PDMS-14 21 +4 1.0+03 33+3 2.1 +0.3 05+0.1

* Strain rate = 5 mm/min, 50 N load, 25 °C. ® Could not be determined by the
instrument.
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Figure 2.2. A: Tensile tests for PDMS elastomer controls with and without silica fillers
(‘unfilled’); C-PDMS-7, -11, -14; and a 1:1 mixture of C-PDMS-7 and -14 (more clearly
seen on the inset). All coumarin-containing silicones exhibit thermoplastic properties.
Only the commercial silicone was plotted on the secondary axis. Rheometer thermal
cycling of B: C-PDMS-7 and C: C-PDMS-11 (see also Appendix — Section 8.1)

Rheological studies of the silicones, which possessed the same degree of polymerization
but had four different concentrations of coumarin on the backbone, showed that viscosity
correlated with the coumarin density along the silicone chain: values increased from
~3500 to ~90,000 Pa s as the coumarin loading increased from 3 to 14% (Appendix —
Section 8.1), while the starting unfunctionalized copolymer had a dynamic viscosity of
only 0.4 Pa s. Cycled dynamic temperature ramp tests ranging from room temperature up
to 80 °C showed the viscosity decreased with temperature. In all cases, the storage
modulus (G’) was significantly higher for all samples at lower temperatures,
demonstrating their elastomeric nature, whereas at higher temperatures the loss modulus
(G”) was more prevalent, clarifying the thermoplastic nature of the materials (Figure
2.2B,C, Appendix 8.1): all the materials were fluids above 90 °C.
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Physical evidence of the thermoplastic nature of these materials and the ability to
thermally reform is depicted in Figure 2.3. A circular mould was created and a small
amount of C-PDMS-11 was melted at 85 °C and placed in the mould and left to cool. It
was straightforward to cut the elastomer into pieces, melt and then reform an elastomeric
object (Figure 2.3). The yellow colour of the elastomers is attributed to the light brown
colour of the coumarin starting material and the triazole ring from the thermal click
reaction.” Elastomers with higher coumarin concentrations contain more colour. Similar
behaviour was exhibited by C-PDMS-14 and C-PDMS-7, respectively (Appendix —
Section 8.1). More importantly, it was possible to tune the properties of the polymers
simply by dissolving, mixing and evaporating (a combination of different materials could
also be done through melting, however, with the viscous nature of the materials, even
mixing could not be ensured, Appendix — Section 8.1).

Figure 2.3. Photographic images showing the thermoplastic nature of the coumarin-
silicones. A: An elastomeric heart shaped object, and its parent made from moulded C-
PDMS-11 were B: cut into small pieces, melted at 85 °C and C: remoulded to a give a
body from which a flower shaped elastomer object was cut (cutter shown in bottom right)

The origins of the increase in viscosity could arise from simple physical separation of the
coumarin groups with the silicone matrix, or result from a more organized type of
association, such as aromatic pi stacking, which would allow coumarin rings to affiliate.**
A highly branched silicone model structure C-PDMS-M containing one coumarin per
molecule (Figure 2.1D, Figure 2.5A) was used to probe the nature of the interactions: in
this case, only intermolecular interactions are possible. 'H NMR spectra and NOE
(nuclear Overhauser effect) experiments were undertaken at a series of concentrations and
solvents including neat, diluted in low viscosity silicone oil (Me,S10)s and diluted in
CDCl;. There were large differences in the NOE spectra as a function of concentration.
Under dilute conditions no NOE was evident (Figure 2.4 — third spectrum from top). By
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contrast, there was a strong NOE relation between Hs and H,_s in the concentrated (neat)
sample (Figure 2.4B — top spectrum). When the concentrated sample was diluted with
non-functional, low molecular weight silicone an NOE effect was also observed, however,
at a lower intensity, as would be expected (Figure 2.4B — second spectrum from top;
slight chemical shifts occur due to the high sample concentration and lack of reference
solvent — spectra were referenced to the silicone peak at 0.1 ppm). Thus, in a poor solvent
for coumarin — low or higher molecular weight silicone oil — the coumarin molecules
associate initially building viscosity and, at higher concentrations, developing first
elasticity and then brittleness through these physical crosslinks.

To the degree that the studies with C-PDMS-M reflect the polymer behavior, the NOE
relationship between Hy and Hs and Hs suggests a head-to-tail pi stacking arrangement
that bring these protons into proximity (Figure 2.4A): other orientations will leave Hy and
Hs too distal for an observed NOE. A head-to-tail arrangement of stacked coumarin rings
is found in the crystal structure of the parent compound. The NMR data of C-PDMS-M,
which indicates that the triazole ring interacts with the lactone ring in a head-to-tail
arrangement, this is consistent with the benzene-lactone ring association in the X-ray
structure of coumarins.**

Hy, /| Ha Neat
A U SGRRA NOE centered at 6.1, 50ms mixing time
|
_ H Add equal volume of D4
Hq N=N Hs H, H 34 d. .

OYO\&\./ONN\/\R - ) 2 ) NOE centered at 6.1, 100ms mixing time

S o} Y |

. T H Hs
WENOR ™M Diluted into CDCl,
NOE centered at 6.1, 1500ms rpixing time

Hz  Hy
Hy  oHs S Ha
R\/\N/YLO = o0

4 .
N=N H, s H H NMR Spectrum of A in CDCI
R = Silicone H1H Hj
B I N o S FEUUSY S DR |

Figure 2.4. A: Potential stacking arrangements between the triazole and coumarins. B:
NOE experiment with C-PDMS-M; proton Ha at 6.1 ppm was irradiated for the NOE
measurements

The incorporation of coumarin through a carbonyltriazole linker leads to increases in
viscosity that may be attributed to oriented coumarin-coumarin interactions that likely
involve head to tail pi stacking based on a model compound. Simple control over the
coumarin density along the polymer chain allows for the formation of viscous,

27



Ph.D. Thesis — A.S. Fawcett; McMaster University — Department of Chemistry

viscoelastic or brittle materials, all of which can be thermally reformed: viscosity
increases of several orders of magnitude are possible. More importantly, combining the
materials, melting and cooling, allows the preparation of materials with intermediate
physical properties. For example, the product obtained by mixing C-PDMS-14 and C-
PDMS-7 was similar, but not identical to C-PDMS-11: the concentration of coumarin is
identical, the crosslink densities should be similar, but the network structures are different.
Thus, these coumarin-modified silicones hold the promise of acting as masterbatch
materials from which a wide variety of thermoplastic elastomers with desired properties
can be predictably prepared.

2.4 Conclusions

Thermoset silicone elastomers have broad utility. There are few examples of
thermoplastic elastomeric silicones and, in essentially all of them, the silicone plays role
as diluent rather than the ‘active ingredient.” The benefits of pure silicone elastomers
would be enhanced by the capacity to reuse the materials; such “green” silicones have
many attractive advantages over their thermoset counterparts including the ability to tailor
the silicone physical properties on first synthesis and to modify it for subsequent uses
simply by adding other materials with different coumarin loadings. The authors are
currently examining the photoactivity of the thermoplastic coumarin-siloxane polymers,
to further understand the effects of incorporating covalent crosslinks into the material. It
is hoped the advantages that accrue from physical crosslinks can be further enhanced by
reversible photostimulated chemical crosslinking.

2.5 Experimental

2.5.1 Materials

Tetrabutylammonium azide, N,N’-diisopropylcarbodiimide (DIC), 4-
(dimethylamino)pyridine (DMAP), dimethylformamide (DMF), propiolic acid, tetracthyl
orthosilicate (TEOS), trispentafluorophenylborane, sodium azide,
trispentafluorophenylborane and umbelliferone (7-hydroxycoumarin) were purchased
from Sigma-Aldrich and were used as received. Bis(trimethylsiloxy)methylsilane,
chloropropylmethylsiloxane-dimethylsiloxane copolymer, 1000 cSt (28,000 MW)
hydride-terminated PDMS and iodopropyltrimethoxysilane were purchased from Gelest
and used as received. Sylgard 184 was purchased from Dow Corning as a two-part kit.
Tetrahydrofuran and toluene was purchased from Caledon and dried before use over an
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activated alumina column. Ethanol, chloroform and hexanes were purchased from
Caledon and used as received.

2.5.2 Methods

NMR Analysis. 'H NMR experiments were performed on a Bruker Avance 500 or
AV600 spectrometer. NOE experiments were undertaken with irradiation at 6.1ppm.

DSC Analysis. DSC analysis was performed on a TA Instruments DSC2910 with the
standard DSC cell and we used the hermetic pans. For the T, determinations, manual
liquid nitrogen (LN2) cooling was used to get to -150 °C and then the sample was heated
at 15 °C/min. In some instances modulated DSC was used to determine Ty,

Rheological Analysis. Rheometry was performed on an ARES 3ARES-9A rheometer
(TA Instruments, USA) with parallel plate geometry and a plate diameter of 7 mm or 20
mm. A dynamic temperature step test was performed at oscillatory frequencies of 10 rad
s' and a strain of 1% and a temperature step time of 3 °C/min to obtain data for the
change in dynamic viscosity as a function of temperature.

Instron Analysis. The tensile tests were performed on an Instron 3366 (Table model),
USA, tensile testing machine at room temperature with a 50 N load cell. The specimen
gauge length was 8.00 mm and a crosshead speed of 5 mm/minute was used. All reported
mechanical properties are based on an average of a minimum of three to five specimens.

Digital Photography. Images were taken with a Canon PowerShot SX130 IS. The
gridlines are 1 cm’.

2.5.3 Synthesis of unfilled-PDMS Control for Instron Studies.*

In one vial, hydride-terminated PDMS (3.0 g, 0.12 mmol) was placed, while in another,
TEOS (0.013 g, 0.06 mmol), B(C¢Fs); catalyst (20 puL, of a 40 mg/mL solution in dry
toluene), and hexanes (1 mL) were combined. The contents of the second vial were added
to the hydride and mixed vigorously for 5 s, 2.5 g was poured into a Teflon-lined Petri
dish (15 mm x 100 mm) and placed under vacuum (571 Torr) for 5 minutes until cure was
complete. The dish was then moved to a 50 °C oven for 48 h to remove any remaining
hexanes.
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2.5.4 Synthesis of Sylgard PDMS Control for Instron Studies.

In a beaker, Sylgard 184 base (5.5 g) and Sylgard 184 curing agent (0.5 g) were combined
and mixed vigorously by hand for 5 min and 5.0 g were transferred to a 15 mm x 100 mm
Petri dish. The dish was left to cure on a level surface at room temperature after which it
was moved to a 70 °C oven for post-cure for 24 h.

2.5.5 Synthesis of propargyl coumarin

7-Hydroxycoumarin (25.00 g, 154.1 mmol) was partially dissolved in 75 mL of THF.
Propiolic acid (16.20 g, 231.2 mmol), and DMAP (50.02 mg, 0.409 mmol) were added
and the temperature lowered to -0 °C. DIC (29.18 g, 231.2 mmol) was slowly added to
the cold coumarin solution. The mixture was allowed to slowly warm to room
temperature overnight, after which the solution was heated to 60°C and left to stir for
another 24 h. The reaction was monitored by 'H NMR. When complete, the reaction
mixture was filtered through a fritted funnel to remove the urea precipitate, and washed
with 40 mL chloroform. The THF-chloroform mixture was then exposed to reduced
pressure to remove the solvent and excess propiolic acid and DIC. The residue was then
re-dissolved in chloroform and filtered through a silica pad to remove any remaining urea
and DMAP. The mixture was then evaporated in vacuo and re-solubilized into hot ethanol
and placed into the freezer to precipitate overnight. Following this the precipitate was
filtered and washed with cold ethanol. The final product was a light brown powder. Yield
(6.2 g,25%).

'H NMR (CDCls, 500 MHz): & 7.69 (d, 1 H, J=9.5 Hz), 7.52 (d, 1 H, J= 8.5 Hz), 7.19
(d, 1 H,/=2Hz),7.11 (dd, 1 H, J=8.5Hz, ) =2.2 Hz), 6.42 (d, 1 H, J=9.6 Hz), 3.15
(s, 1 H) ppm; >C NMR: (CDCls, 600 MHz): § 160.15, 154.79, 152.10, 150.15, 142.74,
128.91, 118.06, 117.42, 116.77, 110.40, 77.90, 73.86 ppm ; HRMS (EI Positive mode):
m/z [M'] calculated = 214.0266, found = 214.0265.

2.5.6 Synthesis of azidopropylmethylsiloxane-dimethylsiloxane co-polymer: 22-
100 % conversion of chloroalkyl groups (9 kDa, PDMS-3 -14)

Following the procedure from Gonzaga et al.*’ Chloropropylmethylsiloxane-
dimethylsiloxane co-polymer (25.0 g, 50 mmol) was placed in a round-bottomed flask
with 50 mL of THF and sodium azide (4.9 g, 75 mmol). To help speed up the reaction
time, a catalytic amount of tetrabutylammonium azide (0.1 g, 0.3 mmol) was added. The
reaction was left stirring at 60 °C for 48 h, and monitored by 'H NMR. Based on the
NMR data a fraction of the reaction mixture was removed at appropriate times to give 22,
50, 75 or 100 % conversion, respectively, of the chloro-species to the azido-species. The
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work up for each stage of conversion consisted of removal of the THF, addition of neutral
alumina and diethyl ether followed by stirring for approximately 30 min, and filtration.
Finally the solvent was evaporated under vacuum, the product was a clear oil with a yield
of approximately 6 g per conversion species.

'H NMR (CDCls, 600 MHz):

100% of chloropropyl groups converted to azides 0 3.24 (m, 2 H), 1.64 (m, 2 H), 0.56
(m, 2 H), 0.11-0.07 (m, 38 H); DSC: Ty =-122 °C

75% of chloropropyl groups converted to azides (25% chloropropylsiloxane remain) 0
3.49 (m, 0.5 H), 3.23 (m, 1.5 H), 1.82 (m, 0.5 H), 1.64 (m, 1.5 H), 0.63 (m, 0.5 H), 0.56
(m, 1.5 H), 0.11-0.07 (m, 33 H);

50% of chloropropyl groups converted to azides (50% choropropylsiloxane remain) 6
3.50 (m, 1 H), 3.24 (m, 1 H), 1.82 (m, 1 H), 1.64 (m, 1 H), 0.62 (m, 1 H), 0.56 (m, 1 H),
0.11-0.07 (m, 32 H);

22% of chloropropyl groups converted to azides (78% choropropylsiloxane remain) 0
3.50 (m, 1.64 H), 3.24 (m, 0.36 H), 1.82 (m, 1.64 H), 1.64 (m, 0.36 H), 0.62 (m, 1.64 H),
0.56 (m, 0.36 H), 0.11-0.07 (m, 32 H).

2.5.7 Synthesis of coumarin-click-silicones (C-PDMS-14 — 3)

Shown for C-PDMS-14. Propargyl coumarin (1.42 g, 6.65 mmol) and azide-copolymer
(100%) (3.00 g, 6.65 mmol) was placed in a round-bottomed flask (RBF) containing THF
(10 mL). The mixture was left stirring at 75 °C for 4 d. The reaction was monitored by 'H
NMR, and on completion remaining THF was removed in vacuo. The final product(s)
were yellow-brown in color and, depending on the concentration of coumarin, were either
elastomeric (lower coumarin content) or quite brittle (high coumarin content). The
products were formed in quantitative yield.
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C-PDMS-14 — Major isomer (1,4 ~75%), minor isomer (1,5 ~25%): '"H NMR (CDCls,
600 MHz): 0 8.25(m, 1 H,b,b’),7.73 (d, 1 H, J=6.0 Hz), 7.54 (d, 1 H, J= 6.0 Hz),
7.29-7.20 (m, 2 H), 6.42 (d, 1 H, J = 9.6 Hz), 4.73, 4.46 (m, 2 H, a, a’), 2.03 (m, 2 H),
0.54 (m, 2 H), 0.11-0.07 (m, 38 H). DSC: T, =-97 °C

C-PDMS-11 — Major isomer (1,4 ~75%), minor isomer (1,5 ~25%): '"H NMR (CDCls,
500 MHz): 6 8.25 (m, 0.75 H, b, b’), 7.71 (d, 0.75 H, J = 8.5 Hz), 7.54 (m, 0.75 H),
7.29-7.20 (m, 1.5 H), 6.42 (m, 0.75 H), 4.72, 4.46 (m, 1.5 H, a, a’), 3.49 (m, 0.5 H), 2.03
(m, 1.5 H), 1.79 (m, 0.5 H), 0.61 (m, 0.5 H), 0.54 (m, 1.5 H), 0.11-0.06 (m, 33 H). DSC:
Ty =-105°C

C-PDMS-7 — Major isomer (1,4 ~75%), minor isomer (1,5 ~25%): '"H NMR (CDCls, 600
MHz): 6 8.25 (m, 0.5 H, b, b’), 7.72 (m, 0.5 H), 7.54 (m, 0.5 H), 7.28-7.20 (m, 1 H),
6.42 (m, 0.5 H), 4.72, 445 (m, 1 H, a, a’), 3.50 (m, 1 H), 2.03 (m, 1 H), 1.81 (m, 1 H),
0.62 (m, 1 H), 0.54 (m, 1 H), 0.13-0.07 (m, 32 H). DSC: T, =-110 °C

C-PDMS-3 — Major isomer (1,4 ~75%), minor isomer (1,5 ~25%): '"H NMR (CDCls, 500
MHz): § 8.25 (m, 0.22 H, b, b’), 7.72 (d, 0.22 H, J = 9.5 Hz), 7.54 (dd, 0.22 H, J = 8.5
Hz, I’=3.5 Hz), 7.28 (s, 0.22 H), 7.20 (m, 0.22 H), 6.43 (dd, 0.22 H, ] = 9.5, = 2), 4.72,
4.45 (m, 0.5 H, a, a’), 3.50 (m, 1.5 H), 2.03 (m, 0.5 H), 1.80 (m, 1.5 H), 0.63 (m, 1.5 H),
0.54 (m, 0.5 H), 0.08-0.04 (m, 32 H). DSC: T, =-115 °C

2.5.8 Synthesis of iodopropyltris(l,1,1,3,5,5,5-heptamethyltrisiloxy)silane46

Bis(trimethylsiloxy)methylsilane  (6.90 g, 31.0 mmol) was combined with
iodopropyltrimethoxysilane (2.0 g, 6.9 mmol) in dry hexanes (20 mL).
Trispentafluorophenylborane (60 pL of a 40 mg/1 mL dry toluene stock solution) was
added and the solution was left to stir overnight. On completion, neutral alumina was
added and the mixture was left to stir for 30 min. The mixture was filtered and any

remaining solvent and starting materials were removed in vacuo, using a Kugelrohr (88%
yield).
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'"H NMR (CDCls, 500 MHz): § 3.18 (t, 2 H, J = 7.5 Hz), 1.93 (m, 2 H), 0.63 (m, 2 H),
0.10 (m, 54 H), 0.04 (s, 9 H).

2.5.9 Synthesis of azidopropyltris(1,1,1,3,5,5,5-heptamethyltrisiloxy)silane

Iodopropyltris(1,1,1,3,5,5,5-heptamethyltrisiloxy)silane  (2.50 g, 2.74 mmol) was
combined with sodium azide (0.36 g, 5.48 mmol) in 10 mL of dry DMF and left stirring
at 45 °C overnight, the reaction was monitored by 'H NMR. On completion it was
extracted 3 times with hexanes and water, dried over magnesium sulfate and the solvent
was removed in vacuo (74% yield).

'"H NMR (CDCls, 600 MHz): § 3.24 (t, 2 H, J= 9.0 Hz), 1.71 (m, 2 H), 0.58 (m, 2 H),
0.10 (m, 54 H), 0.05 (s, 9 H).

2.5.10 Synthesis of coumarin-click-propyltris(1,1,1,3,5,5,5-heptamethyltrisiloxy)silane
(C-PDMS-M)

Azidopropyltris(1,1,1,3,5,5,5-heptamethyltrisiloxy)silane  (1.58 g, 1.91 mmol) was
combined with propargyl coumarin (0.41 g, 1.91 mmol) in 3 mL of dry THF and left
stirring at 75 °C for 2 d, the reaction was monitored by 'H NMR (quantitative yield).
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'H NMR (CDCls, 600 MHz): § 8.24 (d, 1 H, J= 12.0 Hz), 7.72 (d, 2 H, J = 12.0 Hz),
7.27-7.19 (m, 2H) 6.43 (d, 1 H, J= 6.0 Hz) 4.47 (t, 2 H, J = 3.0 Hz), 2.10 (m, 2 H), 0.58
(m, 2 H), 0.08 (m, 54 H), 0.03 (s, 9 H); *C NMR: (CDCls, 600 MHz): § 160.41, 158.52,
154.85, 142.94, 138.73, 128.80, 128.54, 118.60, 117.10, 116.43, 110.77, 53.24, 24.50,

11.10, 1.89, -1.89. HRMS (EI Positive mode): m/z [M '] calculated = 1038.3071, found =
1038.3044.

2.5.11 Synthesis of C-PDMS-7 + C-PDMS-14

C-PDMS-7 (0.42 g, 0.76 mmol) was combined with C-PDMS-14 (0.42 g, 0.61 mmol) in a
1:1 by mass ratio. The two polymers were dissolved in 2.5 mL THF, thoroughly mixed,
and allowed to evaporate to form a film.
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CHAPTER 3: Phototunable Silicone Crosslinks*

A.S. Fawcett,” Tim C. Hughes® and Michael A. Brook®

3.1 Abstract

Silicone elastomers are normally thermoset materials. While their properties make them
highly valuable, it would be of interest to develop stimuli-responsive silicones whose
properties could be reversibly tuned at will. A particularly interesting trigger is light,
since silicone elastomers can readily be formulated to be transparent. We describe the
utilization of coumarin-modified silicones for this purpose. On their own, addition of the
coumarin groups converts silicone oils into thermoplastic elastomers. Photolysis permits
covalent crosslinking through a [2+2] cycloaddition. Higher energy photons permit, in
part, photoinitiated retrocycloaddition and a subsequent decrease in crosslinking. It is thus
possible to tailor the physical properties of the elastomer to either increase or decrease the
modulus using light.

3.2 Introduction

The wide utility of silicone elastomers is constrained somewhat by the inability to tune
properties after curing: silicones are thermoset materials.' Stimuli-responsive materials
have become a popular research focus over the last decade due to their ability to use
external sources such as heat or light to induce structural or property changes within the
material. ™ As a consequence of precise, localized control over polymer morphology, the
properties of light-responsive polymers, particularly those that allow for reversible
transitions, can be tuned at will.'” In spite of the broad use of silicones in a variety of
applications, there are very few examples of stimuli responsive silicone polymers.'' ™"

Previously, we reported the ability of coumarin-modified silicone polymers to self-
assemble. Thermoplastic silicone elastomers result, with the crosslink density directly

' Fawcett performed all synthesis and experiments with the guidance and advice from Dr.
Hughes and Dr. Brook. Fawcett also wrote the manuscript with edits and guidance from
Dr. Brook. This work was performed in collaboration with CSIRO in Melbourne,
Australia. This manuscript is being prepared for submission to Polymer.

37



Ph.D. Thesis — A.S. Fawcett; McMaster University — Department of Chemistry

proportional to the concentration of coumarin groups on the polymer backbone.'* The
incorporation of coumarin into the silicone also means these materials are
photoresponsive and this response can be reversible in principle: coumarin undergoes a
reversible [2+2] photocycloaddition with A > 300 nm and photocleaves with A < 300 nm
(Figure 3.1)."

N=N

0,0 om/g/‘Nﬂ
o} m 365 nm O
—_— o
R*N\/Yko o” "o 254 nm o) J
N=N
R-N" 0 )

N=N
Figure 3.1. Photodimerization/cleavage of coumarin. R = silicone

We have developed strategies to control the number of coumarin functional groups along
the PDMS (poly(dimethylsiloxane)) backbone (Figure 3.2). In this paper, we examine the
ability to manipulate the crosslink density — both through pi-pi stacking and covalent
interactions - by photocrosslinking the coumarin groups, turning a thermoplastic into a
thermoset. In addition, the ability to initiate retrocycloaddition, therefore reducing the
covalent crosslink density, was explored.

3.3 Results

A variety of coumarin-functional PDMS polymers (C-PDMS) were prepared by the
Huisgen-1,3-thermal-cycloaddition reaction between alkyne functionalized 7-
hydroxycoumarin (Figure 3.2B) and various azide-functional PDMS (~9kDa, Figure
3.2A) to give copolymers with 3, 7, 11 and 14% coumarinylpropylmethyl-co-
dimethylsilicones (C-PDMS-3, C-PDMS-7, etc. Figure 3.2C.)."* For one of the samples,
the azide backbone was modified with coumarin and thermally crosslinked with an
alkyne-terminated PDMS of approximately 1 kDa. SC-PDMS-1.5 was formed by
reacting half of the available azides on 1a (y = 22) with coumarin and the other half were
used to form chemical crosslinks (Figure 3.2D).

Prior to photocuring, silicone polymers with pendant coumarin groups are thermoplastic
elastomers because of the coumarin/coumarin stacking interactions. These interactions
can be overcome at elevated temperatures:'® heating-cooling cycles of the non-
crosslinked materials led to circular plots of modulus against temperature (e.g., C-PDMS-
14, Figure 3.4D) because of the re-organization of self-assembled coumarin groups that
occurred as temperatures were increased or decreased.'
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Coumarin-functionalized PDMS were photocured on a photorheometer using a 365 nm
light source (C-PDMS—PC-PDMS). Changes in viscosity were followed over time of
UV irradiation. Optimal temperatures for the photocuring reaction were obtained through
preliminary temperature sweep tests of each material such that every sample would cure
with approximately the same initial viscosity (C-PDMS-3: 40 °C, C-PDMS-7: 62 °C, C-
PDMS-11: 74 °C, C-PDMS-14: 74 °C): the final viscosities of the PC-PDMS materials
were more easily compared when all four compounds had the same initial viscosity. Over
time, each polymer becomes more elastomeric as seen from the storage modulus G’,
which crosses over the loss modulus, G” (Figure 3.3A, B, D, E).

The partly crosslinked polymer SC-PDMS-1.5 was also exposed to UV light to initiate
photocrosslinking. The photorheological response was similar to that of its precursor C-

PDMS-3, although the crossover of the storage and loss moduli occurred earlier (Figure
3.3A vs C).

In order to confirm that the viscosity increase with exposure to light was a direct
consequence of photodimerization, rather than thermal side reactions, the lamp was
cycled on and off to cure C-PDMS-3 (Figure 3.5). Identical behavior to the continuous
photodimerization study (Figure 3.2A) was observed, except that the viscosity plateaued
after each 18 minute irradiation. This behavior is consistent with photodimerization as the
only cause of viscosity changes.

The unique properties of SC-PDMS-1.5 can be seen from Figure 3.3C. By incorporating
a second type of crosslinking (covalent silicone crosslinks through ‘click’ chemistry) the
mechanical properties of the elastomer are quite different than the physically crosslinked
analogue. The covalent silicone crosslinks within the material cause the material to
possess more elastomeric properties prior to UV irradiation. When the lamp is turned on
and [2+2] photocycloaddition begins, more crosslinks are formed within the elastomer. In
contrast to C-PDMS-3, the storage modulus (G’), which describes the elastic nature of
the material, crosses over the loss modulus (G’’) much earlier, showing the effect the
permanent ‘clicked’ crosslinks have on the system. The overall trend of the curve is
similar to that of C-PDMS-3, demonstrating how the physical coumarin-coumarin
interactions also play a role in the material viscosity.
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using alkynylsilicones. Note: an approximately 75:25 mixture of 1,4 and 1,5 triazole
isomers is produced in the Huisgen cyclization. Both isomers are shown in these model

structures

40



Ph.D. Thesis — A.S. Fawcett; McMaster University — Department of Chemistry

Modulus (Pa)

Time {min)

) 50 1 150 200 5
A Time (min) B

100000

10000

1000

Modulus (Pa)

00 250 300 Time {min)

0 50 100 150
C " e D

Modulus (Pa)

Time (min)

E

Figure 3.3. Photocuring of C-PDMS - PC-PDMS A: PC-PDMS-3 at 40 °C, B: PC-
PDMS-7 at 62 °C, C: SC-PDMS-1.5 at 40 °C (A, B and C have a time scale of 300
minutes) D: PC-PDMS-11 at 74 °C, and E: PC-PDMS-14 at 74 °C (Both C and D have a
time scale of 1200 minutes)

Once a plateau was reached on the rheometer, i.e., once photocuring had been maximized,
the PC-PDMS samples were tested to confirm cure completion using thermal cycling
(Figure 3.4A-F). As seen by comparing C-PDMS-14 with PC-PDMS-14, little change
occurred in modulus with temperature in the latter case. All photocured materials
followed a straight line with temperature showing that there are insufficient free-
coumarin groups left to permit any additional physical coumarin/coumarin crosslinks.
PC-PDMS-11 is the only sample that still showed some cycling, even after 18 hours of
curing. This may be due to incomplete photocuring as a consequence of structural
orientations of coumarin groups within the polymer, such that there is insufficient chain
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mobility to permit photodimerization — leaving a fraction of free coumarin groups that
can respond to temperature changes.

The photoreversibility of the system was examined in a UV-Vis spectrometer using two
light sources: 365 nm for dimerization and 254 nm for retrocycloaddition (the available
light intensity on the photorheometer was insufficient to show any change in viscosity).
The experiment was designed such that the temperature within the spectrometer was
constant at 20 °C and there was gentle stirring to ensure even mixing of the material
throughout the cuvette rather than simply where the light was directed. In the first cycle,
the sample was irradiated with 365 nm light (Figure 3.6: red to purple). Next, the retro-
cycloaddition reaction was run at 254 nm light for two hours (Figure 3.6: purple to
orange): after the first hour further changes were negligible. The final cycle was re-
dimerization with 365 nm light (Figure 3.6: orange to green). It can be seen that recovery
after each cycle is less than 100%. This suggests the formation of a photostationary state
for the polymer, a phenomenon that is typical when photoactive molecules are
incorporated into polymeric materials.'®*°

Instron studies were undertaken on the photocured samples after removal from the
rheometer (Figure 3.7, PC-PDMS-7 could not be recovered from the rheometer to
produce a pristine sample for testing). The samples followed typical elastomeric tensile
curves similar to commercial PDMS elastomer controls. To demonstrate this, two
controls were tested: a commercial sample that contained the silica fillers that are
commonly used to reinforce PDMS (the control containing silica is plotted on the
secondary right hand axis) and an unfilled PDMS control. The latter compound shows
substantially lower stress and corresponds closely to PC-PDMS-3, indicating that at
certain concentrations dimerized coumarin crosslinks are as effective as traditional
silicone crosslinks in silicone rubber. When the number of crosslink sites is further
increased with the presence of additional coumarin, e.g., PC-PDMS-11 and -14, the
compounds show much higher stress and a lower strain — they are much more brittle. The
strength of the photocured materials is much higher in comparison to the un-cured
thermoplastic starting material.'* Comparisons of C-PDMS-11 and PC-PDMS-11 as well
as C-PDMS-14 and PC-PDMS-14 are shown in Figure 3.7. A substantial difference can
be seen between C-PDMS-14 before dimerization and after. Before dimerization, C-
PDMS-14 was very brittle, whereas, after photodimerization, the stress it could withstand
more than doubled. The incorporation of covalent crosslinks into the material increased
the elasticity of the compound, which corresponds with what is observed from the
rheology measurements. Both PC-PDMS-11 and -14 exhibit more elastic tensile behavior
in comparison to their thermoplastic, non-irradiated analogues.
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3.4 Discussion

The presence of coumarin molecules on a silicone backbone leads to dramatic increases
of viscosity: fluids become thermoplastic elastomers or even rigid resins at higher
loading."* However, the affinity between coumarin molecules is easily overcome simply
by heating. For many applications, that level of resilience is insufficient for practical
purpose. Photochemistry provides a reversible process to tune the elastomeric properties
of the polymer.
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Previously, we showed that alkyne coumarin groups, clicked onto linear low molecular
weight PDMS chains, led to novel thermoplastic elastomers through coumarin self-
assembly. The thermal response on the viscoelasticity of the materials was shown to vary
with the concentration of coumarin along the backbone. A higher concentration of
coumarin required higher temperatures to achieve comparable viscosities to lower
coumarin-containing materials. In other words, higher coumarin backbone density gave
higher physical crosslink densities. Thermal cycling was completed on all physically
crosslinked materials demonstrating the response of the various polymers to heat. All
polymers exhibited reproducible changes in viscosity as the temperature was cycled; SC-
PDMS-1.5 showed the least change in viscosity with temperature, which is due to the
permanent crosslinks incorporated into the material. Since SC-PDMS-1.5 is already
crosslinked, the polymer chain movement with changing temperatures is limited, although
slight cycling is noted from the effect of the coumarin self-assembly (Figure 3.4F).

The [2+2] photoactivity of all C-PDMS samples was explored using real-time viscosity
measurements during 365 nm UV irradiation. The temperature of the dimerization
experiment was different for each sample, depending on the concentration of coumarin, in
order to maintain constant initial viscosities across all samples. Except for PC-PDMS-14,
polymers with higher coumarin backbone concentrations had a higher modulus after
longer irradiation times: the viscosity of PC-PDMS-14 did not exceed that reached by
PC-PDMS-11. Increases in viscosity are a consequence of crosslinking through [2+2]-
cycloaddition reactions: The deviation by PC-PDMS-14 is likely a consequence of too
high a density of coumarin moieties. At these higher loadings, we rationalize that
complete dimerization of coumarin along the polymer backbone may not be possible due
to the conformational restraints placed within the material during crosslinking: there are
insufficient degrees of freedom to permit more than a small fraction of coumarin to attain
the geometry necessary for photocycloaddition.

The polymers possessing lower coumarin concentration along the backbone, PC-PDMS-
3 and PC-PDMS-7, exhibited an unexpected initial decrease in viscosity when the lamp
was turned on at 2 minutes (Figure 3.3A-B). We postulate this decrease in viscosity is due
to the conformational changes that occur when dimerization begins Figure 3.8 A. When
the polymer is initially placed on the rheometer, the coumarin molecules are stacked in a
favorable head-to-tail conformation that leads to the viscosity increase previously
reported."* When the lamp is turned the associated coumarin groups must first dissemble
— leading to lower viscosity materials — prior to the orientation permitting them to
undergo cycloaddition. Note that thermal association of the coumarin molecules was
found to arise from head to tail arrangements in model studies. By contrast, the
photodimer can arise from either head to tail or head to head interactions (Figure 3.8B).%
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Photocure of all of the compounds tested led to increases in modulus. PC-PDMS-3 had
the lowest final viscosity, which is expected as it contains the lowest concentration of
coumarin and therefore the lowest possible concentration of coumarin photocrosslinks.
PC-PDMS-7 and PC-PDMS-14 increased by the same degree in modulus, just over
double the final modulus for PC-PDMS-3. In comparison to PC-PDMS-3, PC-PDMS-7
contains just over double the percentage of coumarin moieties, and so the increase in
modulus follows with what would be expected. PC-PDMS-14 contains double the
coumarin moieties of PC-PDMS-7, however, as previously mentioned, it is thought that
the concentration of coumarin groups may be too high to allow for the conformational
changes to occur to allow for further coumarin crosslinking, leading to maybe only half of
the coumarin moieties being able to photocrosslink. PC-PDMS-11 displays the largest
degree of modulus increase, a 130% increase in modulus over PC-PDMS-7, despite
having 4% more coumarin groups along the silicone chain. This demonstrates an optimal
coumarin concentration along the PDMS chain for maximum crosslinking efficiency.
There appears to be no loss in viscosity during initial irradiation, which suggests there are
free coumarins that are not pi-stacked, and in a conformation to initiate the [2+2]
photoreaction (this is true also for PC-PDMS-14).

The partly cured material SC-PDMS-1.5 did not yield, on photolysis, the same magnitude
of modulus change as its C-PDMS-3 counterpart. The photorheology was run at 40 °C,
the same as for C-PDMS-3. However, in this instance the polymer starts with a lower
number of coumarin physical crosslinks, and thus has a lower initial viscosity. The
covalent crosslinks initially prepared by azide-alkyne ‘click’ chemistry with a silicone
chain of 1,000 MW did not significantly change the crosslink density because of the
length of the spacer. As the physical coumarin crosslinks became chemical crosslinks the
material quickly becomes more elastomeric and the storage modulus increased. The
viscosity in the SC-PDMS-1.5 samples thus plateaued more quickly than the C-PDMS-3
samples. These results are interesting because they demonstrate the ability to
independently utilize physical, irreversible covalent and reversible covalent interactions
to tailor the silicone elastomer properties.
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Figure 3.8. Photocure involves dissociation of A: dissociation of stacked coumarin
molecules and B: reversible photodimerization of the coumarin molecules

Thermal cycling experiments were completed on all photocrosslinked samples and can be
compared to previously reported thermally cycled unphotodimerized, self-associated
materials. In Figure 3.4D and E, the storage and loss moduli of C-PDMS-14 during
heating were the same as PC-PDMS-14, which suggests 1:1 coumarin crosslinks are
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occurring in both cases. In the case of PC-PDMS-14, two coumarin groups are required
to make a crosslink, in C-PDMS-14, if there were multiple coumarin groups involved in
crosslinking, it can be extrapolated that the viscosity of the material would be higher than
when it is photodimerized. The similar behavior of the photodimerized materials to their
non-photocrosslinked analogues suggests only two coumarin groups are required to give
one crosslink in both cases. The thermal cycling for PC-PDMS materials no longer
exhibits circular changes in the flow of the material after UV irradiation due to the
presence of covalent crosslinks within the network.

Instron studies further reflect the changes between C-PDMS and PC-PDMS materials.
The thermoplastic nature of C-PDMS-11 and -14 are shown in the curves of Figure 3.7.
However, once photodimerized, the materials exhibit a typical thermoset tensile strength
curve. The changes to PC-PDMS-11 and -14 show an increase in stress over their
physically crosslinked analogues, which is expected considering the incorporation of
stronger chemical crosslinks within the material. PC-PDMS-3 exhibits a tensile strength
that is very similar to the unfilled-PDMS control, which demonstrates that there is a
concentration of coumarin photocrosslinks that can produce materials with a similar
tensile strength as silicones containing alkyl crosslinks.

The main advantage to these materials is the ability to incorporate a specific
concentration of crosslinks within the network that are reversible. The temperature
sensitive nature of the C-PDMS samples can be overcome by incorporating a controlled
amount of covalent crosslinks into the material. The crosslink density of the materials can
be controlled below the temperature threshold for C-PDMS with physical and a specific
concentration of chemical crosslinks. In some cases the concentration of chemical
crosslinks within the material can supersede the effect of physical crosslinking. The
photoactivity of C-PDMS materials allows for the development of silicone elastomers
with a reversibly controllable crosslink density at a variety of temperatures.

3.5 Conclusions

Coumarin-modified silicones provide two distinct methods to control elastomeric
properties. The concentration of coumarin incorporated along the silicone backbone
controls the initial viscosity and thermal properties of the material. In addition, the
dimerization of coumarin within PDMS allows the thermoplastic silicone polymers to be
converted by light into thermosets of the desired modulus. To a degree, the process can be
reversed to reduce the permanent density.
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3.6 Experimental

3.6.1 Materials

Sylgard 184 was purchased from Dow Corning as a two-part kit. Tetrahydrofuran and
toluene was purchased from Caledon and dried before use over an activated alumina
column. Ethanol, acetonitrile, chloroform and hexanes were purchased from Caledon and
used as received. Glycidylether-terminated PDMS and propiolic acid were purchased
from Aldrich.

All materials for the synthesis of C-PDMS materials were obtained, synthesized and
characterized following previously reported experimental procedures.

3.6.2 Methods

Rheological Analysis. Rheometry was performed on an ARES 3ARES-9A rheometer
(TA Instruments, USA) with parallel plate geometry and a 0.3 mm gap. The top plate was
a 20 mm quartz plate with the bottom a Peltier plate. A dynamic temperature step test was
performed at oscillatory frequencies of 10 rad s and a strain of 1% and a temperature
step time of 3 °C/min to obtain data for the change in dynamic viscosity as a function of
temperature. Photocrosslinking reactions were performed using oscillatory frequencies of
10 rad s and a strain of 1%, with a 365 nm light source at an intensity of 96 mW/cm? at
temperatures that gave a starting modulus of ~1000 Pa. The UV light source was an
EXFO Acticure 4000.

Reversible UV Studies. The UV studies were performed using a Varian Cary 50 Bio
UV-Vis Spectrometer with a Single Cell Peltier Accessory to ensure even mixing and
controlled temperature during irradiation. The 254 nm light source was a UVP PenRay.
Experiments were run in acetonitrile at a concentration of 10*M. Each irradiation
experiment was run for an hour, followed by an extra 15-60 minutes to ensure complete
reaction.

Instron Analysis. The tensile tests were performed on an Instron 3366 (Table model),
USA, tensile testing machine at room temperature with a 50 N load cell. The specimen
gauge length was 8.00 mm and a crosshead speed of 5 mm/minute was used. PC-PDMS
samples were removed from the rheometer and punched into Instron testing strips
following procedures used for contact lens tensile testing. All reported mechanical
properties are based on an average of a minimum of three to five specimens.
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3.6.3 Synthesis of di-alkyne terminated PDMS

Glycidylether terminated PDMS (5.0 g, 5.1 mmol) was combined with propiolic acid
(1.42 g, 20 mmol) in 10 mL THF and stirred at 50 °C over 4 days. The reaction was
monitored by NMR and on completion any remaining acid and solvent were removed in
vacuo.

'"H NMR (CDCls, 600 MHz): §4.21 (t, 1 H, J = 9.0), 3.53-3.42 (m, 4 H), 2.96 (s, | H),
1.76-1.74 (m, 1 H), 1.69-1.65 (m, 1 H), 1.62-1.58 (m, 2 H), 0.52-0.50 (m, 2 H), 0.07-
0.0.02 (m, 32 H); *C NMR: (CDCls, 600 MHz): § 155.10, 75.98, 74.56, 70.96, 69.69,
68.49, 66.26, 23.32, 14.14, 1.28, 0.20.

3.6.4 Synthesis of SC-PDMS-1.5

Azide-functional PDMS-3 (synthesis described in previous chapter) (5.0 g, 11 mmol) was
combined with propargyl coumarin (1.19 g, 5.5 mmol) and dialkyne-terminated PDMS
(3.5 g, 2.7 mmol) with 10 mL THF and stirred at 50 °C for 4 days. The reaction was
monitored by NMR, and on completion the THF was removed using a rotary evaporator.

'H NMR (CDCls, 500 MHz): § 8.36-8.25 (m, 0.11 H), 8.13-8.05 (m, 0.11 H), 7.36 (d,
0.11 H, J=9.5 Hz), 7.54 (dd, 0.11 H, J = 9.0 Hz, /° = 3 Hz), 7.28 (s, 0.11 H), 7.22-7.18
(m, 0.11 H), 6.42 (d, 0.11 H, J=9.5 Hz), 4.63-4.43 (m, 0.22 H), 4.38 (t, 0.22 H, ] = 7 Hz),
3.52-3.47 (m, 2.22 H), 2.87 (d, 0.11 H, J = 7.0 Hz), 2.07-1.91 (m, 0.22 H), 1.88-1.78 (m,
1.78 H), 1.66-1.55 (m, 0.22 H), 0.65-0.60 (m, 1.56 H), 055-0.50 (m, 0.66 H), 0.13-0.02
(m, 32 H).
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CHAPTER 4: Rapid, Metal-Free Room Temperature Vulcanization

Produces Silicone Elastomers®

4.1 Abstract

Silicone room temperature vulcanization elastomers are usually formed through either a
platinum-catalyzed hydro- silylation or tin-catalyzed moisture cure. In this article, we
show that it is possible to create robust, transparent silicone elastomers without the need
for metal catalysts. Hydrogen-terminated silicone polymers are crosslinked by tri- or
tetraalkoxysilane crosslinkers in a condensation process catalyzed by the presence of
trispentafluorophenylborane catalyst to give elastomers and alkane by-products. This
procedure allows for very fast cure times (< 30 s to a tack free state): the process is more
conveniently controlled with the addition of a small amount of solvent. Physical and
mechanical properties are readily modified by control of the chain length of the starting
polymer, the functionality and nature of the alkoxy group on the crosslinker.
Organofunctional groups, useful for further polymer modification, can optionally be
incorporated by judicious choice of readily available starting materials.

4.2 Introduction

Silicone elastomers are widely used in many applications ranging from biomaterials'™ to
coatings and sealants, and so forth.*® Although there are several methods available for
their synthesis,””* the most common of these are high-temperature radical cure, room-
temperature vulcanization using either tin- or titanium-derived hydrolysis/condensation
catalysts, or platinum-catalyzed hydrosilylation.” Each of these processes has its own
disadvantages: for example, it can be difficult to control high-temperature curing to give

reproducible networks. Although exquisite control over network structure is possible

¥ This chapter is reproduced from A.S. Fawcett, J.B. Grande, M.A. Brook, in Journal of
Polymer Science Part A: Polymer Chemistry, 2013, 51, 644-652 with permission from
Wiley Periodicals, 2012. Fawcett designed the experimental procedure with assistance
from Grande. Fawcett performed all experiments with assistance from Grande. Fawcett
also wrote the majority of the manuscript with additions, edits and guidance provided by
Grande and Brook.
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using metal-catalyzed crosslinking, for reasons of cost (platinum catalyst) or
environmental concerns (tin catalysts are currently under scrutiny by regulatory agencies
in many parts of the world'®), there is a desire to avoid metals in room or elevated
temperature crosslinking processes.

We have previously described the ability to make complex silicone structures, optionally
containing functional groups, using the dehydrocarbonative coupling of alkoxysilanes
with hydrosilanes (R3;SiH + R’OSiR”; = R3SiOSiR”; + R’H), a process catalyzed by
B(CeFs)s (Figure 4.1A, B).''""® Others have also reported the synthesis of siloxane resins'*
> and polymers'® "7 using this strategy. The reaction offers several advantages in the
preparation of small molecules that include: rapid reaction times, simple removal of
(gaseous) by-products, lower catalyst concentrations than Sn-based systems and the
simplicity with which the 3D structures can be controlled by appropriate use of simple
starting materials: complex structures can be prepared that are not available by traditional
routes." It seemed likely that this reaction could similarly offer benefits to the preparation
of silicone polymers and elastomers (Figure 4.1C). We have therefore examined the ease
with which a,m-hydride-functional silicone polymers can be crosslinked with various
alkoxysilanes as a function of molecular weight of the starting polymer, siloxane and
catalyst concentrations, alkoxysilane reactivity, and choice of solvent to prepare uniform
silicone elastomers.

4.3 Experimental

Tetraethyl orthosilicate (TEOS), tetrapropyl orthosilicate (TPOS), 1-pyrenemethanol, and
tris(pentafluorophenyl)borane were purchased from Sigma-Aldrich and used as received.
Methyltriethoxysilane (MTES), tetramethyl orthosilicate (TMOS), vinyltrimethoxysilane
(VT), iodopropyltrimethoxy-silane I7), tetravinylsilane (TV), 1,1,3,3-
tetramethyldisiloxane, 1,1,3,3,5,5,7,7-octamethylcyclotetrasiloxane (D4), a,o-hydride-
terminated poly(dimethylsiloxane) (H-PDMS-H) 100, and 1000 centiStokes (cSt, ~ MW
5900 and 28,000, respectively)'®™ ' were purchased from Gelest; hexanes,
dichloromethane, diethyl ether, tetrahydrofuran, and toluene were purchased from
Caledon.
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Figure 4.1. A: Reaction scheme depicting the dehydrocarbonative coupling used to
synthesize PDMS elastomers. R = Me, OR’; R’ = Me, Et, Pr. B: Examples of explicit
silicones that can be synthesized using this process. C: Elastomer formation; product
shown for R = OR’

NMR spectra were recorded using a Bruker Avance500 or AV600 spectrometer. Shore A
hardness measurements were made using a Durometer Hardness type ‘“A2’’ from The
Shore Instrument & Mfg. Co., NY. Shore OO experiments were taken using a Rex
Durometer, Type OO, Model 1600 from Rex Gauge Co.

4.3.1 Synthesis of 500 ¢St PDMS (Poly(dimethylsiloxane), ~16,000 MW)

To a mixture of 1,1,3,3,5,5,7,7-octamethylcyclotetrasiloxane, D4 (50.0 g, 0.158 mol
Me,SiO unit), and 1,1,3,3-tetramethyldisiloxane (0.483 g, 3.59 mmol) was added
trifluoromethanesulfonic acid (0.05 mL, 0.085 g, 0.57 mmol) at room temperature. The
mixture was then heated at 100 °C for 5 h, cooled to room temperature, and magnesium
oxide (~2 g) was added to quench the acid. After 30 min, tetrahydrofuran (200 mL) was
added to the mixture. The solution was then filtered and concentrated under reduced
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pressure. The residue was purified by removal of small molecular weight silicones using
Kugelrohr distillation at 180 °C under vacuum (0.1 mmHg) for 5 h yielding a colorless oil
(26.5 g, yield 62.8%).

1H NMR (CDCls, 600 MHz, 6): 4.70 (m, 2 H), 0.18 (d, 12 H), 0.08-0.05 (m, 1296 H).
4.3.2 General Synthesis of PDMS Elastomers

In a typical synthesis (shown for 1000 ¢St SiH terminated PDMS with TEOS, 1:1 eq
SiOEt:SiH, Table 4.2, Entry 6), TEOS (0.009 g, 0.04 mmol) was placed in a 25.0 mL vial
with B(C¢Fs); (15 uLL of a 0.078 M solution, 239 ppm) and hexanes (2.0 mL). The
contents of the vial were added to H-PDMS-H (1000 ¢St, 2.50 g, 0.04 mmol SiH groups)
that had been preweighed in a beaker, followed by rapid mixing. The contents were then
poured into a Teflon-lined Petri dish (10 mm thick x 35 mm diameter) and placed under
vacuum (571 Torr) to degas the mixture. The mixture was allowed to cure for 5 min at
room temperature (20 °C) at which time the reaction was complete. The dish was then
moved to a 50 °C oven overnight to remove any excess solvent.

Table 4.1 and Table 4.2 show the variables that were examined in an effort to correlate
reagent types, concentrations, and reaction conditions with the ability to form uniform
elastomers. Factors including: solvent volume (Table 4.1); catalyst concentration (a
catalyst stock solution, 0.078 M, used to increase catalyst concentration in the elastomers,
was prepared by dissolving the catalyst (40 mg, 0.07 mmol) in dry toluene (1 mL)); H-
PDMS-H MW; type of crosslinker; molar ratio of crosslinker (SiOR) to SiH functional
groups; and the effects of vacuum were examined (Table 4.1 and Table 4.2). The
materials appeared to go to complete cure normally within 1-10 min (for example, bubble
evolution ceased): hardnesses of the elastomers were measured after 24 h. In some
instances, the elastomers required oven cure at 50 °C for 24 h to give a ‘‘tack-free”’
elastomer. An assessment of whether tack was coming from residual solvent or
incomplete cure was not made.

4.3.3 A Comparison with Karstedt’s Catalyst

A 30 ppm Pt solution was prepared by taking 10 uL of Karstedt’s Catalyst (2.5% Pt in
xylenes) and diluting in 1 mL of hexanes. A total of 0.33 mL of this stock solution was
placed added to a vial containing Si(CH=CH.):(6.0 mg, 0.04 mmol) and 1.67 mL of
hexanes. This solution was then quickly added to the hydrogen-terminated silicone,
stirred, and poured into a Petri dish to cure following the protocol above (29, Table 4.2).
The experiment was repeated at 50 °C to give 30.
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Table 4.1. Solvent Effects on Reaction Time®

Exp# Hexane (mL) Reaction Time (s)

1 0 20
2 0.1 32
3 0.5 38
4 1.0 43
5 2.0 43

* for 5,900 MW silane with TMOS (1:1) with 15uL/236ppm catalyst.

Table 4.2. Preparation of Silicone Elastomers

Parameters Outcome

Silane MW ) » Ratio Catalyst Hexane [Rubber R'eactlon Shore Shore
Exp# . X-linker (g)° .. ) Time

(2) [SiIOR]:[SiH] (uL/ppm) (mL) (Y/N) (min:s)’ A 00
6 28000 (2.5) TE (0.009) 1:1 15/239 2.0 1:42 18 67
7 28000 (2.5) TE (0.014) 1.5:1 15/238 2.0 Y 2:00 13 63
8 16000 (2.5) TE (0.024) 1.5:1 12/237 2.0 h{' 1:10 21 70
9 5900 (2.5) TE (0.066) 1.5:1 15/236 2.0 Y 1:20 25 68
10 28000 (2.5) Me (0.006) 0.5:1 15/239 2.0 h{' 4:48 20 78
11 5900 (2.5) TE (0.022) 0.5:1 15/237 2.0 N¢ - - -
12 16000 (2.5) TE (0.008) 0.5:1 12/239 2.0 h\ld - -
13 28000 (2.5) Me (0.011) 1:1 15/238 2.0 Y 4:55 21 67
14 28000 (2.5) Me (0.016) 1.5:1 15/238 2.0 h{' 4:52 18 62
15 28000 (2.5) Me (0.021) 2:1 15/238 2.0 Y 10:00 10 53
16 16000 (2.5) T™M (0.018) 1.5:1 12/238 2.0 h{' 1:52 23 70
17 16000 (2.5) T™M (0.023) 2:1 12/237 2.0 Y 1:55 14 51
18 16000 (2.5) TP (0.030) 1.5:1 12/237 2.0 h{' 1:52 18 63
19 16000 (2.5) Me (0.027) 1.5:1 12/237 2.0 Y 3:45 18 65
20 5900 (2.5) VT (0.083) 2:1 15/232 2.0 h{' - 15 68
21 5900 (2.5) IT(0.163) 2:1 15/225 2.0 Y - 21 66
22 5900 (2.5) TM (0.016) 0.5:1 15/238 2.0 N¢ - - -
23 5900 (2.5) TM (0.016) 0.5:1 9/143 5.0 Y - - 11
24 16000 (2.5) TP (0.041) 2:1 12/236 2.0 h{' 1:44 - 15
25 5900 (2.5) Me (0.075) 1.5:1 15/233 2.0 Y 5:10 30 80
26 5900 (2.5) TM (0.032) 1:1 15/236 2.0 Y 0:43 22 75
27 5900 (2.5) TM (0.032) 1:1 1.9/30 0 Y 78:00 22 78
28 28000 (2.5) TM (0.009) 1.5:1 15/239  2.0° Y 8 60
29 28000 (2.5) TV (0.006) 1:1 30ppm 2.0 Y 19:08 12 62
30 28000 (2.5) TVE(0.006) 1:1 30ppm 2.0 Y 9:00 12 62
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228000 MW = 1000 cSt; 16000 MW = 500 cSt; 5900 MW = 100 cSt. * Me
(methyltriethoxysilane), TM (tetramethyl orthosilicate), TE (tetraethyl orthosilicate), TP
(tetrapropyl orthosilicate), IT (iodopropyltrimethoxysilane), VT (vinyltrimethoxysilane). ¢ Small
variations in temperature (2-4 °C) led to noticeable changes in reaction time; these values are thus
reported = 20 s. ¢ The elastomers contained large bubbles. ¢ 1.4 mL hexane with 0.6 mL toluene +
1-pyrenemethanol (0.001 g). " TV = Si(CH=CHy,); these conditions match those of entry 6
(crosslinker is present in the same molar concentration), but using a 30ppm Pt solution to replace
the boron catalyst. ® The conditions reported in e were used, except the reaction was performed at
50 °C.

4.3.4 Synthesis of Fluorescent PDMS (Includes 10 mol % 1-Pyrenemethanol.)

1-Pyrenemethanol (0.001 g, 6.0 x 10 mol) was dissolved in toluene (0.6 mL) and added
to H-PDMS-H (2.5 g, 8.9 x 10” mol) in a 20 mL vial. TMOS (0.009 g, 6 x 10 mol) and
catalyst (15 pL, 239 ppm) were combined in a vial with hexane (1.4 mL). The
crosslinker/catalyst solution was added to the silane, rapidly mixed, and poured into a
Teflon- lined Petri dish and placed under vacuum to cure. After the initial curing reaction,
3 min, the Petri dish was placed into a 50 °C vacuum oven for 3 more days to remove any
remaining toluene. A 1.27 cm disk was punched from the elastomer and placed in a
cellulose thimble for a Soxhlet extraction, which was performed over 16 h with toluene as
solvent. Following extraction and drying, images were taken using a Canon PowerShot
SX120 IS camera, with irradiation by 365 nm light.

4.4 Results

Synthetic protocols for siloxane bond synthesis using dehydrocarbonative coupling'" '***
2! simply involve mixing—often with a small amount of solvent (see below)—the
hydrosilane, alkoxysilane, and a catalytic amount of B(CsFs);. After a short induction
period, the reaction occurs with an exotherm and, occasionally (particularly with
methoxysilanes) with vigorous release of an alkane gas. No protection from the local
environment was needed. Normally, a small excess of the more volatile reagent is used,
such that work-up (in the case of fluid products) is limited to addition of a small amount
of neutral alumina to complex the catalyst, filtration, and evaporation of the residual
volatile reagent (Figure 4.1). Although B(CgFs); is normally removed from fluid silicones,
we have not observed any evidence of silicone depolymerization/metathesis, even when
the catalyst is left in the silicone over extended periods of time.

Preliminary experiments demonstrated that some procedural modifications would be
necessary to evenly cure polymers into elastomers. Important process parameters to
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control included the order of addition of the reactants, the concentration of the B(CesFs)3
catalyst, and the need to add small amounts of solvent to enhance the dispersion of
B(C¢Fs); and alkoxysilane crosslinker within the hydride-terminated PDMS silicone. A
more important effect that speaks to the efficiency of the reaction was the slower reaction
time observed when solvent was present, which permitted transfer of the pre-elastomer
mixture to the curing vessel, typically a Petri dish. If solvent was not used, the reaction
was sufficiently fast that cure often occurred to a significant degree during mixing,
including partial or complete setting, which frequently led to inhomogeneous materials
(e.g., less than 30 s, see Table 4.1). This suggests, however, that it may be possible to use
the reaction in extrusion or injection molding processes where high-speed production is
particularly important.

Early experiments also demonstrated that the order of addition of the reagents was
important for clean elastomer formation. The optimal addition order involved combining
the alkoxysilane crosslinker with the catalyst and then adding this mixture to H-PDMS-H.
If the catalyst was added to the hydrosilane first, crosslinking immediately proceeded,
making reproducible reactions difficult. Evenly cured materials formed more readily if
the pressure was reduced shortly after mixing the ingredients: degassing silicone
elastomers during cure is a common practice to avoid entrained bubbles.* In this reaction,
the likelihood of bubbles in the product is exacerbated by the formation of alkane by-
products. In some cases, it was not possible to form bubble-free elastomers unless
significant deviations were made from standard formulations (see below).

A wide range of elastomeric materials could be prepared once these factors had been
optimized, as described in Table 4.2 (Figure 4.1C, Appendix Section 8.3). The factors
that most influenced the mechanical properties of the product elastomers were: H-PDMS-
H MW, crosslinker concentration, crosslinker reactivity, and solvent volume, which will
be discussed in turn.

4.4.1 Reaction Rate, Use of Solvent, and Bubble Suppression

The rate of the reaction depended on a variety of factors including base polymer
molecular weight, catalyst concentration, the character of the alkoxysilane crosslinker,
and the use of hexane as diluent. Early explorations with the more reactive formulations
(Table 4.1: 1) demonstrated that solvent-free elastomers could be formed completely in
20 s. This exceptionally rapid rate was frequently disadvantageous as, in many cases, the
elastomers were relatively inhomogeneous because it was not possible to efficiently mix
the starting materials before the onset of cure. Only hand mixing was possible: the use of
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10 static mixer syringe tips with either 5 or 10 elements was unsuccessful because cure
occurred in the mixer.

As would be expected, lowering the catalyst concentration led to increases in reaction
time. For example, using 30 ppm instead of 239 ppm of catalyst increased the reaction
time to 78 min (Table 4.2: 27). Although further manipulation of catalyst loading was
possible, it proved to be more convenient both to facilitate mixing and moderate reaction
times by addition of a small amount of solvent.

The first benefit of solvent addition was an increased level of control in the process as a
consequence of mediation of cure kinetics: there was a concomitant reduction in reaction
rate with decreasing reagent concentration (Table 4.1). Addition of hexanes also
facilitated both catalyst and crosslinker dispersion and allowed the viscosity of the curing
mixture to remain lower for longer periods of time, which led to a reduction in the
incidence of entrapped bubbles. The addition of an appropriate amount of solvent could
thus change outcomes from bubble containing to the desired uniform, bubble-free
elastomers. For example, in an otherwise identical formulation containing 2.5 g of
silicone, the use of 5 mL hexane instead of 2 mL, avoided the presence of bubbles in the
product (Table 4.2: 22 vs. 23, Figure 4.2A, B). Bubble formation was also controlled by
crosslinker type and silicone MW as is discussed further below.

Figure 4.2. A: A foamed material (Table 4.2: 22); B: The corresponding elastomer arises
from changing the amount of added solvent and/or catalyst concentration (Table 4.2: 23).
Effect of PDMS MW on elastomer formation: entries on Table 4.2. C: entry 7 (1000 cSt),
D: entry 8 (500 cSt), E: entry 9 (100 cSt) at a fixed [SiOR]:[SiH] ratio of 1.5:1

4.4.2 H-PDMS-H Molecular Weight

As with any rubber, elastomeric properties were associated with the crosslink density that
could be optimized by changing the molecular weight of the base silicone polymer. More
rigid/brittle materials formed when shorter silicone chains were used, due to the shorter
distance between crosslinks. For example, at a fixed crosslinker ratio of 1.5:1
[SiOEt]:[SiH] functional groups (from TEOS crosslinker and linear H-PDMS-H,
respectively), the hardness of the elastomer products increased as the molecular weight of
the silicone was decreased from 28,000 to 16,000 and 5900 MW H-PDMS-H: the Shore
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A hardness of the materials were 13, 21, and 25, respectively (Table 4.2: 7, 8§, 9,
respectively; Appendix Section 8.3, Figure 4.2C-E).

The lower MW starting H-PDMS-H (100 cSt, ~5900 MW) was more reactive than longer
silicone chains due to a higher SiH concentration in the reaction mixture, causing some of
the alkane by-products to be entrapped in the resulting elastomer. For instance, the
reaction time for a 5.9 kDa MW H-PDMS-H with reactive crosslinker TMOS with 2 mL
of hexane is 43 s (Table 4.1: 5, Figure 4.2E), while when the same conditions were used
with a higher 28 kDa MW silicone hydride, the total reaction time increased to 1.4 min
(Table 4.2: 6). Performing the reaction under vacuum, to facilitate removal of the alkane
gases, avoided the trapping of bubbles in most cases. With shorter H-PDMS-H chains
(100 cSt), particularly with lower concentrations of crosslinker, bubble-containing
materials were almost always formed demonstrating that the rate of cure is faster than the
rate of bubble removal.**

4.4.3 Ratio of Si(OR),;:H-PDMS-H

The final properties of the elastomer can also be manipulated by changing the
concentration of crosslinker present. At lower crosslinker concentrations, for example, at
a 0.5:1 molar ratio of [SiOR]:[SiH], the materials formed were softer and more elastic
(Figure 4.3A,B) than elastomers formed with higher crosslinker concentrations (Table
4.2: Entry 10, Appendix Section 8.3). Even if complete reaction occurs with the four
reactive sites on the crosslinker, residual unreacted silicone chains, or chains only
tethered at one terminus, convey gel-like properties onto the material. At this low ratio,
the products formed with 100 and 500 ¢St H-PDMS- H, entry 11 and 12 respectively,
generally contained large bubbles that could not be removed before the elastomer cured.
With the optimal crosslink density resulting from a [SiOR]:[SiH] 1:1 ratio, harder
elastomers formed for each given H-PDMS-H MW (Figure 4.3C). As the crosslinker ratio
was further increased from 1:1 to 1.5:1 [SiOR]:[SiH], the elastomers became softer
(Shore A decreased from 21 to 18, respectively, for 1000 ¢St H-PDMS-H with MTES
crosslinker, Table 4.2: 13, 14, Figure 4.3D). With yet higher crosslinker concentrations,
2:1, the crosslink density is further decreased and a much softer elastomer resulted (Shore
A decreases to 10, Table 4.2: 15, Figure 4.3E). In this case, the stoichiometry leads to a
lightly crosslinked polymer that exhibits enhanced chain extension and crosslinker-
capped chains, at the expense of crosslinks. The effect of both chain length and reduced
crosslinker concentration can be seen by comparing Shore hardness values of the
elastomers produced at 1.5:1 and 2:1 ratios with different H-PDMS-H MW: for 500 cSt
H-PDMS-H MW the Shore A hardness decreased from 23 to 14, respectively, while for
1000 ¢St hardnesses of 18 and 10 were observed (Table 4.2: 16, 17, Appendix Section 8.3
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Figure 4.3. Models showing crosslink density changes associated with an increase in the
concentration of alkoxysilane crosslinker. A: excess H-PDMS-H. B: [SiOR]:[SiH] ratio
of 0.5:1. C: [SiOR]:[SiH] ratio of 1:1. D: [SiOR]:[SiH] ratio of 1.5:1. E: [SiOR]:[SiH]
ratio of 2:1

4.4.4 Alkoxysilane Crosslinker

The type of alkoxysilane crosslinker also affects the rate of the dehydrocarbonative
coupling reaction: more sterically congested alkoxy groups react more slowly.”” We
examined a range of silicone crosslinkers to see if the rate effects were manifested during
elastomer formation and, more importantly, if they led to significant changes in the
properties of the resulting elastomers. It was found that more reactive crosslinkers, such
as TMOS (Si(OMe),), led to elastomers that contained relatively high densities of bubbles
or were less transparent, or both (e.g., Table 4.2: 16, Figure 4.4B). The reaction process
was too fast to allow bubbles to escape the curing material, even if solvent was used to
slow the process. By contrast, use of the less reactive crosslinker, TPOS, slowed the
reaction down to such an extent that in some instances the elastomers did not fully cure,
and remained ‘‘tacky’’ (e.g., Table 4.2: 18, Figure 4.4D), but no bubbles were entrained.
MTES and TEOS were thus determined to be the optimal crosslinkers, as the ethoxy
groups were large enough to retard the reaction such that clear, uniform elastomers
formed that contained few or no bubbles, but reactive enough for the reaction to go to
completion in a convenient time period (Figure 4.4A,C, respectively). An additional
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advantage of these two crosslinkers is that they can be used in different ratios: changing
the ratio of tri- to tetra-functional silanes facilitates control of final elastomer hardness
within a fixed [SiOR]:[SiH] ratio regime.

Figure 4.4. All elastomers were synthesized with 500 ¢St PDMS, in a 1.5:1 ratio of
[SiOR]:[SiH] in crosslinker:H-PDMS-H. Pictures show the effect of changing crosslinker
reactivity: A: MTES 19; B: TMOS 16; C: TEOS 8, D: TPOS 18 (see Table 4.2)

4.4.5 The Effect of Humidity

B(C¢Fs); is a strong Lewis acid, which is known to efficiently complex with water and
other Lewis bases.” **  The complexation with water leads to the formation of a
relatively strong Brensted acid. It was posited that the complexation would retard the
coupling reaction and, possibly, the Bronsted acid could compromise the elastomer by
catalyzing hydrolytic de-polymerization. As a consequence, the reaction was examined at
various humidity levels. One of the most reactive formulations reacted in a chamber set at
75% humidity (Table 4.2: 26). When the components were mixed and immediately placed
into the humidity chamber there was only a slight delay (+5 s) in the total elastomer cure
time. However, when the components of the reaction were left in the humidity chamber
for 1 h before mixing, the elastomer cure time was significantly delayed (from 43 s to 16
min). The final hardness of the bubble-containing elastomer was the same as previously
reported.

4.4.6 Comparison with Traditional Catalysts

As noted above, platinum catalysts are frequently used to prepare silicone elastomers
from precursors functionalized with SiH and Si-vinyl groups, respectively. To provide
some comparison®’ between the process described above and traditional platinum-
catalzyed addition cure, a formulation was prepared with 30 ppm of a platinum catalyst
used to cure 28,000 MW hydrogen-terminated silicone with Si(Vi)s as crosslinker in
hexane as diluent. As the molecular weight of silicone chains and functionality of the
crosslinker are the same, the resulting network should be identical to formulation (6,
Table 4.2). The initial experiment (29, Table 4.2) showed that cure took about an order of
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magnitude longer under comparable conditions with the B(CgFs)s-catalyzed process, a
situation only slightly improved by heating to 50 °C, entry 30.

4.4.7 Functional Elastomers

Although the main focus of the research was the development of alternative routes to
silicone elastomers, the B(C¢Fs)s-catalyzed process conveniently allows incorporation of
functional group synthetic handles: the chemistry used to form siloxane linkages does not
affect some organic functional groups, including alkenes or alkyl halides (Figure 4.1B)."
To demonstrate this premise, vinyltrimethoxysilane was used as a crosslinker to provide
an elastomer bearing vinyl groups that are available for hydrosilylation reactions (Figure
4.5A, Table 4.2: 20], the most common way to modify silicones.” Note that, while
hydrosilylation can be catalyzed by B(C¢Fs);,”> it was not observed with the low
concentration of catalysts used. Similarly, iodopropyltriethoxysilane was incorporated in
the silicone elastomer to provide a reactive site that could be used to create available sites
for azide functionalization that can be used to react with alkynes in a click reaction
(Figure 4.5B, Table 4.2: 21).2° The ability to incorporate synthetic functionality was
further demonstrated by adding a fluorescent label which, through the Piers reduction,”’
becomes incorporated in the final elastomer. In the low [SiH] regime, reductive cleavage
to methylpyrene was not observed, and the fluorescent label remained in the elastomer
after Soxhlet extraction with toluene (Table 4.2: 28, Figure 4.5D).

4.5 Discussion

Silicone elastomers are normally cured by one of three means: high-temperature radical
cure; tin-catalyzed moisture (condensation) cure; or platinum-catalyzed hydrosilylation
(addition) cure. Each of these processes exhibits benefits and detriments.

Tin-catalyzed moisture cure is an efficient, but slow, elastomer-forming process.
However, the tin catalysts are set for removal from commerce in Europe because of
concerns about their environmental behavior.'” From a materials’ perspective, the
challenge with this process is managing the moisture that is a co-constituent of the
vulcanization process. As moisture is provided by the environment, cure always occurs
from the ‘‘outside-in,”” and complete and homogeneous cure is not always easy to attain:
it is typically slow.

Radical cure, which is very rapid, provides little control over network structure and
requires postcure baking to (attempt to) remove residuals from the radical initiators.
Platinum-based addition cure is typically associated with the highest level of network
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control. Elevated temperatures are frequently required to elicit cure and it is quite
common to use a ‘‘postcure’’ thermolysis to finish the curing process, and to drive off
residual volatile compounds. Platinum catalysts—even at the low concentrations at which
they are used—are expensive. Over time, the residual platinum in the silicone elastomer
can aggregate to form colloidal platinum particles that cast a yellow tinge to the elastomer.
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Figure 4.5. Functional silicones are readily prepared by use of functional crosslinkers A
(Table 4.2: 20), B (Table 4.2: 21), C and D: non-functional (C: formulated without
pyrenemethanol), and pyrene-modified silicone (D: Table 4.2: 28). The rippling in the
elastomers occurred after Soxhlet extraction with toluene and drying

The outcome of the use of platinum catalysts under the optimized conditions used for the
B(C¢Fs)s-catalyzed process were instructive. The catalyst concentration—30 ppm—rfalls
within the normal range of commercial elastomers. Platinum-catalyzed hydrosilylation is
an efficient process in hexane as solvent, although the use of a solvent diluent is atypical
for elastomer formation. As shown in Table 4.2, the reactions were significantly slower
than the B(CgFs)3, nearly an order of magnitude slower and, even at 50 °C, were about
five times slower. This head-to-head comparison demonstrates the remarkable efficiency
of the B(C¢Fs)s-catalyzed condensation to give siloxanes.

The mechanism of the dehydrocarbonative coupling of hydrosilanes and alkoxysilanes
involves the complexation of the Lewis acidic boron in B(Cg¢Fs); with the silicon
hydride.'? The reaction proceeds efficiently despite the multitude of other Lewis bases
present—silicone-based oxygens in particular: it is known that strong Lewis bases,
including those based on nitrogen, completely suppress the process. Initially, there was
concern that ambient water would intervene in the reaction as has been observed in other
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reactions catalyzed by B(C¢Fs)s. At high levels of humidity, the process was retarded,
which is attributed to a fraction of the catalyst being tied up with water and therefore
unable to facilitate the coupling process. However, we did not observe any acid-catalyzed
degradation® of the silicone backbone in previous work,'"'** nor with the materials
prepared here. We attribute this to the hydrophobic silicone environment. The
water:B(CgFs); complex will be comparably very polar and therefore likely of low
solubility in the silicone environment: if the complex forms, it will not be sufficiently
soluble in the silicone to catalyze silicone decomposition. This observation is particularly
important for elastomers: it is impractical to remove catalysts from rubber and the
presence of catalyst in the final product cannot compromise its integrity, as is the case
here.

When the dehydrocarbonative coupling reaction was performed at ambient humidity and
temperature, it was exceptionally rapid—much more rapid than the other silicone cure
methodologies. For many applications, the rate of cure was actually impractically fast in a
normal laboratory setting. However, this fast cure could be extremely beneficial in an
industrial environment, such as with extrusion or injection molding, where speed and use
of low temperatures is particularly advantageous.

In practice, it was necessary to slow the reaction down, both to avoid capturing bubbles
formed from alkane byproducts and to facilitate mixing of the starting materials. The
former aspect is most important because significant amounts of alkane are produced as
by-products during the curing process. When the rate of bubble formation is comparable
with the rate of cure (increasing viscosity leading to bubble capture), bubble-containing
elastomers can result. However, to a large degree, the production of bubble free
elastomers can be achieved simply by applying a small vacuum during elastomer
production, by decreasing the viscosity of the elastomer body early on with the addition
of a small amount of solvent, or slowing down the cure rate by reducing the amount of
catalyst such that bubbles are better able to escape the curing material. However, it should
also be noted that for certain formulations, bubble capture is not problematic, and rapid
reaction occurs at room temperature to give transparent silicone elastomers (Table 4.2,
Appendix Section 8.3). Of course, foam formation can be a desirable outcome.*®

The dehydrocarbonative coupling process, as applied to elastomers, provides a variety of
straightforward tools to manipulate the final rubber properties, while starting from simple,
readily available precursors. Softer elastomers result from longer chain length between
crosslinks or higher [SiOR]:[SiH] ratios; in the latter case increased surface tackiness is
also enhanced as a consequence of more dangling chain ends (Figure 4.3D). Reaction
rates can be moderated simply by using crosslinkers comprised of bulkier alkoxysilanes,
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less catalyst or more solvent. Crosslink density, in addition to the techniques just
mentioned, is also readily tuned by using mixtures of tri- and tetra-functional crosslinkers.
Manipulating the mechanical properties of the produced rubbers, most of which have to
do with changing the network structure to increase the spacing between crosslinks, can be
readily achieved by modifying the relative concentration of alkoxysilane crosslinker to H-
PDMS-H silicone chain length. Shore hardness ranging from Shore OO 15, to Shore A 30
are readily available with the process (24 and 25, respectively, Table 4.2).

4.6 Conclusions

Formulators design silicone elastomers around a variety of desired properties:
transparency, color, tackiness (for adhesion to a variety of surfaces), hardness, resistance
to tear, and so forth. Increasingly, the ultimate fate of the material is also to be considered
and, in the case of tin derivatives, there is increasing concern about environmental
impact.'® The process described above for silicone elastomer synthesis exhibits a variety
of benefits. First, it avoids the use of metal catalysts entirely, and the concentrations of
B(C6F5)3” necessary for reaction are less than tin catalysts. Second, the process is very
rapid, and the kinetics are easily manipulated by a variety of simple strategies. Finally,
the process allows elastomers with different properties to be readily prepared using by
manipulation of ratios of crosslinker to silicone chain, chain length, steric bulk of the
alkoxygroups on the crosslinker, and reagent concentrations.

Silicone elastomers containing comparable or improved properties to the materials
formed using tin- (moisture cure) or platinum-catalyzed (hydrosilylation cure) processes
have been synthesized. The reaction of alkoxy-functional silane crosslinkers with SiH-
functional silicones using small amounts of trispentafluorophenylborane as catalyst is a
practical alternative to these metal-catalyzed processes and one that occurs much more
rapidly at room temperature. Unless very highly reticulated materials are prepared, the
gaseous alkane by-product can be removed from the process by vacuum or by slowing the
cure process down using less catalyst or through the addition of solvent. The extent of
cure, and hence control over the final consistency of the rubber, is readily achieved
through catalyst concentration, crosslinker type and concentration, and MW of the
siloxanes.
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CHAPTER 5: Anhydrous Formation of Foamed Silicone Elastomers

using the Piers-Rubinsztajn Reaction”

5.1 Abstract

Elastomeric silicone foams are generally produced by the generation of hydrogen through
reaction of Si-H groups with active hydrogen compounds, including water and alcohols,
in a process catalyzed by platinum or tin complexes. It can be very difficult to control the
rate and magnitude of bubble formation, particularly because of adventitious water.
Silicone foams in a variety of densities (0.08-0.46 g/cm’) were obtained using a newly
developed Piers-Rubinsztajn  reaction by combining o,w-hydride-terminated
poly(dimethylsiloxane) with an alkoxysilane crosslinker such as tetraethyl orthosilicate
with catalysis by B(C¢Fs);. A single reaction leads both to crosslinking and bubble
evolution. The reaction is not significantly impacted by humidity: foams are generated by
the release of alkane gases derived from the alkoxysilane crosslinker, typically methane
or ethane, rather than hydrogen. It was found that crosslinker reactivity and concentration,
and silicone molecular weight, can be used to effectively control bubble nucleation,
coalescence, viscosity build and, therefore, final foam density and the formation of open
or closed cell foams. Better quality foams normally resulted when hexane, which acts as a
blowing agent, was added to the pre-foam mixture. In addition to these advantages, and
excellent reproducibility, the Piers-Rubinsztajn reaction benefits from a very fast
induction time.

™ This chapter is taken from J.B. Grande, A.S. Fawcett, A.J. McLaughlin, F. Gonzaga,
T.P. Bender and M.A. Brook, Polymer, 2012, 53, 3135-3142, and is reproduced with
permission from Wiley Periodicals, 2012. Fawcett contributed equally with Grande to the
design and organization of experiments. The initial foam experiments were completed by
Grande and McLaughlin, Fawcett contributed to the timing and repetition of all foam
reaction experiments. Density measurements were completed by Grande. Fawcett
contributed to and edited the manuscript with edits and guidance from Grande and Brook.
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5.2 Introduction

Foamed silicone polymers exhibit very unusual properties when compared to organic
analogs, which dictate their use in challenging applications ranging from joint sealants," >
insulators, mechanical shock absorbers in the aerospace, aircraft and transportation
industry,’ to biomaterials for wound dressings.*” Their high thermal stability, resistance
to flame spreading, poor combustibility and electrical resistance are of particular use in
transportation applications.

Silicone foam preparations can be classified, chemically, into two categories: (a) heat-
activated foams and, (b) room temperature vulcanization (RTV).*® Heat-activated
vulcanization usually consists of curing a higher molecular weight vinyl or methyl
functionalized silicone polymer using a peroxide-vulcanizing agent™®” in the presence of
a heat-activated blowing agent that is not affected by silicone cure.®"* Alternatively, in
RTV systems polycondensation or polyaddition reactions occur between crosslinking
agents containing a functional group on a silicon atom and silicone polymers containing
hydrosilanes in the presence of a metal catalyst, typically based on platinum’ or tin.>""*
RTV foam systems are generally available as a two component mixture where, after
mixing, elastomer cure occurs simultaneously with gas evolution.

Unlike the orthogonal chemical processes that occur in heat cured foams, RTV systems
use the same chemical entity - typically a hydrosilane residue - for cure by hydrosilylation
with an alkene and foam generation by reaction with active hydrogen compounds, such as
H,O and ROH, generating H, (Figure 5.1A). It remains very challenging to control the
density and morphology of RTV silicone foams because of the need to control the
kinetics of two separate processes: cure and foam/bubble generation. The most
demanding aspect is avoiding adventitious water or other active hydrogen compounds
that change both the crosslink density of the elastomeric foam and, more problematically,
the relative cure/foam kinetics which lead to changes in foam density and structure
(open/closed) from the desired outcome: reproducibility in foam generation can be
problematic.

The condensation of alkoxysilanes with hydrosilanes (Figure 5.1B) giving alkane
byproducts, catalyzed by B(C¢Fs)s - the Piers-Rubinsztajn reaction - can be used to create
small well-defined silicone structures from simple starting materials.'”"” This recently
discovered reaction has been barely explored in silicone chemistry, particularly for the
preparation of high molecular weight polymers. The few literature reports on the Piers-
Rubinsztajn reaction suggest that it could have several potential advantages in the
formation of silicone foams, including: rapid reaction times even at room temperature;
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facile formation of gaseous by-products that could act as blowing agents; very low
sensitivity to the presence of water, which will therefore not act as a blowing agent; and
the need for relatively low catalyst concentrations. Current RTV technologies use metal-
based catalysts that may be disadvantageous on the basis of cost (platinum) or
environmental (tin) reasons: the high temperatures required for heat- generated foams can
be avoided. We note that the rapid generation of volatile and flammable byproducts
means that particular care should be exercised with this process, particularly at larger

scales.
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Figure 5.1. A: Gas evolution vs. RTV cure. B: A model Piers-Rubinsztajn reaction. R' =
Me, Et, Pr

We have examined the applicability of this unusual condensation reaction as a synthetic
route to RTV silicone foams. a,w-Hydride-terminated poly(dimethylsiloxanes)(PDMS)
were cross-linked with tetramethyl orthosilicate (Si(OMe)s), tetraethyl orthosilicate
(S1(OEt)s), or tetrapropyl orthosilicate (Si(On-Pr)s), respectively. The ability to
reproducibly crosslink polymers and simultaneously blow silicone foams under these
reaction conditions was examined as a function of molecular weight of the starting
hydride-terminated PDMS polymer, chemical nature of the alkoxy crosslinker, catalyst
concentrations, and the presence and concentration of small amounts of the hydrocarbon
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solvent hexane. Foam structures and densities were correlated with the reagents used for
foam manufacture.

5.3 Experimental

5.3.1 Materials

Tetramethyl orthosilicate (TMOS), tetraethyl orthosilicate (TEOS), tetrapropyl
orthosilicate  (TPOS), trifluoromethanesulfonic acid, magnesium oxide and
trispentafluorophenylborane B(C¢Fs); were purchased from Sigma-Aldrich, and used as
received. Octamethylcyclotetrasiloxane (Da), a,w—hydride-terminated
poly(dimethylsiloxane) (H-PDMS-H) 2-3, 7-10 and 100 centiStokes (cSt, approximate
MW 730, 1,190 and 5,000 g mol”, respectively (silicones are commonly sold by their
kinematic viscosity in ¢St, which may be converted to viscosity by multiplying by the
density of the fluid. 1000 cSt is thus 970 mPa s) were purchased from Gelest. Hexanes,
tetrahydrofuran and toluene were purchased from Caledon. Solvents were dried over
activated alumina before use.

5.3.2 Methods

Nuclear magnetic resonance spectra were recorded using a Bruker DRX500 or 600
Avance spectrometer. SEM images were obtained using a Philips 515, JEOL 7000F,
Focused Ion Beam, Zeiss NVision40 scanning electron microscope.

5.3.3 Synthesis of ~ 2570 g/mol Hydride-terminated H-PDMS-H
(poly(dimethylsiloxane))

To a mixture of octamethylcyclotetrasiloxane D4, (40.0 g, 0.135 mol (Me,S10) unit) and
1,1,3,3-tetramethyldisiloxane (2.79 g, 20.8 mmol) was added trifluoromethanesulfonic
acid (0.02 ml, 0.038 g, 0.25 mmol) at room temperature. The mixture was then heated at
100°C for 5 h. Once complete, the mixture was cooled to room temperature.
Tetrahydrofuran (~ 200 ml) and magnesium oxide (~2-3 g — to quench the triflic acid)
were then added to the solution. The mixture was then filtered through a fritted funnel and
concentrated under reduced pressure. The residue was purified by removal of small
molecular weight molecules using Kugelrohr distillation at 140 °C under vacuum (0.1
mmHg) for 5 hours yielding a colorless oil (yield —33.2 g).

'H NMR (CDCl;, 600 MHz): & 4.70 (m, 2H, OSi(CH;)»H), 0.18 (s, 12H,
H(CH;),Si(0Si(CHz),),08i(CHs),H), 0.08 ppm (s, 200 H, (OSi(CH;)2),0Si(CHs),H), 1*C
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NMR: (CDCl; 125 MHz) & 0.90, 0.84, 0.74 ppm; *’Si NMR (CDCls, 99 MHz, 1 % w/v
Cr(acac)3): 8 -6.69 (M), -19.68 (M), -21.73 (M) ppm.

Nomenclature: Numbered formulations contained hexane, e.g., 4 unless indicated by
addition of ‘n’, e.g., 14n, Table 5.1, Appendix Section 8.4.

5.3.4 General Synthesis of Silicone Foam

In a typical synthesis (shown for 7-10 ¢St H-PDMS-H with TMOS, 1:1 (eq SiH:SiOMe),
(Table 5.1-entry 8), H-PDMS-H (2.0 g, 1.70 mmol) and TMOS (0.127 g, 0.83 mmol)
were placed in a 25.0 mL vial with hexanes (1 mL). The contents of the vial were stirred
and B(C¢Fs); (20 pL of a 0.078 M solution, 376 ppm) was quickly added. The contents
were stirred gently until a few bubbles began to appear, then the mixture was left to
complete the reaction (~30 s) during which time the volume of the mass increased by ca.
50%. There was a relatively large exotherm during the process. The vial was then broken
to remove the foamed silicone elastomer. Alternatively, the foam could be formed in an
open vessel by pouring the mixture immediately into a Petri dish that had been lined with
Teflon. Table 5.1 (and Appendix Section 8.4) shows the variables that were examined in
an effort to correlate reagent types, concentrations and reaction conditions with the ability
to form foams. Factors including: solvent volume (concentration of reagents); MW of H-
PDMS-H; type of crosslinker; and molar ratio of Si-H to crosslinker (Si(OR)4), were
systematically examined. The induction times between mixing of reagents and foam
formation were measured, starting the time from the addition of B(C¢Fs)s to the solution
of crosslinker and H-PDMS-H, until the first signs of gas evolution. Total reaction time
refers to the total time from the addition of B(CeFs); to the time a foam has been fully
produced and reaction stopped — the evolution of gas ceased. The density of the silicone
foams were measured following the procedure laid out by Chrusciel et al.” as follows:

Density: d =m/V; Volume (V) for a cylinder = h(nur®)

Where m is the mass of the cylindrical sample, h is the height of the cylindrical sample
and r is the radius of the sample.
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5.4 Results and Discussion

The formation of a silicone (or any polymeric) foam requires the ability to match the
kinetics of two independent processes: silicone crosslinking that builds the viscosity until
the system first gels and then is converted into an elastomer; and, kinetics of bubble
nucleation, coalescence and migration through the silicone. If too many bubbles are
released before the viscosity increases sufficiently, or bubbles are not released until the
elastomer is nearly formed, then few bubbles will be trapped and either a foam won’t
form at all, or the elastomeric material will be relatively bubble free. It was necessary
therefore, to examine the relative kinetics of the two processes and vary them by
changing both the reagent concentrations and the nature of the crosslinker.

It was previously shown that the Piers-Rubinsztajn reaction was very sensitive to the
steric bulk of both the hydrosilane and alkoxysilane reaction partners: the larger the
alkoxy group, the slower the reaction.'® Although final crosslink density of the elastomer
formed from H-PDMS-H and a tetraalkyl orthosilicate should not depend on crosslinker
type, any reactivity differences between crosslinkers should provide a control element for
the relative rates of condensation and gas generation. Therefore, three different
alkoxysilanes Si(OMe)4, Si(OEt)s, Si(O-nPr)s4, which exhibit both different reaction rates
in the process and which produce gases of different volatility and solubility in the silicone
(methane, ethane and propane, respectively), were used to crosslink moderately sized
hydride-terminated polydimethylsiloxanes (H-PDMS-H, MW 730-5000). Preliminary
experiments demonstrated that addition of the solvent hexane allowed for the generation
of more uniform silicone foams. Hexane was therefore added to many of the formulations
(hexane-free foams are described below). The reaction parameters were systematically
varied to determine the optimal conditions for foam generation. Although we judge the
highest value foams to be relatively low density, closed cell foams that have good
mechanical stability, others may find different structures of interest and we therefore
report all the types of foams prepared. The foams were characterized by density, Shore
OO hardness (for selected examples, and an empirical hardness scale for all samples)
(Figure 5.2, Table 5.1, Appendix Section 8.4). The preliminary studies demonstrated that
the factors which most influenced the mechanical properties of the product elastomers
were: chain length (MW) of H-PDMS-H, crosslinker type, cross- linker concentration and
solvent volume, each of which will be discussed in turn.
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Figure 5.2. Elastomer formation around evolving volatile byproducts resulting in silicone
foams 1. The foam can be characterized in terms of total density, open or closed cell
structure and mechanical performance

5.4.1 H-PDMS-H molecular weight

The molecular weight of the H-PMDS-H was systematically increased from ~730 g/mol
to ~5000 g/mol while keeping all other variables constant (Si(OMe)4 crosslinker, hexane -
1.0 mL). As expected from polymer theory,"” which has particularly benefitted from the
study of silicones,” the distance between crosslinks,”’ which tracks with H-PDMS-H
chain length, dramatically affected the resulting foam structure and mechanical
properties: we have recorded, where possible, Shore OO hardness and provided an
empirical scale for hardness for other samples (Table 5.1). In general, foam hardness
tracked with density, but was also affected by bubble size and dispersity. These silicone
foams, which were not reinforced by silica fillers, were therefore in some cases friable
such that measuring hardness was precluded.

The use of H-PDMS-H MW ~730 g/mol 1, led to a fairly brittle silicone foam (Figure
5.3A) compared to 2, in which MW ~ 1190 g/mol was used, which was less rigid and
brittle (Figure 5.3B, brittle foams cracked when mechanically bent). Increasing the
molecular weight further to MW ~2570 g/mol, such as in foam 3, led to materials that
were more ductile and flexible in nature, and capable of undergoing repeat compressions
without any cracking or tearing (Figure 5.3C). If, however, the size of the starting H-
PDMS-H was significantly increased, such as in 4 (MW = 5000 g/mol), foams were not
produced at all. Instead, virtually bubble free elastomers resulted (Figure 5.3D, Table 5.1,
Appendix Section 8.4). Thus, one can tune the properties of the prepared foamed
elastomer, depending on the particular application, by simply varying the molecular
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weight of the starting hydrosilane. This also allows one to prepare bubble free silicone
elastomers.

The effect of the molecular weight of the starting H-PDMS-H on the induction or total
times of foam generation was marginal. For example, when lower molecular weight H-
PDMS-H (730 g/mol) was used 1, the induction time was 13.1 £ 1.2 s, with a total
reaction time of 33.6 + 0.9 s. When H-PDMS-H with a molecular weight of 1190 g/mol
was used 2, the induction time the reaction increased only to 21.6 + 5.7 s with a total
reaction time of 32.2 + 2.8 s. Further increasing the H-PDMS-H molecular weight to

~2570 g/mol 3 led to an induction time of 16.1 £ 0.7 s, and a total reaction time of 18.1=+
1.9s.

A B C D
Figure 5.3 Effect of varying starting H-PDMS-H (molecular weight), while keeping all
other variables constant. A: (1, 730), B: (2, 1190), C: (3, 2570), D: (4, 5000 g/mol),
respectively

5.4.2 Effect of the starting crosslinker

The nature of the starting crosslinker had a dramatic effect on the rate of the foaming
process and the resulting morphology. The rate of the Piers-Rubinsztajn reaction is
affected by the steric demand of the hydrosilane which is invariant in the experiments
described here, the concentrations of reagents and, most importantly, the steric demand of
the alkoxysilane'®'®. As the cross-linker was changed from unhindered alkoxysilanes
such as Si(OMe), to Si(OEt)s and then to the more sterically congested centers in Si(O-
nPr)4, the reactions occurred more slowly, the resulting silicone foams had larger bubbles,
foams were usually lower in density, became more open celled structures and were more
brittle (Figure 5.4A-C). There was a larger exotherm in the reactions that exploited
Si(OMe)s, when compared to those using Si(OEt)4 or Si(O-nPr)s.

When a more reactive crosslinker such as Si(OMe)4 was used to prepare silicone foams,
regardless of the starting H-PDMS-H molecular weight, both induction times and times
for reaction completion were short, usually occurring in less than a minute with a
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noticeable exotherm. In these cases, it was expected that the low solubility of generated
methane gas in silicone fluid*™* coupled with a larger thermal spike due to the highly
exothermic nature of the reaction when Si(OMe), 1s used as a crosslinker, and rapid build
in viscosity during elastomer cure, would preclude significant coalescence or departure of
the methane gas bubbles: closed cell silicone foams with small cell sizes result (Figure
5.4A, Table 5.1, entry 5, Appendix Section 8.4: Table A 2: 7 examples).

The use of Si(OEt), as the crosslinker was accompanied by increased induction and total
reaction times: the resulting foams were produced in less than 2.5 min (Table 5.1, entry 6,
Appendix Section 8.4: Table A 2: 7 examples) with a slightly lower exotherm. The
increase in reaction time apparently gave bubbles more time to coalesce before being
locked into the elastomeric matrix. Bubble sizes as judged by optical microscopy for a
given formulation, and which differed only in the type of crosslinker used, were about
two times larger when Si(OEt), rather than Si(OMe)s was used (Figure 5.4B).

Changing the crosslinker to Si(O-nPr)s further enhanced these effects. The resulting
reaction mixtures exhibited substantially longer induction times that averaged around 1.5
min and total reaction times about 3-3.5 min. Cell sizes were also significantly larger
(about 2.5 times larger than when Si(OMe)s was used as crosslinker, Table 5.1 entry 7,
Appendix Section 8.4: 7 examples) as a consequence of greater opportunity for bubble
coalescence over longer time periods. Loss of the alkane by dissolution in the silicone
during cure may also play a role, as is discussed below.

Figure 5.4. Effect of altering the crosslinker in the preparation of silicone foams. A:
Crosslinker - TMOS 5, B: Crosslinker - TEOS 6, C: Crosslinker - TPOS 7. Increasing the
steric bulk at the alkoxysilane results in silicone foams with larger cell sizes and lower
densities.
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5.4.3 Effect of the (RO)4Si:H-PDMS-H ratio

The ratio between H-PDMS-H and Si(OR); was shown to be a significant factor in both
the reaction process and characteristics of the resulting silicone foams. At a SiOR:SiH
ratio of 0.5:1, the silicone products were viscous silicone liquids, regardless of the
molecular weight of the starting H-PDMS-H and irrespective of the alkoxysilane
crosslinker used (Appendix Section 8.4). Presumably, on average, non-crosslinked stars
form (Si(O-PDMS-H),).

When the SiOR:SiH ratio was changed to 1:1, fairly brittle foams resulted when H-
PDMS-H with a molecular weight of 730 g/mol was used. Increasing the molecular
weight to 1190 g/mol at this same SiOR:SiH ratio yielded more ductile foams (cf., MW
730, 5; MW 1190, 8, Table 5.1). However, when the starting H-PDMS-H molecular
weight was of even higher MW, ~2500 g/mol 9, very flexible and robust foams were
formed*'. This is to be expected: foam brittleness can be overcome simply by increasing
the molecular weight of the H-PDMS-H - the distance between crosslink sites - at a
constant SiOR:SiH ratio.*

Further increasing the SiOR:SiH ratio to 1.5:1 or 2:1 produced more ductile foams that
were also more robust than foams formed with lower amounts of crosslinker: an increase
in crosslinker concentration to this range results in fewer crosslink sites, ultimately
leading to more elastomeric, less resinous and less brittle materials (Figure 5.5). This was
especially evident in foams produced starting from H-PDMS-H with molecular weight of
730 g/mol (1 - Si(OMe)4s:H-PDMS-H = 1.5:1 10 - Si(OMe)s:H-PDMS-H = 2:1); as the
degree of crosslinking decreased, the more flexible the foams became. It should be noted
that although very flexible foams were prepared with a SiOR:SiH ratio of 2:1 with a
starting H-PDMS-H molecular weight of ~2500 g/mol, foams 11 and 12 remained
slightly tacky even after curing. This can be attributed to the relatively large distance
between crosslinks at higher SIOR:SiH ratios and to dangling unreacted polymer chains.
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Y

Silicone polymer
Crosslink site

B

Figure 5.5. Crosslink density changes with an increase in the concentration of alkoxy
crosslinker (TMOS). (A) shows a ratio of 1:1 SiOR:SiH, (B) shows a ratio of 2:1, fewer
cross-links create a softer silicone foam

5.4.4 Varying the hexane content of silicone Foam formulations

The foams described above were synthesized using hexane (1 ml in a total formulation of
~2 g) to facilitate reagent miscibility, to aid in the preparation of uniform silicone foams,
and to also act as a blowing agent. As shown in previous studies'>'®, the Piers-
Rubinsztajn reaction is highly exothermic and, in the current reaction, particularly with
Si(OMe), as crosslinker, can result in fairly high reaction temperatures (> 60°C). The
addition of hexane into the formulations acts as a heat sink. As a consequence, however,
in addition to the volatile organic byproducts released from the reaction, the hexane can
act as a blowing agent (if its boiling point of 68°C is surpassed) depending on the reaction
conditions used. Although the use of hexane has largely been beneficial in preparing
uniform foams, it was of interest to determine if foams could also be produced from lower
VOC formulations that did not benefit from the added blowing effect from the hexane
(Table 5.1, Appendix 8.4).

The impact of hexane on the foaming process was readily seen using Si(OMe)s and H-
PDMS-H MW 1190 g/mol prepared with various amounts of hexane: 13n (0 ml), 18 (0.5
ml), 8 (1 ml), 19 (2.0 ml) (Figure 5.6A). Typical induction times for solvent free reactions
were fairly consistent with the silicone foams prepared with hexane, regardless of the
crosslinker used. Overall reaction times noted for foams that used Si(OMe)s as a
crosslinker were also similar whether or not hexane was present (8 23.7 = 1.6 v. 13n 19.6
+ 1.9 s). By contrast, slightly longer reaction times were observed in the absence of
hexane when more sterically congested crosslinkers were used, using formulations
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containing H-PDMS- H MW of 1192 g/mol with a SiOR:Si-H ratio of 1:1 (TPOS: 15n
204 + 34v.775.7+ 7.09s).

As noted, when a sufficiently strong exotherm occurs, hexane can also act as a blowing
agent. In the absence of hexane, therefore, higher density foams resulted. For example, 8
has a density of 0.17 + 0.02 g/cm’, compared to its solvent free analog 13n, with a density
of 0.34 + 0.03 g/em’. It is also evident that, in the absence of hexane, foams were
comprised of smaller pore sizes, and a larger fraction of closed cells (8 v. 13n, Figure 5.7).
As the concentration of VOCs is increased further in the silicone formulations, more
porous, less dense silicone foams result.

General trends for silicone foam densities were similar whether or not hexane was present.
For example, foams prepared with formulations containing H-PDMS-H MW of 1190
g/mol and Si(OR):H-PDMS-H ratio’s of 1:1, had densities decrease from 0.34 + 0.03
g/em’, to 0.31 + 0.01 g/cm® and 0.21 + 0.02 g/cm’ for 13n (Si(OMe),), 14n (Si(OEt),)
and 15n (Si(O-nPr)4, respectively. These may be compared to the hexane-containing
formulations: 8 0.17 + 0.02 g/cm’ (Si(OMe),), 16 0.13 + 0.01 g/cm’ (Si(OEt)s) and 17
0.15 + 0.03 g/cm’ (Si(O-nPr)s, respectively. These observations can be ascribed to faster
elastomer crosslinking with less sterically congested crosslinkers giving to smaller bubble
sizes, more bubbles, and ultimately lower density silicone foams.

13n 18 8 19
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TS
14n
Figure 5.6 A: Comparison of foam formulations prepared with four different hexane
concentrations (0, 0.5, 1, 2 ml/formulation). B: Comparison of foams created with
Si(OMe)4 8, and without, 13n solvent, visually showing a decrease in cell size and an
increase in density. Analogous formulation prepared from Si(OEt)4 with, 16 and without,
14n hexane show the use of more sterically hindered crosslinkers in solvent free

conditions leads to less uniform silicone foams

Figure 5.7. SEM images of the surface of foams 8 and 13n, respectively. Compound 8
shows generally larger pore sizes compared with solvent free analogue 13n

It was not possible to prepare high quality foams when the more sterically congested
alkoxysilane crosslinkers Si(OEt), and Si(O-nPr)s were used in the absence of hexane.
The foams typically exhibited more open cells and, in some cases, contained large voids:
there was sufficient time for the volatile byproducts (ethane, propane) to coalesce into
larger bubbles, but insufficient time for the majority of the bubbles to leave the matrix
before being trapped by cure. With either crosslinker, silicone foams prepared in the
absence of solvent were not as uniform as those prepared with solvent. For example, 16 is
a uniform foam while its solvent free analog 14n (H-PDMS-H - 1192 g/mol, Si(OR):Si-H
1:1, crosslinker - Si(OEt)4) contains small areas of elastomer that have no bubbles (Figure
5.6B). This could be due to a higher initial viscosity in the formulation when solvent is
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not present, resulting in less efficient mixing and non-uniform foams. More likely,
however, the higher solubility’s of the evolving gases (ethane, propane vs. methane)’**>*
in silicone provide a different mechanism by which gas bubbles can be lost from the
system: they dissolve into the surrounding matrix or, through Ostwald ripening,'® large
bubbles increase in size at the expense of smaller bubbles.

The Piers-Rubinsztajn reaction provides several elements to manipulate the formation of
foamed structures. Factors that accelerate the kinetics of gas evolution and cure process,
including more reactive crosslinkers and use of shorter silicone chains (thus higher [SiH]
in the medium), were associated with a higher concentration of small bubbles. By contrast,
the use of less reactive crosslinkers and/or longer silicone chains (~5000 g/mol) did not
result in foams at all or, in the best cases, very tacky open celled structures.

The key factors to be considered when choosing the brittleness/flexibility of the prepared
foams are the H-PDMS-H MW, and the SiOR:SiH ratio: the former is most important.
Shorter chain lengths (e.g., H-PDMS-H MW 730 g/mol) result in higher crosslink density,
ultimately giving more brittle foams. By lengthening the H-PDMS- H chain, the crosslink
density decreases, leading first to more rigid (H-PDMS-H MW 1190 g/mol), and
ultimately more flexible and ductile (H-PDMS-H MW 2500 g/mol) silicone foams.

Crosslink density can also be controlled through the manipulation of the SiOR:SiH ratio,
and by alteration of the starting H-PDMS-H molecular weight. For example, when the
molecular weight of the H-PDMS-H is kept at 730 g/mol and the crosslinker ratio is
varied, significant differences in foam structures arise. A ratio of 0.5:1 (Si(OR):SiH) led
to no silicone foam generation, and resulted in a viscous silicone liquid. Increasing this
ratio to 1:1, allows for a very high crosslink density, ultimately yielding very brittle and
ridged foams. Further increasing this ratio to 1.5:1 and then ultimately 2:1, leads to more
ductile/flexible materials capable of undergoing repeat compressions without cracking or
tearing, because there is a balance between increased crosslinks, and the increasing
number dangling polymer chains at higher crosslinker concentrations. These effects of
altering the crosslink density by varying the SiOR:SiH ratio hold true for each of the
molecular weights used. That is, for each of the given ratios, increasing the molecular
weight of the starting H-PDMS-H leads to a decrease in the hardness of the foams (more
flexible materials are obtained).

In addition to manipulating the mechanical properties of the prepared silicone foams, one
can easily control foam density by addition of solvent, alteration of the H-PDMS-H
molecular weight and changing the reactivity of the crosslinker by using crosslinkers with
different sterics. However, the interplay between factors to control density is somewhat
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more complicated than other parameters. Factors that permit evolved gas to escape from
the matrix lead to densification. These include physical escape because gas bubbles are
generated and escape faster than being trapped by cure; coalescence of bubbles will
change overall density when they located near an external matrix interface and break; and,
finally, gas solubility and diffusion from the matrix is more efficient for the alkane
byproduct propane > ethane > methane.

In general, although there are exceptions (Table 5.1), higher density foams are achieved
through formulations containing less solvent, larger molecular weight H-PDMS-H and
less sterically hindered (more reactive e.g., TMOS vs. TPOS) crosslinkers that react more
rapidly, which quickly increases the viscosity of the formulation during cure. High
reactivity and low foam expansion result in fairly dense materials. The observed hardness
generally tracks with density, but is also affected by the average cell sizes and crosslink
density. Gradual increases in both solvent concentration and crosslinker sterics (Si(OEt),
and Si(O-nPr)4) normally lead to less dense silicone foams.

Cell size is also an important characteristic of silicone foams. Bubble size can be readily
manipulated through crosslinker sterics and solvent effects. The cell size is understood to
be related to two factors, the speed at which the reaction progresses, and the relative
permeability of the volatile gaseous byproducts in the forming silicone elastomer. In
general, the less sterically hindered the alkoxysilane crosslinker, the faster the reaction
Si(OMe)s > Si(OEt)s > Si(OPr)4. At higher cure rates, the elastomeric network forms so
rapidly that the gaseous byproducts are trapped in high density as small bubbles; there is
insufficient time to migrate through the network or coalesce to form larger bubbles.
Alternatively, if the reaction kinetics are suppressed, through use of more sterically
congested crosslinkers (TEOS, TPOS), the elastomer network forms more slowly,
allowing more bubbles to slowly coalesce, leading to larger cell sizes. Ostwald ripening”’
of bubbles based on the silicone soluble ethane/propane byproducts of the latter two
crosslinkers provides another mechanism for bubbles to increase in size. As shown in
previous studies, condensable gases in silicone polymers that are elastomeric in nature
permeate more readily compared to smaller non-condensable gases™*

Finding formulations that lead solely to open or closed cell silicone foams has been rather
challenging. In most cases, silicone foams are produced with both a mixture of open and
closed cells. However, it has been determined that if the solvent (hexane) concentration is
reduced, and a reactive crosslinker such as TMOS 1is used, one can produce primarily
closed cell silicone foam formulations (Figure 5.6B). With less blowing agent, a more
densely packed material results. This coupled with the lower permeability of methane
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through the forming silicone network,”>* leads to the formation of densely packed,
primarily closed cell foams.

The final silicone foam structure, when prepared using the Piers-Rubinsztajn reaction, is
readily manipulated by controlling a variety of factors. The first step of foam formation is
the initial bubble nucleation, which is controlled by adjusting the rate of gas evolution
(crosslinker reactivity). Once the system begins crosslinking the viscosity increases
proportionally - diminishing the ability of the nucleated bubbles to move through the
elastomeric system. The amount of bubble coalescence then becomes proportional to the
viscosity, which is controlled by the crosslink site concentration (the number of crosslink
sites per/siloxane unit can be changed with H-PDMS-H MW and the ratio of SiOR:SiH),
and to the ability of gases to dissolve into and migrate through the silicone matrix. The
final step of foam formation occurs when the elastomeric portion has crosslinked to such
an extent that the bubbles can no longer effectively migrate.

Two methods are traditionally used to blow silicone foams. First, foaming agents that
play no part in the reaction are used which are activated by various means such as heat.
Second, as in the case of most silicone foams, hydrogen gas is released as the result of a
competitive reaction to crosslinking via hydrosilylation.>®"'%!*!* In this case, two
separate reactions with two rate constants compete for the same SiH groups. While this
process is very efficient, adventitious water or other agents often distort the process by
favoring foaming at the expense of crosslinking and compromise reproducibility.

The Piers-Rubinsztajn process for foams avoids the challenges that occur with traditional
forming strategies. It is possible to manipulate the outcome of a single process, in which
both the blowing agent and crosslinking process occurs, in spite of the fact that a single
reaction is required for both bubble generation and crosslinking. Within the process it is
straightforward to control bubble nucleation, coalescence and trapping following simple
formulation rules. The final foam structure can have a high or low bubble density, which
can be further manipulated by the addition of excess blowing agent (hexane) that lowers
the viscosity during initial foaming, but nearing the end of the reaction provides an extra
source of bubbles before the final elastomer cure. The final mechanical properties of the
foam can be controlled using crosslink density.

5.5 Conclusions

A new method has been developed for the preparation of silicone foams. Commercial
hydrogen-terminated silicones can be cross-linked in varying ratios using Si(OR)4, where
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R = Me, Et, Pr. By varying starting molecular weight of H-PDMS-H, changing the
crosslink density and crosslinker/H-PDMS-H ratio, or by controlling solvent effects, the
gaseous byproducts can be trapped in the silicone matrix generating foams with varying
densities, rigidity, tackiness/brittleness and open or closed cell structure. The process
avoids challenges in traditional methods with adventitious water, and generates foams
rapidly and in high yield.
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CHAPTER 6: Silicone Foams Stabilized by Surfactants Generated in

situ from Allyl-Functionalized PEG'"

6.1 Abstract

Silicone foams normally require the use of agents or chemical reactions that blow gases,
and a surfactant for bubble stabilization. We have discovered that the presence of
monoallyl-functionalized poly(ethylene glycol) (PEG) leads to large increases in the
viscosity of silicone pre-elastomers such that stable foams form with bubbles mostly
being generated by coalescence of dissolved gases during the normal degassing process.
Although silicone elastomer cure may take up to 24 h for completion, the foams remain
stable during this time when appropriate concentrations of allyl-PEG
and curing catalyst are used. No traditional surfactantis required, but PEG-
modified silicone surfactants are formed in sifu by covalent grafting of the PEG to
the silicone matrix, leading to the increase in viscosity. The presence of allyl-PEG
decreases elastomer cure efficiency, but this is readily overcome, if necessary, to generate
more rigid foams by the use of additional platinum catalyst, in which case foaming occurs
both due to loss of dissolved gases and to hydrogen evolution. Foam stabilization with
appropriate allyl-PEG compounds is a consequence of an initial viscosity increase.

6.2 Introduction

Silicone elastomers have an excellent reputation as biomaterials: their useful properties
include easy preparation in complex shapes; sterilizability; gas transmissibility (important
for ophthalmic applications); and hydrophobicity. Hydrophobicity is particularly
important in a variety of topical applications including scar remediation and in wound

" This manuscript is reprinted from A.S. Fawcett, H.Y. So, H. Sheardown, and M.A.
Brook, Soft Matter, 2010, 6, 1229-1237, which has been reproduced with permission
from RSC Publications, 2010. Fawcett developed and optimized all experimentation in
this chapter. Fawcett also assisted So with rheological characterization of materials and
wrote the majority of the manuscript with additions, edits and guidance from So,
Sheardown and Brook.
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dressings.' The latter application makes use of hydrophobic silicone interfaces that do not
adhere to (moist) wounds, although they may adhere to skin. However, the very high
hydrophobicity can also be problematic. When proteins adsorb on such surfaces, they can
undergo denaturation, which in some cases can lead to adverse biological events.”

One strategy used to improve the biocompatibility and water wettability of silicone
polymers exploits hydrophilic coating materials, such as PEG (poly(ethylene glycol)).””
PEG of an appropriate molecular weight is protein repellent, which in in vitro tests is
associated with much ‘quieter’ biological surfaces. We were interested in developing
strategies for the preparation of hydrophilic silicone elastomers that could have utility
either topically or internally: PDMS and PEG are both FDA (US Food and Drug
Administration) approved for biomedical applications.

Foams are a special type of silicone elastomer used for biomaterials. For example, one
treatment for retinal detachment utilizes foamed silicone as scleral buckles. Such
materials have sufficient elastomeric properties to constrain movement of the eye, placing
it in closer contact with the retina, and are lightweight and biocompatible over extended
implantation times.® The preparation of foams generally requires an added blowing agent’
or a chemical reaction leading to gas evolution® ° and, frequently, the presence of a
surfactant:'® foamed structures result when the cure kinetics are matched to those of
bubble generation."’

PEG-modified silicone surfactants play an important role in the stabilization of foam
structures, for example, polyurethane foams.'® In such cases, small bubbles are prevented
from coalescing by the surfactant during urethane cross-linking. We reasoned that PEG-
modified silicone surfactants could be used to prepare water wettable PEG-modified
silicone elastomer foams. Such foams may have utility in applications that require contact
with humans, either topical or sub-cutaneous.

Silicone elastomers are often cured/cross-linked using platinum-catalyzed hydrosilylation
(addition cure: R3SiH + H2C=CHSIiR’; = R3Si—~CH,CH,SiR’;). We considered that the
simple addition of allyl-modified PEG to a silicone foam formulation would lead, during
cure of the silicone, to the simultaneous grafting of allyl-PEG-grafted via hydrosilylation,
generating bubble-stabilizing surfactants in situ (Figure 6.1).

Normally, platinum-cured silicone elastomers are degassed (to remove
entrained/dissolved air) after mixing the two parts (SiH + Sivinyl), but prior to cure:
otherwise, undesired bubbles are frequently found in the cured elastomer.'? In our hands,
mixtures of commercially available Sylgard 184 elastomer (Dow Corning)*>>"* and allyl-
modified PEG unexpectedly led to highly foamed silicone structures: foams did not result
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when allyl-PEG was absent. We discuss below the factors that control foam generation
and stability, including PEG molecular weight, concentration, and functionality, as well
as catalyst concentration and vacuum strength, and describe the structures of the resulting
foams.
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Figure 6.1. Reaction scheme depicting PDMS (A) cross-linking and (B) PEO grafting by
hydrosilylation

6.3 Experimental

6.3.1 Materials

Monoallyl-PEGs (M, 250 and 500 g/mol) were a gift from Clariant. Sodium hydride (in
60% mineral oil), dihydroxy- terminated PEG (M,, 200 and 400), and allyl bromide were
purchased from Aldrich. Karstedt’s catalyst (—Pt,(H,CCHSi1-Me,0OSiMe,CHCH;)s, 2.1—
2.4% Pt in xylenes) and vinyl-terminated poly(dimethylsiloxane) 4—6 centiStokes (cSt)
were purchased from Gelest; the Sylgard 184 kit, D4 (octamethylcyclotetrasiloxane) and
poly(hydromethylsiloxane) (PHMS) (DC1107) were obtained from Dow Corning; and
vinyl-terminated poly(dimethylsiloxane) 5000 ¢St (Mw ~49 000) from United Chemical
Technologies, Inc. Hexanes, dichloromethane, diethyl ether, and tetrahydrofuran were
purchased from Caledon and dried using pressurized alumina columns.
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NMR spectra were recorded using a Bruker Biospin AV200 and a Bruker DRX500
spectrometer (at 200 and 500 MHz, respectively, for protons). Infrared spectra were
recorded on a Bio-Rad FTS-40 attenuated total reflection Fourier transform IR using a
horizontal cadmium selenide ATR rig. SEM images were obtained using a Philips 515,
JEOL 7000F, Focused Ion Beam, Zeiss NVision40 scanning electron microscope.

An ARES 3ARES-9A Rheometer was used to carry out rheological studies to determine
the dynamic viscosity of samples. The rheometer was of parallel plate geometry having a
plate diameter of 25 mm. Dynamic time sweep tests were performed at relatively low
oscillatory frequencies of 5 rad s™ and a strain of 5% to obtain the change in dynamic
viscosity as a function of time. Each sample load had an average thickness of 1.3 mm
(Figure 6.2).

A JEOL JSM-7000S SEM model was used to obtain images where samples with a
diameter of 0.635 cm were prepared by coating with 10 nm of platinum. The internal
structure of the material was examined using freeze fracture SEM. Samples were
submerged in liquid nitrogen and fractured to attain the internal structure. Energy-
dispersive X-ray spectroscopy analysis (SEM- EDX) was performed on samples to
acquire elemental analysis on sites of interest.
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Figure 6.2. Influence of PEG functionality on dynamic viscosity over time of the Sylgard
base alone (control) or with 20 wt% 1, 2 or 3, respectively. (A) Sylgard elastomer +
PHMS (control, Table A3, entry 1); (B) A + 20% 2 M,, 500(Table A3, entry 2); (C) A +
20% 1 M,, 500 (Table A3, entry 6); (D) A + 20% 3 M,, 400 (Table A3, entry 5); (E)
Sylgard base + 20% 3 My, 400; (F) Sylgard base + 20% 1 M,, 500; (G) Sylgard base; and
(H) Sylgard base + 20% 2 M,, 500
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6.3.2 Synthesis of diallyl-PEG M,, 500 and 250

In a typical synthesis (shown for PEG My, 500), monoallyl-PEG (5.00 g, 10 mmol) and
THF (50 mL) were combined in a 100 mL round-bottomed flask, and stirred with a
magnetic stir bar. Sodium hydride (0.72 g, 12.0 mmol, excess) was slowly added over a
period of 5 min and the resulting mixture was left to stir for an additional 1 h. Excess allyl
bromide (1.03 mL, 12.0 mmol) was added dropwise and the reaction was stirred
overnight at room temperature. The THF was removed from the resulting mixture using a
rotary evaporator and the resulting material was diluted with water and washed with
diethyl ether, and twice with dichloromethane. The organic solvents were removed using
a rotary evaporator. The residue was dissolved in hexanes and run through a silica pad to
remove any remaining oil (from the sodium hydride). The silica was then rinsed through
with methanol and then dichloromethane (DCM) to collect the diallyl-PEG. The solvent
was evaporated at reduced pressure. Residual NaBr was removed by trituration with
toluene: filtration and evaporation gave a pure material. Yield M, 500 (85%, 4.25 g, 8.5
mmol) and M, 250 (56%, 1.12 g, 4.5 mmol).

M, 250: "H NMR (CDCls) 8 = 5.88 (m, 2H); 5.22 (m, 4H); 4.00 (d, 4H, J 14 5.8 Hz);
3.64-3.59 (m, 19H).
M, 550: "H NMR (CDCls) 8 = 5.87 (m, 2H); 5.19 (m, 4H); 3.99 (d, 4H, J 14 5.6 Hz);
3.62-3.53 (m, 39H).

6.3.3 Preparation of SiH-functionalized PDMS—control

In a beaker, Sylgard 184 base (3.1 g), Sylgard 184 curing agent (0.31 g), and DC1107
(0.31 g) were sequentially combined. The mixture was stirred vigorously by hand and 2.0
g were transferred to a 35 mm x 10 mm Petri dish. The dish was placed under vacuum
(571 Torr) for one day to degas and cure at room temperature. After initial foaming, the
silicone cured to an optically transparent, bubble-free elastomer.

ATR-FTIR: 2961; 2163 (Si-H); 1050 (Si-O-Si); 1070 cm™.
6.3.4 Non-Sylgard formulations

Vinyl-terminated PDMS (5000 c¢St, 1 g), PHMS (DC1107, 0.1 g), Karstedt’s catalyst
(diluted in (Me;Si0)4, 60 ppm) and mono-allyl-PEG My, 500 2 (0.23 g) were mixed by
hand. At these higher catalyst concentrations a soft elastomer foam was blown
irrespective of the application of a vacuum (Appendix 8.5: Table A 3, entries 16—19).
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6.3.5 Grafting of allyl-PEG to the silicone elastomer: an '"H NMR study

In a beaker Sylgard 184 base (1.5 g), Sylgard 184 curing agent (0.15 g), DC1107 (0.15 g)
(10 : 1 : 1—Sylgard Base—curing agent— DC1107), monoallyl-PEG 500 M,, 2 (0.45 g,
20% w/w), and additional Karstedt’s catalyst (19 ppm of Pt, in addition to that already
present in the Sylgard 184, Table A 3, entry 8) were sequentially combined. The solution
was stirred vigorously by hand after which a portion was immediately placed into 15 mL
of CDCl; and 'H NMR spectra were obtained. Simultaneously, the remainder of the
mixture was placed in a mixer with no head- space, for 1 h. After this time the cured, or
highly viscous, elastomeric mixture was removed from the mixer and placed into 15 mL
of CDCl; at which time a second 'H NMR spectra were obtained. No change was
observed.

Before/after: '"H NMR (CDCl3) 8 = 5.88 (m, 1H); 5.21 (m, 2H); 4.71 (s, 3H, SiH); 4.00 (d,
2H, J = 5.6 Hz); 3.65-3.64 (m, 44H); 0.19-0.06 (m, 146H).

If only very low degrees of grafting were occurring, it would be very difficult to observe
grafting by 'H NMR. Therefore, an alternative recipe was examined that exploited Me;Si-
terminated PDMS (5000 cSt, 1 g), which cannot react chemically with the PHMS (0.1 g),
Karstedt’s catalyst (diluted in (Me;Si0)4, 80 ppm) and monoallyl-PEG My, 500 2 (0.23 g).
These materials were mixed by hand. One portion was studied rheologically (see
Appendix Section 8.5) and the other was examined by 'H NMR (Appendix 8.5: Table A 3,
entry 19) at 1 h and 2 days. The NMR at 1 h showed that about 32% of the allyl group
had reacted; complete reaction to allyl-grafted PEG was noted by 2 days.

At 1 h: "H NMR (500 MHz, CDCl3) 8 = 68% unreacted starting materials 5.88 (m, 1H);
5.21 (dd, 2H, J=10.5, 1.5 Hz); 4.71 (s, 3H, SiH); 4.00 (d, 2H, J = 5.5 Hz); 3.65-3.64 (m,
44H); 0.19-0.06 (m, 146H).

+32% allyl-grafted PEG: 4.76 (dd, 2H, J = 12.5, 6.5 Hz, OCH,); 4.70 (s, 3H, SiH); 3.65—
3.64 (m, 44H); 1.53 (dd, 2H, J = 6.7, 1.5 Hz, OCH,CH,); 0.89 (t, 2H, J= 7.5 Hz,
CH,CH,Si); 0.19-0.06 (m, 142H).

6.3.6 General synthesis of PDMS-PEG elastomers

In a typical synthesis (shown for monoallyl-PEG My, 500 2, 20% w/w), Sylgard 184 base
(3.02 g), Sylgard 184 curing agent (0.32 g), DC1107 (0.31 g), (10 : 1 : 1—Sylgard base—
curing agent— DC1107) and monoallyl-PEG (0.02 g) were combined sequentially in a
beaker. The solution was stirred vigorously by hand and 2.0 g were transferred to a 35
mm x 10 mm Petri dish (or a 120 x 60 mm Petri dish or a large mouth vial). The dish was
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then placed under vacuum (571 Torr, although other pressures were examined) overnight
to cure.

Table A 3 shows the variables that were examined in an effort to correlate reagent types,
concentrations and reaction conditions with the ability to form and cure a foam. Factors
including: vacuum strength, PEG concentration, PEG molecular weight (MW), and PEG
functionality, catalyst concentration (a catalyst stock solution, 920 ppm Pt, used to
increase catalyst concentration in the elastomers, was prepared by diluting Karstedt’s
catalyst (40 mL) in either 4—6 ¢St vinyl-terminated PDMS or (Me,S10)4 (1 mL)), surface
area of the container used for cure, and other silicone systems (i.e., in addition to Sylgard
184) were examined. The initial viscosity of the system was observed as well as the final
hardness of the elastomer after a reasonable cure-time, typically 24 h in some cases
longer cure times were required (48 h).

6.4 Results

6.4.1 Preparation and systematic study of foamed PDMS elastomers

Foamed silicone elastomers were prepared using the Sylgard elastomer kit that consists of
two parts, a high viscosity base (5000 cSt, containing vinyl groups and the catalyst) and a
liquid curing agent (containing Si—H groups): cure occurs via platinum-catalyzed
hydrosilylation (Figure 6.1A). Normally, the two constituents are mixed in a 10 : 1 (base—
curing agent) ratio, which provides a matched SiH-Sivinyl stoichiometry. The uncured
mixture is then generally degassed to remove both air entrained during mixing and air
dissolved in the silicone, such that the formation of bubbles during cure is avoided.

The generation of grafted PEG-rich silicone elastomers required functional tethers on
both the silicone and the PEG. Additional SiH functionality was therefore added to the
elastomer mixture using poly(hydromethylsiloxane) (PHMS, that is, the usual Sylgard
10 : 1 part ratio was modified with an additional 1 part PHMS). Any loss of SiH groups
due to reaction between PEG and the silicone would therefore be compensated for by the
presence of excess PHMS.

Three different types of PEG molecules were used to change the hydrophilicity of the
silicone: diallyl-1 or commercially available monoallyl-2 or dihydroxy-terminated PEG 3
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(Figure 6.1). The hydroxy-modified material cannot chemically bind into the elastomer, ¥

while either of the allyl-functional species could in principle undergo hydrosilylation
forming propenyl linkages between polyether and silicone (Figure 6.1B).

During a series of survey experiments designed to optimize formulation (Appendix 8.5:
Table A 3), it was noted that the allyl-PEG-containing mixtures were notably more
viscous than Sylgard + PHMS alone. More significantly, this viscosity was sufficiently
high such that some of the foams which formed during degassing did not collapse on
release of the vacuum: normally, degassing of silicone produces a temporary foam that
collapses while still under vacuum or after the vacuum is removed. The origins of this
increased viscosity in the silicone pre-elastomer and the characterization of the resulting
foams then became the key objectives of the study.

Controls were developed before the factors that could contribute to foaming were
systematically studied. Sylgard 184 that was formulated with additional PHMS but
without 1-3 cured normally, and did not lead to foams, irrespective of the applied vacuum
(Appendix 8.5: Table A 3, entry 1). It was found that the surface area—volume ratio of the
container in which the pre-elastomer was placed did not have an effect on foam formation.
As seen in Appendix 8.5: Table A 3, entries 2—4, the foaming was not a consequence of
inefficient bubble migration in narrow vessels—similar foams were observed in high
surface area—volume Petri dishes.

6.4.2 Preparation of foams without concomitant cure

The viscous Sylgard 184 base contains vinyl-modified silicone polymer chains, the
platinum catalyst, and silica filler. An additional control experiment examined, using
rheology, the ability of various PEG polymers to facilitate foam stabilization with the
base alone (i.e., without inclusion of the SiH-containing curing agent, Figure 6.2). The
presence of any of compounds 1-3 in the Sylgard silicone base led to little change in
viscosity when compared with the base itself (Figure 6.2E-H). As importantly, viscosity
did not build over time. By contrast, when the SiH- containing curing agent was also
added to the mixtures, diallyl-PEG 1 and particularly monoallyl-PEG 2 of the same
nominal MW led to increases in viscosity of nearly 2 orders of magnitude. Importantly,
the build in viscosity in these two cases occurred much more rapidly than viscosity build
caused by cure (Figure 6.2B, C vs. A). Dihydroxy-PEG did not affect the viscosity of the
system (Figure 6.2D).

H Note that formation of alkoxysilanes by this process is possible, but these linkages are
hydrolytically unstable.
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6.4.3 PEG functionality and ‘‘foamability”’.

There was a striking effect of the PEG end group on ‘foamability’. Hydroxy-terminated
PEG of My, 200 and 400 (Appendix 8.5: Table A 3, entry 5) did not create a noticeable
increase in viscosity (Figure 6.2D), nor did it lead to foams: the presence of the PEG did
not noticeably affect cure and cloudy elastomers formed. The presence of diallyl-PEG of
500 My, (Appendix 8.5: Table A 3, entry 6, Figure 6.2C) led to noticeable increases in
viscosity of the initial elastomeric mixture. However, the final elastomers exhibited lower
bubble density and higher bubble polydispersity than those formed from monoallyl-PEG-
containing materials under otherwise similar conditions (Appendix 8.5: Table A3 entry 2,
Figure 6.2B). In addition, the samples were less cured. Thus, the best foams, based on
highest bubble density and mono-dispersity, arose from silicone elastomers doped with
20% w/w monoallyl-PEG.

A range of PEG concentrations, 0.5, 5, 20 and 40% w/w, were examined in the foamed
elastomers, using My, 250 and 500 monoallyl-PEG chains (Appendix 8.5: Table A 3,
entries 2 and 10—12). Only at higher concentrations (20% w/w) did the mixture become
sufficiently viscous that a foam was formed. The relatively mono-disperse bubbles were
evenly distributed throughout the material. At higher concentrations (40% w/w, entry 12)
the PEG effectively diluted the silicone elastomer mixture to such an extent that the
mixture led to a paste containing some bubbles: the silicone did not effectively cure.
While the number of entrained bubbles in the elastomers correlated with PEG
concentration, the degrees of cure were inversely proportional, as seen from the 5% and
0.5% PEG samples, respectively (entries 11 vs. 10).

With 20% w/w monoallyl-PEG of either MW there were many more bubbles present
within the material and the overall volume expansion was much greater than with 5%
w/w (entry 2, Figure 6.3C). The concentration of allyl groups thus plays a large role in
foam formation. For good foaming, there is a balance between the increase in viscosity
created by the allyl-PEG and the inhibition of silicone cross-linking. At lower PEG levels,
there is little effect on the cross-linking of the elastomers (i.e., cure is not significantly
inhibited), but little foaming was observed due to increased viscosity. With too much
PEG, the mixture is diluted by the lower MW material and the viscosities tend to
decrease; the materials never cure properly, and contain polydisperse and typically larger
bubbles than formulations with less PEG. Therefore, for efficient foaming, the amount of
allyl-PEG introduced into the elastomeric mixture must be low enough that cure is not
significantly suppressed, yet high enough such that a viscous pre-elastomer captures the
bubbles.
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6.4.4 Molecular weight

The ability to produce foamed structures was correlated, within the narrow limits
examined, with the molecular weight of the PEG oligomers: attempts to use PEG of MW
larger than about 500 were unsuccessful because the PEG chains did not dissolve in the
silicone matrix nor did they readily disperse. The overall difference between the foams
made with M,, 500 and 250 PEG could be seen in the final hardness of the cured
elastomers (data not shown). With 500 M,, monoallyl-PEG, the final material is harder or
more cured than with the 250 M,, for monoallyl-PEG-containing elastomers with 20%
w/w. This is a consequence of suppression of cure by the higher mole fraction of allyl
groups in the 250 My, PEG-containing elastomers.

Figure 6.3. (A) Sylgard PDMS with DC1107 (10 : 1 : 1) (Table A3, entry 1); (B) Sylgard
PDMS (with DC1107) with monoallyl-PEG My, 500 40% w/w (entry 12); (C) Sylgard
PDMS (with DC1107) with monoallyl-PEG M,, 500 20% w/w (entry 2); (D) Sylgard
PDMS (with DC1107) with mono- allyl-PEG M,, 500 20% w/w cured under a vacuum of
176 Torr with excess catalyst (14 ppm Pt) (entry 7). SEM scale bar = 100 mm. (E)
Similar formulation as D, prepared without vacuum (entry 9). Optical photographs all at
the same scale (see ruler, 0.5 cm). (F) Particulate structure rich in PEG as shown by EDX
when compared to, (G) the silicone polymer found in the strut.

6.4.5 Pressure effects

During the normal synthesis of PDMS elastomers, after the components of Sylgard 184
were mixed together, the solution was placed under vacuum to be degassed prior to cure.

After initial foaming, the mixture rapidly became clear as the bubbles migrated through
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the viscous mixture and then left it. A transparent, bubble-free rubber resulted after curing
(Figure 6.3A). The effect of pressure on foam formation was examined by exposing
various silicone pre-elastomers to three different levels of vacuum: ‘house’ vacuum (176
Torr); high vacuum (1 x 10™ Torr); or room pressure (749 Torr), respectively. When this
protocol was followed at various pressures with Sylgard containing excess PHMS,
bubble-free elastomers generally resulted, although there were occasionally bubbles

found in the materials that had not been exposed to vacuum (Table A3, entries 2, 13 and
14).

The addition of allyl-PEG to this recipe led to mixtures that foamed during degassing and
remained as foamed structures at least partially (Figure 6.3B), and generally completely,
after curing. The viscosity of the mixture was insufficient to prevent the bubbles from
escaping at the highest vacuum. Opaque, cross-linked elastomers resulted in this case,
with only adventitious small bubbles of random size located in the matrix. At room
pressure the bubbles, which are produced by a combination of dissolved air, air entrained
during mechanical mixing and from the reaction of the SiH groups, were very small and
relatively monodisperse, were evenly distributed throughout the matrix, and were fixed in
place by curing into the material. At moderate vacuum (house vacuum, 176 Torr), the
vacuum strength is sufficient to permit the bubbles to expand and partially coalesce,
creating a foamed material with larger bubble sizes than those produced at room pressure,
but is not strong enough to significantly de-gas the elastomeric mixture. Thus, pressure
and catalyst concentration can be manipulated to control the foam density, average bubble
size and size distribution.

6.4.6 Origins of viscosity build: the question of chemical grafting of allyl-PEG

'H NMR spectra were obtained on the elastomeric mixture containing Sylgard 184,
monoallyl-PEG My, 500 (20% w/w) and additional catalyst in CDCl; immediately after
mixing (entry 8). The spectrum at that time clearly showed presence of protons of
unreacted SiH groups, from Sylgard and added PHMS, and allyl and backbone protons
from the PEG: vinyl groups from the Sylgard, which are present in low concentration,
could not be directly observed. After mixing for 1 h in a constrained volume mixer with
no headspace, a sample of the—by then highly viscous—elastomer was swollen in CDCl;
(see Appendix Section 8.5). After cure, the spectrum showed, as with the spectrum of the
freshly mixed material, that the allyl and backbone protons of the PEG were completely
intact, initially suggesting that the allyl-PEG had not participated in hydrosilylation.

The concentration of allyl groups at the termini of a 500 M,, polymer is considerably
higher than on vinyl groups at the terminus of a 50 000 M, silicone. In addition, we are
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unsure of the specific formulation of Sylgard 184. Therefore, the tests were repeated
using commercially available 5000 cSt MesSi-terminated PDMS (which cannot cure by
traditional means), PHMS (DC1107) and 500 M,, 2 (20% w/w). In this case, it was
possible to detect loss of about a third of the allyl groups in the first hour, and the rest
underwent hydrosilylation over the next 2 days. The rheological studies (Table A3, entry
20, see Appendix Section 8.5) of this mixture showed a comparable viscosity profile—
much faster than curing—similar to that shown in Figure 6.2B, although the magnitude of
change was somewhat different. Thus, the observed increase in viscosity is associated, in
part, with the presence of PEG-silicone surfactants generated by hydrosilylation of allyl-
PEG (Figure 6.1B).

An elastomeric silicone foam could also be generated using three ingredients in place of
Sylgard 184, commercially available 5000 ¢St vinyl-terminated PDMS, PHMS (DC1107)
and 500 My, 2 (20% w/w): a foam was only observed when 2 was included. When
additional catalyst (Table A3, entries 16—18, compared with the control entry 15) was
added to the non-Sylgard elastomeric mixture, a stiff, evenly foamed material was formed.
Thus, these studies also demonstrate that the presence of monoallyl-PEG will permit
standard platinum-cured silicone elastomers to be prepared as foams with controlled
density and hardness.

6.4.7 Competing hydrosilylation reactions

Sylgard 184 normally takes a few hours at room temperature after mixing to become tack
free, and full cure can require up to 48 h. The presence of additional PHMS increases the
curing rate, and leads to an optically clear elastomer (Appendix 8.5: Table A3, entry 1,
Figure 6.3A). The addition of HO-terminated PEG to the Sylgard + PHMS reaction
mixture (Table A3, entry 5) had no noticeable effect on silicone cure (nor on the
magnitude of foaming). By contrast, the presence of mono- or diallyl-PEG was
accompanied by a significant suppression of cure (entries 2 and 6) in addition to increased
viscosity.

The slower cure could be overcome by the addition of more Karstedt’s platinum catalyst
(added in various amounts from a stock solution, see Experimental section, Table A3).
For example, a foam with uniform bubble size and the consistency of a thick ‘paste’” was
prepared by adding 20% w/w monoallyl-PEG of 500 My, to Sylgard (Figure 6.3C, Table
A3, entry 2). There was a direct correlation between added catalyst and the magnitude of
cure: at higher catalyst loadings, instead of a viscous paste after 48 h, a cured foam
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material was produced that was spongy to the touch and returned to its shape after
deformation ceased (entry 7).

When extra catalyst was present in the formulation, a foam was blown even if a vacuum
was not used. This is a consequence of the reaction between adventitious water and any
silanols present in the polymer. The free hydroxy groups on monoallyl-PEG could also
participate in such reactions: this reaction is the basis of most commercial silicone foams
(SiH + ROH — H, + SiOR, R = H, alkyl, aryl).” However, the subtle distinctions between
foams derived from monoallyl- vs. diallyl-PEG, and the absence of foaming with
dihydroxy-PEG argue against this being a significant source of H,. Thus, it is possible to
vary the hardness of the foam while maintaining a uniform bubble size and concentration
simply by controlling catalyst concentration. Foaming results from a combination of
blowing by hydrogen gas and, primarily, bubbles from dissolved/entrained gases
generated by vacuum.

6.4.8 Nature of the foam

A range of foamed materials could be prepared as described in Table A3. It was possible
to control bubble density, bubble polydispersity and size by manipulating the formulation:
selected photographs representing typical foam structures are shown in Figure 6.3A—E.
More detailed examination by SEM (Figure 6.3D, E spots F, G) was made of the sample
derived from Sylgard PDMS elastomer containing monoallyl-PEG M,, 500 with excess
catalyst (Table A3, entry 9). This sample was chosen because of its high bubble density,
the bubbles’ relative monodispersity, the even distribution of bubbles throughout the
material and for its stiffness, which allowed for better handling ability and easy coating of
samples with Pt (for the SEM). Figure 6.3D shows that the bubble diameter ranges from
100-1000 mm with an average size of about 500 mm and an approximate bubble density
of 5.5 bubbles mm™. It was also possible to control the degree of cure, as discussed below,
to give foams ranging in hardness from a soft paste, to a rigid foam.

6.4.9 Origins of the viscosity: reinforcing droplets

The micrograph in Figure 6.3 shows small particulate-like structures (Figure 6.3F, Q) in
the struts (Figure 6.3G, 0) between the bubbles (see also the highlighted circle in Figure
6.6). The elemental composition of the particulate objects was compared with silicone
struts in the vicinity. Energy-dispersive X-ray (EDX) spectroscopy was used to measure
elemental composition of the two spots as shown in Figure 6.3 and Table 6.1. As shown
in the table, the particle is highly enriched in carbon, depleted in silicone, and consistent
with a composition primarily of PEG.
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Table 6.1. Summary of elemental analysis at pore interface on top surface (see Figure
6.3E)

Element Atomic %

Spot Silicone strut (G) Particle (F)
Carbon 39.81 68.23
Oxygen 30.46 25.68
Silicon 28.74 6.09

6.5 Discussion

Silicone foams must normally be generated by the use of blowing agents or reactions that
generate gas from silicone constituents.” Maintaining a foam in the elastomers described
above was always associated with an increase in viscosity in the pre-elastomer (Figure
6.2). Bubbles could be generated simply by degassing and, additionally, by hydrogen
created from the Si—-H polymers in the presence of the platinum catalyst. If the
combination of vacuum and viscosity was not properly balanced, foams did not
reproducibly result. For example, high vacuum and/or lower pre- elastomer viscosities led
to bubbles escaping prior to cure: the surface area—volume ratio, which might be
associated with the efficiency with which bubbles could escape, did not play a significant
role on the ability of various formulations to foam.

The combination of vacuum and viscosity also played a role in bubble size. Higher
vacuum or lower viscosity was associated with larger bubbles, as would be expected, due
to greater expansion and more efficient coalescence, respectively (cf. Figure 6.3B-D,
where nominal bubble size decreased from B ~3 mm/C ~ 1.5 mm /D ~ 500 mm).

Although several factors can contribute to viscosity build in the pre-elastomer, the key
parameters were associated with the functionality and concentration of PEG: a significant
viscosity increase only occurred when SiH-containing polymers were present (no
viscosity build or foams were observed in the absence of these materials, Figure 6.2), and
allyl-functional PEG was included in the pre-elastomeric mixture, particularly at
concentrations around 20% w/w. By contrast, the dihydroxy-terminated PEG had no
significant effect on viscosity, and foams were not observed. The diallyl-PEG derivative
was initially more efficient than monoallyl-PEG in increasing viscosity of the pre-
elastomer (Figure 6.2C vs. B). However, the final foams were much softer because
greater concentrations of allyl groups led to lower degrees of cure. The best foams, based
on highest bubble density and monodispersity, arose from silicone elastomers doped with
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20% monoallyl-PEG. The presence of monoallyl-PEG built significant viscosity in the
pre-elastomer, and suppressed cure less than diallyl-PEG.

These observations are captured in a model phase diagram (Figure 6.4). The likelihood of
obtaining cured foam correlates with the viscosity of the pre-elastomer, which in turn is
directly related to the concentration of allyl groups in the pre-elastomer, and also
correlates with the concentration of allyl-PEG. The hardness of the final foam is also
linked to the concentration of allyl groups in the mixture, but in an inverse manner. Allyl
groups suppress cure by interacting with the platinum catalyst leading to incomplete cure
and softer foams. This effect can be overcome by adding additional platinum, restoring
levels of cure, and providing a new source of bubbles from hydrogen evolution.

High density,
. monodisperse  Diallyl-PEG
High | foam 20% Low
. e — Monoallyl- .
Initial Medium, PEGZO% Final
. . . xtra « e g
viscosity | Polydisperse \::atalyst rigidity
foam Monoallyl-PEG
e — 5% Monoallyl-
- PEG 20%
No foam .
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Monoallyl-PEG
0.5%
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Figure 6.4. Ability to control foam morpholigy through PEG functionality and catalyst
concentration

Karstedt’s catalyst is a platinum zero species stabilized by three vinyl ligands.'"* When
allyl-PEG is present, in addition to the vinylsilicones/SiH silicones, ligand scrambling
will introduce PEG chains onto a fraction of the catalyst present through allyl group
complexation (Figure 6.5A). The relative insolubility of PEG in silicones will result in
reduced catalyst activity; the formation of an active catalyst with Si—-H and Si—vinyl
groups linked via Pt (Figure 6.5B) is suppressed. The reduction in cross-linking efficiency
correlated directly with the concentration of added allyl groups, and was not dependent on
the MW of the PEG or whether the allyl compound present was either mono- or diallyl-
PEG.
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Figure 6.5. Ligand exchange versus cure
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The origin of ‘foamability’ is the most interesting aspect of these results. The optimal
foams, as defined by a high density of uniformed sized bubbles, occurred with about 20
wt% of mon- oallyl-PEG added to the silicone pre-elastomer. Foams arose during normal
degassing, and could be extended by blowing of H, gas when additional catalyst was
added. The main factor responsible for the maintenance of foams during degassing (or
release of H;) was the increased viscosity when allyl-PEG was present (Table A 3, entries
2-4,7, 8, 13, 14, and 16-18). Under such conditions, bubbles could form, coalesce to a
limited degree, but not readily exit the polymeric matrix. Chemical grafting of the allyl-
PEG to the silicone in the early stages of the mixture was demonstrated with model
systems.

The PEG-silicone surfactants can act to stabilize dispersed PEG droplets. Similar
stabilization by polyether silicone surfactants has been observed in water-in-silicone oil
emulsions."” As shown in a model structure in Figure 6.6, dispersion of the relatively
insoluble PEG can be facilitated both by PEG chains anchored at the perimeter of the
droplet, hydroxy groups at the other end of the PEG chain than can self-associate. EDX
data showed that these particles (highlighted in Figure 6.6) are primarily comprised of
PEG, supporting this model.

Not to scale 3R

Monoallyl- = | ; -
\ PEG F AEE

@ PEG droplet

Figure 6.6. Monoallyl-PEG acting as an in situ viscosity-modifiying agent (droplet shown
inside circle on the SEM photograph).

The addition of fillers to polymer melts, or uncured or pre-cured polymers such as
silicones,'® leads to enormous increases in viscosity,'” to a degree such that processing
frequently becomes problematic.'” The presence of stabilized allyl-PEG droplets in
uncured silicone elastomers, particularly at 20% loading, will similarly increase the
viscosity by acting as a filler. The diallyl- PEG compounds led to greater increase in
initial viscosity than monoallyl-PEG, perhaps due to the presence of more, smaller
droplets that more effectively build viscosity. However, the more convenient formulation
used monoallyl-PEG which builds viscosity as a consequence of the approximately 5-10
mm droplets that form in the silicone (Figure 6.6). This viscosity build occurs to a degree
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such that the pre-cured material holds bubbles in place until cure occurs. By contrast,
insoluble hydroxy-terminated PEG will form large domains in PDMS that do not increase
the viscosity to the same degree.

The creation of a foamed elastomer normally requires a subtle balance between the rates
of cure and rate of bubble nucleation. Outside of optimal parameters, bubbles either form
too quickly and then escape, or are formed after cure is too far advanced. Such parameters
are manipulated by controlling the rate of gas evolution, including by the use of blowing
agents, viscosity control using fillers, and surfactants to stabilize bubbles as they form.
The method described above provides alternative strategies that take advantage of the
high solubility of gases in silicones, and by the affinity of allyl-PEG for silicones.
Reactions that generate gases (e.g., excess catalyst + PHMS + ROH) can be exploited, but
are not necessary. To a significant degree, the rate of gas evolution is irrelevant in these
systems, because the viscosity build provided by the dispersion of allyl-PEG in the
silicone holds the bubbles in place until cure can be attained.

This process for the preparation of PEG-modified silicone foams is straightforward and
the strategy thus holds promise for the preparation of foamed silicone biomaterials, where
hydrophilic modification by PEG can be helpful in reducing protein adsorption. Future
work will focus on controlling foam density and examining the biostability of such
materials.

6.6 Conclusion

Monoallyl-PEG at loadings of ~20 wt% led to significant increases in the viscosity of
uncured silicone elastomers. During normal degassing, bubbles formed that remained in
place until cure occurred many hours later. The phenomenon is proposed to arise from the
formation of PEG-grafted silicone surfactants that can stabilize PEG droplets that act as
fillers, which increase the viscosity and decrease the efficiency of bubble coalescence and
migration through the silicone matrix. The extent of cure, and hence the final consistency
of the foam, can be controlled through the control of catalyst concentration. Such foamed,
hydrophilically modified, silicone elastomers may have applications as biomaterials.
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CHAPTER 7: General Conclusions

The unique properties of dimethylsiloxanes are attributed to the molecular construction of
the polymer backbone. The flexibility of the Si-O-Si linkages allow for the polymer
chains to exhibit a low T, and high elasticity when crosslinked, while the hydrophobic
methyl groups combined with the flexible backbone promote low intermolecular
interactions. As a consequence, silicones are normally very surface active. This thesis has
focused on the interaction of silicone polymers with each other, and how small structural
changes along the polymer backbone can cause substantial changes in the observed
materials properties.

In Chapter 2 the thermal click reaction of alkyne-functionalized coumarin molecules onto
azide-functionalized PDMS copolymer led to large changes in the mechanical properties
of the silicone. Instead of having silicone polymers with a high free volume, the opposite
became true — the self-association of coumarin moieties promoted physical crosslinking.
The flexibility of the silicone chain allowed for the coumarin molecules to form the
preferred orientation for head-to-tail aromatic stacking. The degree of self-association
between polymer chains was shown to be directly dependent on the concentration of
coumarin along the polymer backbone. When a high concentration of coumarin was
present, the materials were very brittle; almost glass-like. At low concentrations of
coumarin groups on the silicone backbone the material is more of a waxy solid; however,
elastomeric materials can be formed when a concentration of coumarins is in between the
two extremes. All of the coumarin-functional silicones had a response to heat that is
thermoplastic in nature, a contrast to what is usually observed with chemically
crosslinked silicone elastomers. These thermoplastic elastomers could have a wide range
of applications as typically silicone thermoplastic elastomers must have a secondary
polymer blended in to achieve these properties. The blending of silicones with other
thermoplastic polymers disables the advantageous properties of the silicone, by creating a
system that utilizes only silicone chains, albeit modified with small molecules, many of
the advantageous properties of silicone elastomers can be retained.

In Chapter 3 the physical interaction of the coumarin-siloxane materials examined in
Chapter 2 are further investigated by exploiting the photoactive nature of the coumarin to
incorporate chemical crosslinks into the material. Once photochemistry is initiated,
thermoplastic elastomers are converted into thermosets with reversible chemical
crosslinks. Coumarin undergoes dimerization at wavelengths greater than 300 nm and the
cyclobutane product photocleaves at wavelength less than 300 nm. A decrease in
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viscosity was initially seen between the silicone polymers (containing a lower levels of
coumarin groups) when dimerization is initiated. This was ascribed to the need for
intermolecular re-organization from the thermal permitted head-to-tail stacked coumarin
aromatic groups to an orientation that permits the orbital controlled photocyclization.
That 1s, loss of associative crosslinking is required before photoinduced covalent
crosslinking can occur. Once enough covalent links were formed the viscosity began to
rise again, with PC-PDMS-11 having the highest degree of modulus increase. The
reversibility of this system could not be monitored on the rheometer due to experimental
limitations; however, we can see in solution, through UV-spectroscopy, that a certain
degree of reversibility could be achieved: after multiple cycles a photostationary state was
achieved. The reversibility of the covalent bonds of coumarin in combination with the
self-assembly of coumarin on silicones, creates a unique “two-component crosslinking”
system, which may have use in many applications, including self-healing applications.

In Chapter 4 the covalent interactions between silicones are examined, however, in this
case non-reversible interactions were key. By controlling the molecular weight of
polymers and type of crosslinker used, a variety of silicone elastomers can be synthesized.
Taking advantage of the Piers-Rubinsztajn reaction between alkoxysilanes and
hydrosilanes allows for precise control of the synthesis of silicone elastomers and their
properties. Hydrosilane-terminated PDMS of 1,000 ¢St with tetrafunctional crosslinkers
(i.e., TEOS) made silicone elastomers using comparable synthetic protocols, and catalyst
concentrations to current PDMS elastomer procedures that utilize platinum based curing
agents. The properties associated with elastomers prepared using the Piers-Rubinsztajn
are similar to elastomers prepared with tin or platinum, however, the main benefit to
using this system is the speed of preparation and the low catalyst loadings required.
Control of the crosslink density can be obtained, as well as the presentation of functional
groups within the elastomer, to enable potential other chemistries to take place, such as
Sn2 or ‘click’ chemistry.

Chapter 5 continues to investigate silicone structures and attempts to further understand
how interchain silicone interactions can be used to create novel silicone foams. Through
the use of the Piers-Rubinsztajn reaction silicone elastomers were structured into silicone
foams by taking advantage of the reactions gaseous alkane byproducts. The reaction
could be manipulated to provide in situ blowing agents to form a variety of foams with
different densities. Control over the foam structure was achieved by controlling the
hydrosilane molecular weight and the reactivity of the alkoxysilane crosslinker.

Lastly, Chapter 6 examined the interfacial properties of silicones when blended with other
polymers. It was discovered that the incorporation of monoallyl-poly(ethylene glycol)

107



Ph.D. Thesis — A.S. Fawcett; McMaster University — Department of Chemistry

caused a significant increase in viscosity when combined into the PDMS elastomer
formulation. The viscosity increase was enough that when the elastomer was degassed, as
usual, a foam was formed, that cured into place. The change of incorporating different
functionalities and different molecular weights of PEG into the PDMS elastomer
formulation was observed using rheology. It was determined that, with the monoallyl
species, the allyl endgroup acted as a hydrophobic head with the hydroxyl endgroup
acting as a hydrophilic tail. The hydrophilic PEG groups formed colloids that act as fillers
to increase the viscosity, while the allyl groups can react with the hydrophobic silicone.
The blending of PEG with PDMS created unique amphiphilic foamed materials, which
demonstrates the unique opportunities for controlling the interfaces between two
polymers.

In conclusion, this thesis has examined three unique methods of controlling interchain
silicone interactions. The first was through physical interactions, and demonstrated how
small changes in the silicone polymer structure can completely change how the polymer
chains will interact with one another, including in some instances crosslinking to form
thermoplastic elastomers. The second examined how elastomeric and foamed elastomeric
materials can be created through covalent interactions either through a reversible
photoreaction or through the permanent Piers-Rubinsztajn reaction. The effect of creating
polymer-polymer interfaces by blending hydrophilic and hydrophobic polymers together
to form silicone foams was also examined, which led to the further understanding of
silicone structuring. Future work will continue to build on the characterization of the
unique physical and chemical interactions between coumarins in a silicone network, to
further understand how these materials respond in a variety of environments. By fine-
tuning the chemical structure of the silicone polymers it is possible to fine-tune the
properties and understand how the silicone chains are interacting with one another.
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CHAPTER 8:

APPENDIX

8.1 Supporting Information for CHAPTER 2: Self-Association of Pendant

Coumarin Groups Converts Silicone Oils into Thermoplastic Silicone

Elastomers

Dynamic Viscosity of C-PDMS during Temp Cycling
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Figure 8.1. Rheological thermal cycling of C-PDMS-3-14
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Figure 8.2. Dynamic time sweep test for the cholropropylmethylsiloxy-dimethylsiloxane
copolymer. The viscosity is too low for the G’ results to be measured accurately on the

rheometer.
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Figure 8.3. Instron Tensile Tests for C-PDMS-7-14 and the PDMS control
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Figure 8.4. Digital photographs of C-PDMS-7, demonstrating the thermoplastic nature of
the material
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Figure 8.5. Digital photographs of C-PDMS-14, demonstrating the thermoplastic nature
of the material

8.2 Supporting Information for CHAPTER 3:Phototunable Silicone

Crosslinks
Photodimerization of C-PDMS
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Figure 8.6. Dynamic viscosity during 365 nm irradiation of C-PDMS
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Figure 8.7. Instron tests run on PC-PDMS materials
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