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Silicones are mostly utilized for their stability to a range of vigorous environmental conditions, which
arises, in part, from the lack of functionality in finished products. The commonly used functional groups
in silicones, e.g., SiH, SICH=CH,, are mostly consumed during final product synthesis. Organic
functional groups may also be found in silicone products, including organic alcohols, amines, polyethers,
etc., that deliver functionality not achieved by traditional organic polymers (e.g., aminosilicones,
softening of fabrics; silicone polyethers, superwetting agricultural adjuvants). However, relatively little
organic chemistry is practiced in commercial silicones, limiting the types of desirable functionality that
can be attained. We report the utilization of a series of simple-to-practice organic reactions that take
place efficiently on silicone oils to allow the preparation of a wide variety of functional silicones. The
silicone oil starting materials typically act as both solvent and educt to allow many of the newer
reactions, such as Click processes, to be used to tune the properties of both silicone oil and elastomer
products. The review considers the concept of ‘functionality’ to include: the reactive groups used to
enable synthesis of more complicated structures; and separately, the functional properties of the
product silicones. One such property that is considered throughout is degradability at end-of-life, which
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is related to the sustainability of silicones.

1. Introduction

Synthetic chemists spend much of their time attempting to
coerce functional groups to form bonds leading to desired
small molecules, polymers, resins and, more broadly, to create
molecular structures that possess desired properties. Therefore,
when considering ‘functional silicones’ there are two aspects to
consider: the functionality (reactive groups) that will enable
specific bonds to form and the resulting, hopefully beneficial,
structures that result with specific functionality - interesting
properties. This review is structured to present both types of
meaning: normal text refers to functional reactivity, while italics
refers to properties of the molecules (including applications) pro-
duced to reflect these two complementary objectives.

A brief overview of traditional silicone chemistry is provided
as a standard against which new approaches can be measured.
The introduction of ‘traditional’ functional groups in the world
of silicones (traditional = commercial) - both oils and elastomers
- is then presented. The bulk of the review involves non-
traditional functional groups introduced first with, and second
without, the need for catalysts. An attempt was made to consider
functional oils first then elastomers, and finally silicones at
interfaces. However, in some cases it was more logical to con-
sider processes that lead to the oils and elastomers at the same
time. To help the reader “Elastomers” are called out in headings.
In each of the cases, the functionality — utility - of the silicone
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systems will be reported. It is hoped that the reader sees this
review a challenge: why not add even more functionality to
silicones to make them yet more valuable?

We note this review is written with a bias related to sustain-
ability. Particular attention is focused on both products and
processes that better fit the principles of Green Chemistry,"
including use of catalysts instead of stoichiometric reagents, or
no catalyst at all, Click reactions without byproducts, alternatives
to covalent bonding to create elastomers, etc. The products
themselves should be endowed with interesting functionality
that, when possible, should first include the possibility of reuse
and, second, degradation in the environment to give safe com-
pounds at end of life. The review concludes with some thoughts
about the benefits of functionality in the context of sustainability.

2. What is so great about silicones?
What they don't do!

2.1 Resistance to thermal, oxidative and irradiative stress

Silicones are mostly comprised of Me,SiO fragments that are
very stable to oxidation (it is hard to oxidize methyl groups).>?
The C-Si bonds are prone to oxidation on thermodynamic
grounds (Si-C vs. much stronger Si-O) but are kinetically quite
stable. Si-O bonds are very strong; virtually all the silicon
compounds found in nature are silica or silicates with oxygen
forming all bonds to silicon atoms. While thermodynamically
stable, the Si-O bonds in silicones can be kinetically reactive
when 1 oxygen ligand is exchanged for another, particularly
at pH conditions away from neutrality (especially pH < 5 and
pH > 9) or with good nucleophiles in non-aqueous conditions
(Fig. 1A). For the purposes of this paper, the traditional silicone
moieties Me,SiO (D) and Me;SiO (M) will be considered ‘non-
functional’, by which we mean they are much, much less
reactive than the other functional groups present in reaction
mixtures (note: phenylsilicones that also contain MePhSiO and
Ph,SiO monomers are a subset of commercial silicones that are
prone to protiodesilylation to give benzene and trifunctional
silanes, but only under highly acidic conditions. We will not
consider such extreme conditions and phenylsilicones will also
be considered ‘non-functional’).

Silicone oils only start to thermally degrade - in air, or the
presence of oxygen - near 325 °C; phenylsilicones have even
higher thermal stability. Silicones are used, for example, as
domes for LEDs or in the O-rings for UV lamps because of their
much higher resistance to thermal and photodegradation, includ-
ing oxidation, than traditional organic polymers.

2.2 Mobility, water repellency and gas permeability

The surface energy of silicones is very low - between alkanes
and fluorocarbons - so they are much less soluble in water than
non-polar organic compounds. They are also oleophobic and
can form dispersions rather than solutions with organic oils.*
Unlike organic polymers, linear dimethylsilicones are oils
regardless of molar mass; even a polymer of molar mass of
1 x 10° g mol™" is a highly viscous oil, not a solid. These oils
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Fig. 1 (A) Silicone equilibration under acidic or basic conditions. (B) Hydro-

silylation of y-functional allyl groups to prepare amino-, halo-, and alcohol/

ether modified silicones. Examples of telechelic and pendent silicones are
provided, including a pendent fluorosilicone.™

also have an exceptionally low glass transition temperature
~—120 °C, so they remain processable at temperatures far
below those for organic polymers. Finally, silicones love air
interfaces. Their mobility and the thermodynamic advantage in
creating interfacial area with air drives many of the interesting
physical properties, for example, as foaming agents, defoamers
and film formers (the origins of these effects have been exten-
sively reviewed>®).

The very large free volume of silicone polymers leads to very
high gas permeability’ which, in turn, leads to utilization in
applications like contact lenses that must allow oxygen to pass to
the cornea through the lens.”

2.3 Silicone oil as a solvent

Traditional synthetic organic chemistry frequently makes use of
hydrophobic media for bond forming processes and hydrophilic
media to both quench reactions and facilitate organic product
separation from spent reagents: oil vs. water. The physical
properties of silicone oils suggest that we could consider silicone
oils as very non-polar solvents. In the discussion below, silicone
polymers are often used as both the educt for reaction and the
solvent/medium in which the reactions take place. This is a gift

This journal is © The Royal Society of Chemistry 2023
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to silicone chemists that is not generally available to other
(polymer) chemists. To the degree that the proposal holds, it
means the search for new functionality, based on organic
chemistry, can start with a basic undergraduate textbook (i.e.,
where it says solvent, think silicone oils).

3. Traditional functional silicones: SiH,
OH, "CH=CH,

Silicone polymers originate from sand converted to silicon
metal and then, via the Direct Process, to chlorosilanes (e.g:,
Me,SiCl,, Me;SiCl, MeHSiCl,). The details of these industrial
processes are beyond the scope of this paper but have been
extensively reviewed.®'° Although the monomers used to prepare
silicone polymers are highly functional, there are only a few
functional groups that remain in commercial polymer products:
SiH, Si-vinyl (Si-CH=—CH,), and SiOH. Silanols (HOSiR;) are
typically found at chain ends of PDMS polymers (PDMS = poly-
dimethylsiloxane (~Me,SiO),~), where they mostly serve as
nucleophiles that react with small silanes for moisture cure
elastomers (RTV - room temperature vulcanization, see the
section on Curing Processes for Traditional Elastomers). The
most useful functional group for synthetic chemists is the SiH
group; monomers containing this group (Me,HSiCl, MeHSiCl,)
are produced as by-products in the Direct Process in excess to
needs of the silicone industry. Si-H bonds are much weaker than
C-H bonds. Furthermore, unlike alkanes silanes are hydrides,
Si’*-H?", and the silicon atom is sterically very accessible, so both
kinetics and thermodynamics favor reactions, particularly under
(aqueous) base or in the presence of silaphilic nucleophiles that
convert Si-H to much stronger Si-O bonds. The reaction with
aqueous base can be violent, and leads to production of flam-
mable hydrogen gas (note that, under controlled conditions, this
process is used for creating elastomeric silicone foams)."*

3.1 Alkoxysilane reactivity

Alkoxysilanes, for example, R”Si(OR’); (R” = Me, Ph, OR’) are
small molecules frequently used to crosslink silicones in the
presence of moisture. The reaction of alkoxy groups with silanols
or water to first produce SiOH groups (plus the alcohol by-
product - R'OH), and then a disiloxane R”(RO’),SiOSi(OR’),R”
is thermodynamically favored"> and always occurs even in the
absence of catalysts, for example in reagent bottles once opened
to air, albeit slowly. The rates of hydrolysis and condensation are
significantly accelerated by catalysts, particularly those based on
tin (see RTV Elastomers below).

Within the silicone business, “Si-O-C” linkages are always
understood to be temporary, which is not always the case.
Phenols are more acidic than alcohols and, on that basis,
should be better leaving groups under basic conditions. However,
just as phenyl esters can be slower to hydrolyze than alkyl esters,'?
phenoxysilanes are very stable to hydrolysis under both basic and
acidic conditions. The formation of phenoxysilanes using the
Piers-Rubinsztajn (PR) reaction'* is described in several places

This journal is © The Royal Society of Chemistry 2023
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in this review because the products have surprising stability
towards hydrolysis.

3.2 Organic functional groups on silicones

Imagine if synthetic organic chemists were told they were limited
to 3 or 4 functional groups when developing new products? How
could one design and create complex molecules with such limita-
tions? While new processes and new functional groups bring
complexity and, of course, some bad outcomes, much more
importantly they provide an opportunity to leverage different
synthetic protocols to create compounds with new interesting
properties, in this case silicones. The silicone industry has intro-
duced a limited number of organofunctional silanes and silicones
for this purpose. While completely speculative on the part of the
author, the limited presence of organofunctional silicones in
industry arises from the need to curate product lines to focus
on a narrow range of higher volume products. In other words,
once the functional materials described below can be shown to be
commercially viable, they will be developed into products.

3.2.1 y-Functional propylsilicones. The most common uti-
lization of SiH compounds in silicone product is hydrosilylation
with appropriate alkenes to make alkylsilanes. Typically, plati-
num catalysts similar to Karstedt's catalyst ((ViMe,SiOSiMe,.
Vi);Pt,),'®"” facilitate the reaction. For example, the reaction of
H-Si groups on silicones with acetylene leads to vinylsilicones
that, in turn, are used for crosslinking by hydrosilylation (see the
section on Traditional Elastomers). Hydrosilylation of functional
allyl groups is also a key route for introducing traditional organic
functional groups (ROH, RNH,, halogens, epoxides, etc.) in the
gamma position of propylsilanes and silicones (Fig. 1B). Plati-
num is expensive, but its use here is justified both because of its
extraordinary efficiency and the ability to recover and reuse
spent catalysts at end of life.

3.2.2 a-Functional propylsilicones. Wacker Chemie devel-
oped analogous processes to create alpha-functional silicones.
In this case, a methyl group is chlorinated under radical conditions
(e.g:, MeSiCl; — CICH,SICl;) to provide an a-chloro feedstock that
can then be converted into various other organic functional groups,
typically by nucleophilic substitution.

3.3 Further modification of organofunctional groups in
traditional silicones

Anyone schooled in organic synthesis will recognize that the
organic functional groups (Fig. 1B) are entry points for much
broader synthesis. Using them, it should be possible to modify
and tune silicones to target specific desired properties; both
silicone reactivity and physical properties like solubility/melting
point/dispersibility in water can be encoded. For example, simple
organic chemistry has been used to turn these basic functional
silicones into silicones bearing y-propyl-phosphates, quaternary
ammonium salts, and other functional groups. It should be
noted that most silicone oils have functional groups either at
both ends of a linear chain (telechelic) or randomly spread along
the chain (pendent, Fig. 1B).

Chem. Commun., 2023, 59, 12813-12829 | 12815
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3.4 Desirable properties of traditional, functional silicone oils

Most of the applications of functional silicone oils arise from their
interfacial properties.> The materials readily migrate across solid
surfaces in air and also to water/silicone or oil/silicone interfaces.

Aminoalkylsilicones spread across cotton and other fibers and
convey ‘sofiness’ to fabrics."® The use of high density cationic
charge is a common strategy for killing bacteria on surfaces."*>"
Silicone quaternary ammonium surfactants are often used to size
fabrics to convey this antibacterial activity.** Polyether-modified
trisiloxanes are widely used as adjuvants in agriculture where they
facilitate spreading of pesticides/herbicides on leaf surfaces.”
Silicone polyethers aid in controlling bubble density and size** to
structure polyurethane foams,> such as those used in furniture.
Ironically, silicones are also excellent defoamers and, because of
their safety with humans, are used in a myriad of industries,
including the food industry, pulp and paper, etc.

4. Traditional silicone elastomers:
curing processes

Curing processes consume most of the functional groups in
silicone oils (pre-elastomers) to form crosslinks in commercial
silicone elastomers. Three different curing processes dominate
the formation of commercial silicone elastomers: radical cure;
platinum-catalyzed hydrosilylation; and moisture cure (nucleo-
philic substitution, room temperature vulcanization RTV. Note:
some platinum cured materials are also described in the
literature as RTV, Fig. 2).

4.1 Organic radical cure

Radical cure on silicones usually involves use of a radical
initiator to randomly generate SiCH,* radicals that then recom-
bine to give a 2-carbon interchain link, or a more specific
reaction (often a lower temperatures) with vinylsilicones that
react with a randomly generated SiCH,* to form a 3-carbon link
(Fig. 2A). While somewhat better network control is obtained
when vinylsilicones are used, in neither case does the control
match that of either RTV or hydrosilylation (Fig. 2B and C).
Radical catalysts and residues will typically remain within the
silicone rubber after cure and, for some applications, must be
extracted out before use.

4.2 Hydrosilylation

Hydrosilylation is widely utilized to make silicone elastomers
because of its high efficiency, and the ability to control the
reaction temperature for cure, from room temperature to nearly
200 °C. The strength of the catalyst/inhibitor complex determines
the offset temperature for cure that accompanies inhibitor decom-
plexation from Pt (Fig. 2C). This allows the user to work with the
material at lower temperatures with a reasonable ‘pot life’, but to
lock in cure when desired by heating. Hydrosilylation cure is used
in applications ranging from in vivo cure of biomedical implants
to injection molded bread loaf pans. Very little platinum is required
to catalyze the process — a few ppm - but one wonders at the logic
of using an endangered and expensive element in a material that,
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lead to further cure. (G) The PR reaction with alkoxysilanes and phenols.

at end of life, will be placed in the environment without the ability
recover the platinum. Note that other catalysts may also work
effectively, including those based on Ru, Ir, Co, Pd, Fe etc., but
they may be more expensive or need special conditions (e.g,
water/air free).>® The workhorse catalysts are based on platinum,
including Speier’s catalyst (H,PtClg) in the early days of hydro-

silylation cure and Karstedt’s catalyst,'®"” currently.

4.3 Room temperature vulcanization

RTV is a process that requires moisture as a co-reagent; water
may be explicitly provided in a formulation or be present in
moisture in the air (Fig. 2B). The rates of cure, based on the Sx2
reaction of silanols with functional silanes, are controlled by
use of different leaving groups, with alkoxy groups slower,
acetoxy groups faster and oximes somewhere in the middle.
The rates of nucleophilic substitution at a tri- or tetrafunctional
silane gradually slow as each leaving group is displaced by a
silanol terminated silicone chain. Complete cure can take a
long time.

The commonly used catalyst for these processes is dialkyltin
dicarboxylate (e.g., dibutyltin dilaurate) or related tin com-
pounds, particularly if there is moisture present; titanium
catalysts operate under drier conditions. Alkyltin compounds
are not benign. They are known to be toxic to many organisms
and relatively high catalyst loadings of 0.1-1 wt% or more are
required.

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cc03531j

Open Access Article. Published on 05 Oktober 2023. Downloaded on 07.05.26 20:57:13.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

ChemComm

4.4 Beneficial properties of silicone elastomers

These curing processes will consume most, but not all the
functional groups in the pre-elastomers. Hydrosilylation cure
products are usually formulated to leave a known excess of vinyl
or SiH groups to ensure complete loss of one of the functional
groups and allow reproducible control of crosslink density.
In RTV, silanols on silicone chains are normally matched to
leaving group concentration on the crosslinker. However, resi-
dual groups can be converted to silanols that then couple to
give very slow secondary cure (Fig. 2E and F). In spite of this
comment, a strong benefit of any of these silicone elastomers is
that they possess very, very little residual reactivity, which
accounts for their utility at high/low temperatures; in the presence
of water or other reagents (except acids/bases); high current/voltage
or high degree of irradiation with light.

One very special silicone elastomer is derived from trifluoro-
propyl groups (Fig. 1B). These rubbers have even lower surface
energy than traditional silicones. Unlike fluoropolymers based
on carbon, the silicones are much more mobile and are both
hydrophobic and lipophobic (hence their use as gaskets in the
presence of petroleum products).

4.5 A new reaction to prepare traditional silicones: Piers
Rubinsztajn (PR)

The Piers Rubinsztajn reaction (PR) efficiently converts hydro-
silanes/hydrosilicones to disiloxanes upon reaction with alkox-
ysilanes, silanols, water or phenols to co-generate alkanes or
hydrogen by-products. Piers reported this reaction as a unde-
sired side reaction of carbonyl reduction and Rubinsztajn noted
this was a new way to make silicones.>”*® PR reaction conditions
convert phenols and alkyl aryl ethers, including Vitamin E,*® to
silyl aryl ethers (Fig. 2G) and the process can be used to create
hydrolytically stable foams and elastomers (Fig. 2D).

5. Using traditional processes to
develop new functionality
5.1 Solubilization of triarylamines using the PR reaction

Triarylamines comprise a class of organic semiconductors useful
in organic photovoltaics, for example, as a hole transport material.
These compounds can be very difficult to process, particularly
because of their low solubility in most solvents. The PR reaction
could be used to convert suitably functional arylamines bearing
an alkylether group into aryloxysilicones that were much more
processable. For example, they are soluble even in non-polar
solvents because of the silicone chains (Fig. 3A).*>*' Amines are
excellent Lewis bases that would normally complex with and thus
inhibit the boron catalyst. However, the extensive conjugation of
the nitrogen lone pair with the aryl groups precludes catalyst
inhibition.

5.2 Silicones that deliver reactive oxygen species:
photodynamic oxidation

The use of platinum-catalyzed hydrosilylation can be extended
to new organic functionalities. The relative stability of silicones

This journal is © The Royal Society of Chemistry 2023
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to oxidation makes them a perfect vehicle to deliver reactive
oxygen species (ROS). Singlet oxygen 'O, - a powerful ROS - can
be used to perform a variety of tasks including removing odors,
killing bacteria, or in photodynamic therapy.>*> A zinc por-
phyrin known to generate 'O, was first modified using a PR
process to introduce vinylsilicone side chains. The resulting
product bearing 4 vinyl groups was crosslinked using hydro-
silylation with telechelic HSi-silicones and, optionally, additional
pure silicone crosslinkers depending on the desired crosslink
density and porphyrin content. Photoirradiation of the elastomers
released singlet oxygen from the elastomer surface in concentra-
tions sufficient to kill bacteria on the silicone surface but which
did not change the properties of the silicone elastomer (Fig. 3B).**

5.3 Antioxidants by hydrosilylation of eugenol

The allyl group found in the natural oil from cloves - eugenol -
readily reacts with HSi-functional silicones to give silicone oils
terminated with phenols 1 (Fig. 4A and B). The phenol groups
in these polymers were shown to be equally effective anti-
oxidants as the parent eugenol. The eugenol silicones are less
soluble in water than eugenol and readily spread to form
antioxidant films on surfaces.”® The resulting phenolic oils have
been used to create polycarbonate copolymers (Siltech Corp.).
An analogous process allows the preparation of vitamin A
bound to silicones.*®

5.3.1 Elastomers - phenolic coupling. Phenols readily
undergo oxidative coupling in which two phenoxy radicals
recombine to form a new C-C bond. Using peroxide oxidants,
the phenoxy radicals formed from eugenol-modified silicones
2 can be encouraged to undergo oxidative coupling and

Chem. Commun., 2023, 59, 12813-12829 | 12817
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foams (note: performing the PR reactions first and hydrosilylation last leads
to elastomers rather than foams).*®

therefore crosslinking at elevated temperatures to give 3
(Fig. 4C).*” That is, coupling can occur as a consequence
of their antioxidant capacity. The resulting elastomers
maintain antioxidant properties that are only slightly attenu-
ated when compared to 2. The phenolic coupling is a
biomimetic process that is related, for example, to lignin
formation in trees. In nature, this process is moderated by
enzymes, such as laccase.

5.3.2 Elastomers - Piers-Rubinsztajn with phenolic
monomers. Eugenol can also serve as a trifunctional silicone
crosslinker in which each functional group has different
reactivity. The ArOH and then ArOMe groups present in 1 can
be sequentially reacted with the same or different silicones to
prepare crosslinked silicones using the PR process. Since the
last reaction generates MeH as a blowing agent, elastomeric
foams are formed (Fig. 4B, D and E). However, if the inverse
order of reaction is used and the OH/OMe groups are reacted
first using PR to give 4 then 5, the blowing gases H, and
alkanes, respectively, are not trapped. When the third
hydrosilylation reaction is performed the product is a bubble-
free elastomer (Fig. 4B, D and E).”® Both elastomers and foams
are stable to water.
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6. Alternative reactions to introduce
organic functionality into silicone oils;
with catalysts

6.1 Click reactions with catalysts

The utilization of the moniker “Click Reaction” keeps broad-
ening in the literature. Here, a click reaction is defined as one
that has no by-products and may or may not need catalysis.

6.1.1 Thiol-ene-thiol radical addition to alkenes. Most
reactions of silicones, particularly reactions at silicon atoms
like Si-O cleavage/formation, occur under ionic conditions with
the intervention of nucleophiles. Silicone polymers are relatively
stable to radical conditions, particularly at lower temperatures
and when other, more reactive entities can intervene. The thiol-
ene involves the radical addition of thiols to alkenes. (Note: the
related thia-Michael reaction is considered below, see Ionic
Bonding).

6.1.1.1 Elastomers - 3D printing. The thiol-ene process
occurs very rapidly when photoinduced; the thiol + vinylsilicone
materials cure completely within about 10 seconds. These
compounds can be used as functional, curable inks in a UV-
driven 3D printing process.>® The modulus of the elastomeric
object could be varied simply by changing, on the fly, the
relative amount of chain extender added. The speed of cure
permits printing of complex shapes without the need for
sacrificial material, including ‘voids’, overhangs and hollow
shapes (Fig. 5A and B).

6.1.1.2 Incorporation of natural amines, and other thiol-
containing natural materials silicones. Aminosilicones are, argu-
ably, the workhouse organofunctional silicones available in com-
merce. They are typically prepared by hydrosilylation (Fig. 1B),
which normally involves protection/deprotection sequences that
contravene Green Principle 8 - reduce derivatives." Without protec-
tion, the amine inhibits the Pt catalyst. The thiol-ene reaction with
commercial vinylsilicones using either thermal (e.g., AIBN) or
photochemical (e.g., PhI(OAc),) initiators is extremely efficient and
leads to the creation of pendent aminosilicones or branched
aminosilicones (Fig. 5C and E) without the need for protection
sequences.’®** The amine utilized here is the natural material
cysteamine, but can also be the amino acid cysteine (Fig. 5G).**
Thus, the thiol-ene reaction provides a protection free way to
introduce thiol-containing natural materials in Ssynthetic silicone
polymers.

6.1.2 CuAAC 3+2-cycloaddition - atypical functional groups.
The process that started the Click revolution®*** involves the copper
assisted 3+2-cyclization of azides with alkynes. The process occurs
at ambient temperatures and preferentially generates a single
regioisomer. Azidoalkylsilicones are readily available by nucleo-
philic substitution of chloride on commercial chloropropyl-
silicones (Fig. 1B and 6A). Alkynes including those based on
ferrocene, cholesterol, nitrobenzene and trifluoropropylbenzene
are readily incorporated into silicone polymers by a click reaction
combined with hydrosilylation.*® The nitrobenzene derivatives were
shown to have utility as dielectric elastomers (Fig. 6A).*”

This journal is © The Royal Society of Chemistry 2023
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opening to make sugar silicone surfactants (see also Fig. 12A).4° (G)
Cysteine-modified silicones using the thiol-ene reaction.*®

6.1.2.1 Surfactants. Azido-modified silicones will react with
propargyl-modified sugars to create new sugar silicone surfac-
tants*® or, alternatively, the silicone can be modified with
alkynes - propionates are particularly reactive — to permit
CuAAC reactions with azido-modified cyclodextrin (Fig. 6B),
also leading to unusual surfactant molecules that self-assemble

(see also H-bonding Crosslinks, below).*®*°
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6.2 Click chemistry without catalysts: Woodward-Hoffmann
allowed reactions

6.2.1 Huisgen cyclization. The value of the copper-
catalyzed Click reaction cannot be underestimated, but there
are applications for which it is inappropriate. In particular, the
copper catalysts used to catalyze the azide + alkyne reaction
should be avoided in biological systems. The seminal work of
Bertozzi and others to develop catalyst-free alternatives has
opened up this field.’>>* An older alternative Click process,
analogous to the Diels-Alder reaction, that also utilizes azides,
is the Huisgen cyclization, an uncatalyzed 3+2 cycloaddition
that generates both regioisomers and requires about 90 °C to
proceed;”” the need for heating makes it similarly inappropri-
ate for biological systems.

6.2.1.1 Surfactants, hydrogels and elastomers. The combi-
nation of azide-modified silicones prepared from commercial
chloropropylsilicones (Fig. 6A), with propionate-terminated
polyethers provides an alternative route to polyether surfactants
(Fig. 7A)>*** or, with polyether dipropionates, hydrogels that
exhibit very interesting dynamic behavior with water at an air
interface (Fig. 7B).>>° If a silicone dipropionate is instead used
as a chain extender, the process is similarly effective at creating
silicone elastomers without the need for catalysts (Fig. 7C).>”
The potential fragility of the ester linkages may be of interest
for recycling or end of life degradation (see End of Life, last
section of the paper).
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Fig. 6 (A) Formation of azidoalkylsilicones and then the CuAAC reaction
with an alkyne based on nitrobenzene.?” (B) Cyclodextrin silicone surfac-
tants/elastomers formed by a CUAAC reaction.*&4°
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permission from the American Chemical Society. (D) Coumarin silicones
self-associate to give thermoplastic elastomers,®® or (E) photodimerize to
give thermosets.>® (F) Diels—Alder reactions to form silicones modified
with phenylalanine.®®

6.2.1.2 Elastomers: aromatic self-assembly of coumarin for
crosslinking. The impact of aromatic association within a sili-
cone fluid can be enormous. As silicone oils were increasingly
modified with the aromatic group coumarin using a Click
process, the polymers changed from low to high viscosity fluids
or elastomers; increases in viscosity of up to 5 orders of
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magnitude were observed. The elastomers were thermoplastic
(Fig. 7D).>®

6.2.2 Elastomers: photoinduced 2+2 cycloaddition. An ana-
logous Woodward-Hoffman allowed reaction is the photoin-
duced 2+2-cyclization of alkenes. Coumarin-grafted silicones
were converted to thermosets with irradiation at 365 nm rever-
sibly, to a degree, with irradiation at 254 nm (Fig. 7E).>°

6.2.3 Diels-Alder. The Diels-Alder reaction permits assembly
of silicones modified with amino acids, protected at nitrogen as
the maleimide (Fig. 7F).%° An analogous process has recently been
described to create thermoplastic silicone elastomers.®"**

6.3 Other click reactions without catalysts

6.3.1 Aza-Michael reaction: amino acid silicones. The aza-
Michael involves addition of an amine to a wide variety of readily
available acrylates and related structures without the need for a
catalyst. Fleury, Ganachaud and group have made important
contributions that show the broad utility of the process.®>"®> The
reaction is accelerated by heat and by the structure of the
acrylate; rate enhancements of up to 100x are provided by
acrylates that possess proximal alcohols on the ester group
(Fig. 8A),°° for example, those generated by epoxide ring opening
(see also Fig. 16D, below). The process is amenable to functio-
nalizing silicones, for example, with the amino acids lysine and
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Fig. 8 (A) Acceleration of the aza-Michael reaction with proximal OH
groups that,®® (B) allow the synthesis of amino acid-modified silicones.*®
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arginine to give silicone surfactants containing natural materials
(Fig. 8B)."

7. Making silicone elastomers: better
catalysts or none at all

As noted above, the most common way to introduce organic
functionality onto a silane or silicone backbone is hydrosilylation.
Although very elegant syntheses can be done with Ru, Ir, Co, Pd,
etc., the workhorse catalysts are based on platinum: Speier’s
catalyst in the early days and Karstedt’s catalyst currently.'®'”
The very high efficiency (only a few ppm is required) is hard to
beat. When the product is an oil the use of platinum catalysts
make sense, as the expensive spent metal can be recovered and
purified. That is not the case with elastomers. The ultimate
destination of the platinum used to catalyze crosslinking in
elastomers is the environment per se, including in landfills. That
is, one loses an expensive and difficult to replenish metal. The
crosslinking in moisture cure RTV silicones may be catalyzed by
tin compounds, which have a poor toxicity profile. Thus, in both
cases better alternatives to these catalysts must exist to create
silicone rubber, including the use of organic crosslinks.

7.1 Organic crosslinks in silicone elastomers

7.1.1 Reactions with aldehydes

7.1.1.1 Thioacetals. Acetals are widely used protecting
groups for aldehydes/ketones when strong base/nucleophiles
are to be used."® Thioacetals are also created from aldehydes,
but are more resilient protecting groups. Rather than simple
acid treatment for acetal deprotection, thioacetals require
strong electrophiles, reducing agents, or sulfur-complexing
metals (e.g., Hg). They can also be deprotected oxidatively.

Commercial thiopropylsilicones were covalently crosslinked
using simple aromatic aldehydes, like benzaldehyde. The ability
of aromatic groups to self-associate to give secondary crosslinks
within the elastomer was demonstrated by an increase in
modulus as a benzene group was replaced with the larger
fluorenyl group (Fig. 9A).*”

7.1.1.2 Imines. Amines form strong, but reversible, bonds
with aldehydes to give imines (Fig. 9B). Aliphatic imines are easy to
hydrolyze by pushing the equilibrium towards the aldehyde, but
imines derived from aromatic aldehydes - Schiff bases - are much
more stable. It was straightforward to turn commercial aminosi-
licones into aldehydes simply by adding a difunctional aromatic
aldehyde, e.g., terephthaldehyde. High quality dynamic elastomers
resulted that, at about 80 °C, became thermoplastic. Complete
degradation of the elastomers by adding monofunctional amines
was straightforward.®® A greener analogue based on divanillin
exhibited higher strength because,” it is inferred, the phenolic
groups phase separate from the silicone providing additional
physical and H-bonding crosslinks (Fig. 9C); in some cases, the
latter bonding motifs are sufficient to crosslink silicones.”

7.1.1.3 Aminals. When the extremely reactive (and toxic)
aldehyde formaldehyde was reacted with aminosilicones, it was
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shown not to stop at the imine stage but reacted further to give
aminal crosslinks. The process was both rapid and efficient; it
cleanly occurred underwater to give robust elastomers in less than
10 seconds and acted as effective sealant (Fig. 9B and D).”*
7.1.2 Redox chemistry: thiol/disulfide coupling. Silicones
are very stable to oxidation. It is therefore possible to perform
chemistry under oxidizing conditions without affecting the
silicone backbone. Thiols are readily oxidized to disulfides
(and further to sulfonic acids, etc.). The redox couple thiol/
disulfides is extremely important in biology where it is, for
example, mediated by glutathione. The process can be mimicked
chemically under more vigorous conditions. Thiopropylsilicones
can be oxidized by aqueous bleach” or by organic oxidants” to
generate elastomers based on disulfide crosslinks. The disulfide
is easily reduced by hydrosilanes in the presence of B(C¢Fs); to
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Triazine crosslinks from simple nucleophilic addition of aminosilicones.”

generate first thio silyl ethers and then the starting thiopropylsi-
licones. The entire 3 reaction process occurs with 95% efficiency
making this a remarkably recyclable silicone elastomer, and can
be performed sequentially several times with the same efficiency
(note: the process of making disulfides can also act as a way to
temporarily protect thiols from reactions under basic conditions,
as is discussed below Fig. 15.”* An example of use of a different
oxidative coupling process as a crosslinking method, phenolic
coupling, was presented in Fig. 4C).

7.1.3 SN2 - triazines. One of the first organic reactions
chemists learn is nucleophilic substitution - Sx2 reactions —
because of its broad utility. This is used to modify haloalkyl-
silicones to generate a series of organofunctional compounds
(Fig. 1B). A related substitution process (technically not an Sy2
reaction because it occurs at an sp> hybridized carbon) allows
one to create silicone elastomers using triazine crosslinks, a
technique borrowed from the textile dying industry. The pro-
cess is straightforward starting from readily available commer-
cial materials (Fig. 10D, see also Biomaterials, Fig. 15A).”>

8. Silicone elastomers without
covalent bond crosslinks

Chemists love covalent bonds, and why not, with their high
strength and well understood kinetic reactivity. However, there
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can be advantages that accrue when molecules are held together
by weaker bonds, particularly with crosslinked materials. Silicones
are very low surface energy materials. As a consequence, the
effective strength of highly polar or ionic bonds is effectively
higher within a silicone than in other media. In addition to
individual bonds, there is a tendency for polar/ionic groups to
self-assemble, leading to a secondary type of crosslinking, as was
seen with the vanillin imine and catechol-based elastomers
(Fig. 9C).**”° Very resilient bonding can result from the combi-
nation of any bonds of lower energies/bond, including aromatic
association (that can include n-n bonding, Fig. 7D), ionic bonds
and H-bonding - e.g.,, DNA. When desired, for example for
recycling, it is often easier to cleave (assemblies) of weaker bonds
than a few stronger covalent bonds.

8.1 Ionic bonding

8.1.1 Thia-Michael reaction - silicone carboxylic acids.
Normally, silicones modified with carboxylic acids are prepared
by hydrosilylation, for example, of (often protected) acrylates
(Fig. 1B). An alternative process uses the thia-Michael reaction,
a mild process that can be used to link sulfur moieties - thiolates —
to an o,B-unsaturated carbonyl group. The relatively high acidity of
the thiol starting material means that only weak bases are needed
to induce the reaction, conditions that do not affect the silicone
backbone.

8.1.1.1 Self-healing elastomers. Ionic bonding between sili-
cone carboxylates and aminosilicones has been shown to
create self-healing elastomers.”® If an analogous dicarboxylate,
the product of a thia-Michael reaction with maleate (Fig. 11A),
is simply mixed with commercial ethylenediaminosilicones,
2+2 (Gemini) ionic crosslinks form that are more effective than
twice as many crosslinks formed from mono COOH + mono
amine. The product elastomers are thermoplastic, facilitating
reuse and recycling.””

8.1.1.2 Hemin-containing silicones. Hemin is a mimic of
peroxidase enzymes that is comprised of a porphyrin structure
bearing 2 carboxylic acids. Isopropanol (IPA) is an effective
solvent for both silicones and hemin. Mixing hemin with a
pendent aminosilicone in IPA leads to complete dissolution of
the hemin, which is otherwise insoluble. With an appropriate
match of silicone amines/COOH on hemin, elastomers result
after solvent removal. The elastomers behave like an immobi-
lized version of hemin itself in that they are able to oxidize
organic materials in the presence of light, as shown with pyro-
gallol or tetramethylbenzidine (Fig. 11C and D).”®

8.1.2 Chelating silicones. The thiol-ene reaction between
thiols and vinylsilicones can be used to create multidentate
crosslinkers (see also Fig. 5A). Converting 1 silicone vinyl group
into 3, using a combination of hydrosilylation and the PR
reaction, and then using the thiol-ene reaction with natural
cysteamine or thiopropionic acid generated multidentate
ligands. Multivalent metal ions (Cu, Pd, Ni, Fe) were shown
to crosslink the silicones, which provides a mechanism to
remove heavy metals from aqueous solutions; an oil, essentially

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cc03531j

Open Access Article. Published on 05 Oktober 2023. Downloaded on 07.05.26 20:57:13.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

ChemComm

A
i |
/ Hydrosilylation | | oL
; X Si. S, _Si_Si
7(5‘ ) HSi(OEt), T/ | ‘ e o o‘ i \‘/
/ | | | si
k B N /S‘\Asl%o\Si O\sx/\/\\o/s'\o/&v/
5~ o onl ol ‘O\/O/‘ [ INAYA
q R T o SsTUETY
——n [ [ [
- BICHFs)s o
\ Piers-Rubinsztajn - g~ Nz - HO
L4 d b >
HN\/\S/\/‘O "\/‘\/\S/\/ A

| | |
HQN\/\S/\/‘ o /s\ O/S‘\/\s:\[’ \SH'O\S}/\/l\ i ‘\/\S/\/NHZ

n

\ s
HQN/\/S\/\S\ N ‘,o S‘,/ /5‘/\/ ~ N
Muljvalent
(\NHQ
o
Si\icone \ \ /\)X\OH

& S-S
i

\_ e ol o\

| |
Che\aled crosslmked s(ruc(ure smccne/\/ \ AN /S“o 5"\/\3/\)kOH
o
si-O.

- N
/ S‘/\/s
/ OH
.ghﬁ o v

IPA/Toluene

s‘u s‘\ s‘\ o /) IPAToluene
o™ Sof /\OJSI i /
m st
KL © o A 7N
N, O HyN— h

OH 1,0, OH OH
o
_Hemin__
OH _
ThO,
Hemin OO He0:
OH

D A =420 nm

NH, +NH,
+ —_—
NH, +NH;

)» 650 nm

Fig. 11 (A) Gemini ionic crosslinking to give a thermoplastic silicone.””

Photographs from ref. 77 reproduced with permission from the Royal
Society of Chemistry. (B) Tri- or hexadentate ligands formed on a silicone
backbone from cysteamine or thiopropionic acid.*? (C) Hemin can cross-
link silicones to give peroxidase mimics that (D) can oxidize organic
molecules.”® Photographs Photo from ref. 78 reproduced with permission
from John Wiley & Sons.

immiscible with water, captures metal ions to form silicone
rubber that can then be separated by filtration (Fig. 11B).*>”°
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Depending on the nature of the metal and ligand, the trio of
ligands may be tridentate or hexadentate.

8.2 H-Bonding crosslinks

8.2.1 Silicone sugar surfactants by amide formation. H-
Bonds are weak by comparison to ionic or covalent bonds.
However, in clusters, they are extremely important bonding
motifs in biology and in materials.®® They can be important in
silicones too. For example, in analogy with the binding that
links the strands in double stranded DNA, silicones bearing
thymine residues on the backbone were shown to form cross-
links through complementary H-bonding interactions.®"

To examine the role that H-bonds could play as sites of
assembly, a series of telechelic silicones was prepared from
gluconic acid-amide formation from the lactone is an uncata-
lyzed click reaction.”* Even the silicone with the lowest sugar
content, <0.1 wt% (n = 671, Fig. 12A, for disaccharide surfac-
tants analogously produced, see Fig. 5F), exhibited very unusual
properties. While at rest the silicone was a viscous fluid,
application of force led to shear thickening behavior as — under
stress — the sugar units formed crosslinking, H-bonded clus-
ters; after about 15 minutes, the transient networks dissipated.
It was possible to select the desired elasticity of the fluids
simply by controlling the density of sugar groups: at high sugar
content, they were glasses; with dilution became hard then soft
elastomers (Fig. 12A-C); and finally viscous fluids. Except for
the glasses, all became more rigid/viscous/crosslinked by applying
force.®” The elastomeric properties could be eliminated simply by
providing competing hydrogen bonding partners, for example, by
adding small quantities of IPA.** Analogous sugar silicones
formed from cyclodextrin were robust elastomers crosslinked by
separate sugar domains (Fig. 6B). These H-bonded structures could
only be broken apart by chaotropic agents.*’

8.2.2 Silicone boronic acids. When confronted with sac-
charides, boronic acids set up an equilibrium with boronate
esters that is highly dependent on sugar structure; K ~ 4 for
glucose, but ~165 for fructose. We imagined it would be
possible to create surfactants by forming silicone/saccharide
copolymers held together by boronate esters. Long before
boronate esters could form, however, tartrate-protected silicone
boronates very rapidly spread across aqueous interfaces.
A competition between spreading and rapid hydrolysis of the
tartrate led to elastomers across the entire aqueous interface
held together by H- or dative bonding via the boronic acids.
Using these molecules, it was possible to create envelopes of
silicone elastomers surrounding isolated aqueous domains
(Fig. 12D-F).®*"%¢ The hydrogen bonding could, afterwards, be
interrupted by saccharides or amines that interacted with the
boronic acids.

8.3 Combination of ionic and hydrogen bonding

The pK, of ammonium salts and phenols is very similar. As a
consequence, it is possible to create elastomers by using a
combination of H- and ionic bonding;”**”*® both small mole-
cules like catechol and large molecules like tannic acid partici-
pate as crosslinkers with telechelic aminosilicones. The product
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Fig. 12 (A) Preparation of sugar amides by gluconic acid ring opening.®?
(B) Stirring the sugar silicones leads to thickening and then elastomer
formation a — b that, over about 15 minutes, returns to its fluid state ¢ — f.
(C) Sequence showing the ball bouncing on 30% solids sugar silicones
(n = 61) in (Me,SiO)s a — d and the ball sinking over about % hour e.
(D) Equilibrium between boronic acids and sugars. (E) Hydrolysis of the
tartrate protecting group leads to H-bonding elastomers (that can be
disrupted by sugars and other binding agents). Before hydrolysis, the
compound spreads across interfaces. (F) A picture of water (green) on
water (yellow) on water (clear), each layer is isolated by a silicone boronate
elastomer.®® Photo from ref. 86 reproduced with permission from the
Royal Society of Chemistry.

elastomers are excellent antioxidants. Depending on crosslink
density they may be thermoplastic; all can be completely
degraded by exposure to small amines. Some readers will not
appreciate the intense colors that accompany these and many
other silicones containing natural products (Fig. 13A). However,
the simplicity of the synthesis, ability to reprocess or degrade
the elastomer at w