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METHOD FOR PRODUCING A
CROSS-LINKED SILOXANE NETWORK

TECHNICAL FIELD OF THE INVENTION
[0001] This application is directed to a method for producing a cross-linked

siloxane network, such as those found in silicone elastomers.

BACKGROUND
[0002] Siloxane compounds and silicones have found many uses in modern
industry. For example, siloxane compounds are widely used in the production of
cross-linked silicone polymers. These polymers typically are produced by either a
hydrosilylation reaction or a condensation reaction. In the hydrosilylation reaction,
siloxane compounds bearing vinyl groups undergo addition to link individual
molecules of the compounds through the formation of new Si-C bonds. The
hydrosilylation reaction typically is catalyzed by platinum, which contributes to the
cost of these polymers since the platinum cannot be recovered from the cured
elastomer. In the condensation reaction, the siloxane compounds react in a
condensation reaction to form new Si-O-Si linkages between individual molecules.
This condensation reaction produces volatile organic compounds (VOCs) as a by-
product.
[0003] An alternative method for producing cross-linked silicone polymers
utilizes starting materials containing cyclic siloxane moieties. In the polymerization
reaction, these starting materials are combined with a suitable base. The base
attacks and breaks some of the siloxane linkages present in the cyclic siloxane
moieties. When these siloxane linkages are broken, the two ends of the broken
siloxane linkage are converted to silanolate ions. These silanolate ions then react
with other silanolate ions and/or siloxane linkages (e.g., siloxane linkages in the
cyclic siloxane moieties present on other molecules of the starting materials) to
produce new siloxane linkages and cross-links between the different molecules of
the starting materials. The product of this reaction is a cross-linked silicone polymer.
Typically, a strong base is employed to ensure that the polymerization reaction
proceeds quickly and to the desired degree. However, in an industrial setting, it is
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often necessary to combine the various components in a large batch to ensure
thorough mixing and to provide material that is ready for use when needed. In such
situations, utilizing a strong base significantly reduces the “pot life” or “working time”
of the composition once the components are combined.

[0004] A need therefore remains for compositions and methods that are
capable of producing high quality cross-linked siloxane networks (e.g., cross-linked
silicone polymers) under the desired conditions and yet exhibit a pot life or working
time that is sufficiently long to facilitate their use in industrial settings. The
compositions and methods described herein seek to address this unmet need.

BRIEF SUMMARY OF THE INVENTION
[0005] In a first embodiment, the invention provides a method for producing a
cross-linked siloxane network comprising the steps of:

(a) providing a first part comprising a first siloxane compound and a cure
inhibitor, the first siloxane compound comprising at least one cyclic siloxane moiety,
and the cure inhibitor being selected from the group consisting of (i) Lewis acids, (ii)
compounds comprising a labile hydrogen bonded to an atom having an
electronegativity greater than the electronegativity of a silicon atom, and (iii) mixtures
thereof;

(b) providing a second part, the second part comprising a hydroxide sal;

(c) combining the first part and the second part to produce a reaction
mixture;

(d) heating the reaction mixture to a temperature sufficient for the
hydroxide salt to open the ring of the cyclic siloxane moiety; and

(e) maintaining the reaction mixture at an elevated temperature so that at
least a portion of the opened cyclic siloxane moieties react with each other to
produce a cross-linked siloxane network.

DETAILED DESCRIPTION OF THE INVENTION
[0006] The following definitions are provided to define several of the terms
used throughout this application.
[0007] As used herein, the term “substituted alkyl groups” refers to univalent
functional groups derived from substituted alkanes by removal of a hydrogen atom
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from a carbon atom of the alkane. In this definition, the term “substituted alkanes”
refers to compounds derived from acyclic unbranched and branched hydrocarbons in
which (1) one or more of the hydrogen atoms of the hydrocarbon is replaced with a
non-hydrogen atom (e.g., a halogen atom) or a non-alkyl functional group (e.g.,
hydroxy group, aryl group, heteroaryl group) and/or (2) the carbon-carbon chain of
the hydrocarbon is interrupted by an oxygen atom (as in an ether), a nitrogen atom
(as in an amine), or a sulfur atom (as in a sulfide).

[0008] As used herein, the term “substituted cycloalkyl groups” refers to
univalent functional groups derived from substituted cycloalkanes by removal of a
hydrogen atom from a carbon atom of the cycloalkane. In this definition, the term
“substituted cycloalkanes” refers to compounds derived from saturated monocyclic
and polycyclic hydrocarbons (with or without side chains) in which (1) one or more of
the hydrogen atoms of the hydrocarbon is replaced with a non-hydrogen atom (e.g.,
a halogen atom) or a non-alkyl functional group (e.g., hydroxy group, aryl group,
heteroaryl group) and/or (2) the carbon-carbon chain of the hydrocarbon is
interrupted by an oxygen atom, a nitrogen atom, or a sulfur atom.

[0009] As used herein, the term “alkenyl groups” refers to univalent functional
groups derived from acyclic, unbranched and branched olefins (i.e., hydrocarbons
having one or more carbon-carbon double bonds) by removal of a hydrogen atom
from a carbon atom of the olefin.

[0010] As used herein, the term “substituted alkenyl groups” refers to
univalent functional groups derived from acyclic, substituted olefins by removal of a
hydrogen atom from a carbon atom of the olefin. In this definition, the term
“substituted olefins” refers to compounds derived from acyclic, unbranched and
branched hydrocarbons having one or more carbon-carbon double bonds in which
(1) one or more of the hydrogen atoms of the hydrocarbon is replaced with a non-
hydrogen atom (e.g., a halogen atom) or a non-alkyl functional group (e.g., hydroxy
group, aryl group, heteroaryl group) and/or (2) the carbon-carbon chain of the
hydrocarbon is interrupted by an oxygen atom (as in an ether), a nitrogen atom (as in
an amine), or a sulfur atom (as in a sulfide).

[0011] As used herein, the term “cycloalkenyl groups” refers to univalent

functional groups derived from cyclic olefins (i.e., non-aromatic, monocyclic and
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polycyclic hydrocarbons having one or more carbon-carbon double bonds) by
removal of a hydrogen atom from a carbon atom of the olefin. The carbon atoms in
the cyclic olefins can be substituted with alkyl groups and/or alkenyl groups.

[0012] As used herein, the term “substituted cycloalkenyl groups” refers to
univalent functional groups derived from substituted cyclic olefins by removal of a
hydrogen atom from a carbon atom of the cyclic olefin. In this definition, the term
“substituted cyclic olefins” refers to compounds derived from non-aromatic,
monocyclic and polycyclic hydrocarbons having one or more carbon-carbon double
bonds in which one or more of the hydrogen atoms of the hydrocarbon is replaced
with a non-hydrogen atom (e.g., a halogen atom) or a non-alkyl functional group
(e.g., hydroxy group, aryl group, heteroaryl group).

[0013] As used herein, the term “heterocyclyl groups” refers to univalent
functional groups derived from heterocyclic compounds by removal of a hydrogen
atom from an atom in the cyclic portion of the heterocyclic compound. In this
definition, the term “heterocyclic compounds” refers to compounds derived from non-
aromatic, monocyclic and polycyclic compounds having a ring structure composed of
atoms of at least two different elements. These heterocyclic compounds can also
comprise one or more double bonds.

[0014] As used herein, the term “substituted heterocyclyl groups” refers to
univalent functional groups derived from substituted heterocyclic compounds by
removal of a hydrogen atom from an atom in the cyclic portion of the compound. In
this definition, the term “substituted heterocyclic compounds” refers to compounds
derived from non-aromatic, monocyclic and polycyclic compounds having a ring
structure composed of atoms of at least two different elements where one or more of
the hydrogen atoms of the cyclic compound is replaced with a non-hydrogen atom
(e.g., a halogen atom) or a functional group (e.g., hydroxy group, alkyl group, aryl
group, heteroaryl group). These substituted heterocyclic compounds can also
comprise one or more double bonds.

[0015] As used herein, the term “substituted aryl groups” refers to univalent
functional groups derived from substituted arenes by removal of a hydrogen atom
from a ring carbon atom. In this definition, the term “substituted arenes” refers to
compounds derived from monocyclic and polycyclic aromatic hydrocarbons in which



WO 2017/201034 PCT/US2017/032886

one or more of the hydrogen atoms of the hydrocarbon is replaced with a non-
hydrogen atom (e.g., a halogen atom) or a non-alkyl functional group (e.g., hydroxy
group).

[0016] As used herein, the term “substituted heteroaryl groups” refers to
univalent functional groups derived from substituted heteroarenes by removal of a
hydrogen atom from a ring carbon atom. In this definition, the term “substituted
heteroarenes” refers to compounds derived from monocyclic and polycyclic aromatic
hydrocarbons in which (1) one or more of the hydrogen atoms of the hydrocarbon is
replaced with a non-hydrogen atom (e.g., a halogen atom) or a non-alkyl functional
group (e.g., hydroxy group) and (2) at least one methine group (—C=) of the
hydrocarbon is replaced by a trivalent heteroatom and/or at least one vinylidene
group (—CH=CH-—) of the hydrocarbon is replaced by a divalent heteroatom.

[0017] As used herein, the term “alkanediyl groups” refers to divalent
functional groups derived from alkanes by removal of two hydrogen atoms from the
alkane. These hydrogen atoms can be removed from the same carbon atom on the
alkane (as in ethane-1,1-diyl) or from different carbon atoms (as in ethane-1,2-diyl).
[0018] As used herein, the term “substituted alkanediyl groups” refers to
divalent functional groups derived from substituted alkanes by removal of two
hydrogen atoms from the alkane. These hydrogen atoms can be removed from the
same carbon atom on the substituted alkane (as in 2-fluoroethane-1,1-diyl) or from
different carbon atoms (as in 1-fluoroethane-1,2-diyl). In this definition, the term
“substituted alkanes” has the same meaning as set forth above in the definition of
substituted alkyl groups.

[0019] As used herein, the term “alkenediyl groups” refers to divalent
functional groups derived from acyclic, unbranched and branched olefins (i.e.,
hydrocarbons having one or more carbon-carbon double bonds) by removal of two
hydrogen atoms from the olefin. These hydrogen atoms can be removed from the
same carbon atom on the olefin (as in but-2-ene-1,1-diyl) or from different carbon
atoms (as in but-2-ene-1,4-diyl).

[0020] As used herein, the term “acyl groups” refers to univalent functional
groups derived from alkyl carboxylic acids by removal of a hydroxy group from a
carboxylic acid group. In this definition, the term “alkyl carboxylic acids” refers to
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acyclic, unbranched and branched hydrocarbons having one or more carboxylic acid
groups.

[0021] As used herein, the term “substituted acyl groups” refers to univalent
functional groups derived from substituted alkyl carboxylic acids by removal of a
hydroxy group from a carboxylic acid group. In this definition, the term “substituted
alkyl carboxylic acids” refers to compounds having one or more carboxylic acid
groups bonded to a substituted alkane, and the term “substituted alkane” is defined
as it is above in the definition of substituted alkyl groups.

[0022] As used herein, the term “siloxy groups” refers to univalent functional
groups having the structure -|{OSiRxRy]gRz, where Rx, Ry, and R: are independently
selected from the group consisting of alkyl groups, substituted alkyl groups,
cycloalkyl groups, substituted cycloalkyl groups, alkenyl groups, substituted alkenyl
groups, cycloalkenyl groups, substituted cycloalkenyl groups, heterocyclyl groups,
substituted heterocyclyl groups, aryl groups, substituted aryl groups, heteroaryl
groups, substituted heteroaryl groups and the variable g is an integer equal to or
greater than 1. In a preferred embodiment, Rx, Ry, and Rz are independently
selected from the group consisting of alkyl groups (e.g., C1-Cs alkyl groups), and the
variable g is an integer from 1 to 50, more preferably 1 to 20.

[0023] In a first embodiment, the invention provides a method for producing a
cross-linked siloxane network comprising the steps of (a) providing a first part
comprising a first siloxane compound and a cure inhibitor, the first siloxane
compound comprising at least one cyclic siloxane moiety, and the cure inhibitor
being selected from the group consisting of (i) Lewis acids, (ii) compounds
comprising a labile hydrogen bonded to an atom having an electronegativity greater
than the electronegativity of a silicon atom, and (iii) mixtures thereof; (b) providing a
second part, the second part comprising a hydroxide salt; (¢) combining the first part
and the second part to produce a reaction mixture; (d) heating the reaction mixture to
a temperature sufficient for the hydroxide salt to open the ring of the cyclic siloxane
moiety; and (e) maintaining the reaction mixture at an elevated temperature so that
at least a portion of the opened cyclic siloxane moieties react with each other to

produce a cross-linked siloxane network.
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[0024] In a preferred embodiment, the first part comprises a siloxane
compound selected from the group consisting of compounds conforming to the

structure of Formula (X) below

(X)
© 5 ||?15O T130 TH o F|32 o Ff4 o /R5
/Si/ s s s TS s si
Rs | | | | | | | “Re
O\ _/O R14 R12 R3 O\ o
Si = “n Si
/ \ / \
R17 Ris Rs Ry

In the structure of Formula (X), Rz, Rs, R4, Rs, Re, Rz, Rs, R11, R12, R13, R14, R1s, R1s,
R17, R1s, and R19 are independently selected from the group consisting of alkyl
groups, substituted alkyl groups, cycloalkyl groups, substituted cycloalkyl groups,
alkenyl groups, substituted alkenyl groups, cycloalkenyl groups, substituted
cycloalkenyl groups, heterocyclyl groups, substituted heterocyclyl groups, aryl
groups, substituted aryl groups, heteroaryl groups, substituted heteroaryl groups,
and siloxy groups. At least one of R7 and Rs is different from each of Rz, Rs, R4, Rs,
and Rs, and at least one of R1s and R17 is different from each of R1s, R14, R1s, R1s,
and Ri19. The variable n is selected from the group consisting of integers equal to or
greater than 1.

[0025] In a preferred embodiment, Rz, Rs, R4, Rs, Re, R1s, R14, R1s, R1s, and
R1g are independently selected from the group consisting of alkyl groups, substituted
alkyl groups, cycloalkyl groups, substituted cycloalkyl groups, alkenyl groups,
substituted alkenyl groups, cycloalkenyl groups, substituted cycloalkenyl groups,
heterocyclyl groups, substituted heterocyclyl groups, and siloxy groups. More
preferably, Rz, Rs, R4, Rs, Rs, R13, R14, R1s, R1s, and R1g are independently selected
from the group consisting of alkyl groups and substituted alkyl groups, with C1-Cs
alkyl groups and C+-Cs substituted alkyl groups being particularly preferred. More
preferably, Rz, Rs, R4, Rs, Rs, R13, R14, R1s, R1s, and R1g are independently selected

from the group consisting of alkyl groups, with C1-Cs alkyl groups being particularly
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preferred. In a particularly preferred embodiment, Rz, Rs, R4, Rs, Rs, R13, R14, Ris,
Ris, and R1g9 are methyl groups.

[0026] In another preferred embodiment, R11 and Ri12 are independently
selected from the group consisting of haloalkyl groups, aralkyl groups, aryl groups,
substituted aryl groups, heteroaryl groups, and substituted heteroaryl groups. More
preferably, R11 and R12 are independently selected from the group consisting of aryl
groups, substituted aryl groups, heteroaryl groups, and substituted heteroaryl
groups, with Ce-C10 aryl groups, Ce-C12 substituted aryl groups, C4-C1o heteroaryl
groups, and C4-C12 substituted heteroaryl groups being particularly preferred. More
preferably, R11 and R12 are independently selected from the group consisting of aryl
groups and substituted aryl groups, with Ce-C1o aryl groups and Ce-C12 substituted
aryl groups being particularly preferred. More preferably, R11 and R12 are
independently selected from the group consisting of aryl groups, with Cs-C1o aryl
groups being particularly preferred. In a particularly preferred embodiment, R11 and
Ri2 are phenyl groups.

[0027] In another preferred embodiment, Rz, Rs, R1s, and R17 are
independently selected from the group consisting of haloalkyl groups, aralkyl groups,
aryl groups, substituted aryl groups, heteroaryl groups, and substituted heteroaryl
groups. More preferably, Rz, Rs, R1s, and R17 are independently selected from the
group consisting of aryl groups, substituted aryl groups, heteroaryl groups, and
substituted heteroaryl groups, with Ce-C1o aryl groups, Ces-C12 substituted aryl
groups, C4-C1o heteroaryl groups, and C4-C12 substituted heteroaryl groups being
particularly preferred. More preferably, Rz, Rs, Ris, and R17 are independently
selected from the group consisting of aryl groups and substituted aryl groups, with
Ce-C10 aryl groups and Cs-C12 substituted aryl groups being particularly preferred.
More preferably, R7, Rs, R1s, and R17 are independently selected from the group
consisting of aryl groups, with Cs-C10 aryl groups being particularly preferred. In a
particularly preferred embodiment, Rz, Rs, Ris, and R17 are phenyl groups.

[0028] In a particularly preferred embodiment, Rz, Rs, R4, Rs, Re, R13, R14, R1s,
Ris, and R1g are independently selected from the group consisting of alkyl groups,
substituted alkyl groups, cycloalkyl groups, substituted cycloalkyl groups, alkenyl
groups, substituted alkenyl groups, cycloalkenyl groups, substituted cycloalkenyl
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groups, heterocyclyl groups, substituted heterocyclyl groups, and siloxy groups, and
Rz, Rs, R11, Ri2, Ris, and R17 are independently selected from the group consisting of
haloalkyl groups, aralkyl groups, aryl groups, substituted aryl groups, heteroaryl
groups, and substituted heteroaryl groups. In a more specific embodiment, Rz, Rs,
R4, Rs, Rs, R13, R14, R1s, R1s, and R19 are independently selected from the group
consisting of alkyl groups and substituted alkyl groups, and Rz, Rs, R11, R12, R1s, and
R17 are independently selected from the group consisting of aryl groups, substituted
aryl groups, heteroaryl groups, and substituted heteroaryl groups. In yet another
specific preferred embodiment, Rz, Rs, R4, Rs, Rs, R13, R14, R1s, R1s, and R1g are
independently selected from the group consisting of C1-Cs alkyl groups and C1-Cs
substituted alkyl groups, and Rz, Rs, R11, R12, R1s, and R17 are independently
selected from the group consisting of Ce-C1o aryl groups, Ce-C12 substituted aryl
groups, C4-C1o heteroaryl groups, and C4-C12 substituted heteroaryl groups. In
another specific preferred embodiment, Rz, Rs, R4, Rs, Re, R13, R14, R15, R1s, and R1g
are independently selected from the group consisting of alkyl groups, and Rz, Rs,
R11, R12, Ris, and R17 are independently selected from the group consisting of aryl
groups and substituted aryl groups. In another specific preferred embodiment, Rz,
Rs, R4, Rs, Re, R1s, R14, R15, R1s, and Rig are independently selected from the group
consisting of C1-Cs alkyl groups, and Rz, Rs, R11, R12, R1s, and R17 are independently
selected from the group consisting of Ce-C10 aryl groups, and Cs-C12 substituted aryl
groups. In another specific preferred embodiment, Rz, Rs, R4, Rs, Rs, R13, R14, R1s,
Ris, and R1g are independently selected from the group consisting of alkyl groups,
and Rz, Rs, R11, R12, R1s, and R17 are independently selected from the group
consisting of aryl groups. In another specific preferred embodiment, Rz, Rs, R4, Rs,
Res, R1s, R14, R1s5, R1s, and R1g are independently selected from the group consisting
of C1-Cs alkyl groups, and Rz, Rs, R11, Ri2, R1s, and R17 are independently selected
from the group consisting of Cs-C1o aryl groups. In yet another specific preferred
embodiment, Rz, Rs, R4, Rs, Rs, R13, R14, R1s, R1s, and R19 are methyl groups, and
Rz, Rs, R11, Ri2, Ris, and R17 are phenyl groups.

[0029] In another preferred embodiment, the first part comprises a siloxane
compound selected from the group consisting of compounds conforming to the
structure of Formula (XX) below
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(XX)
R23 R24 R26 R27
\ / - . - . \ /
Oo—Si—O R23 R21 R23 O—Si—0O
Raq | |"@ . . | | | R
/SI Si—rO0—Si—+0—Si—O0—Si—OT—Si SI\
R | \st | | | Rﬁ;l |, "R
0—Si—O R24 Ras Ros4 O—Si—O
/ \ - b - -C / \
R27 Ras R23 Roa
d

In the structure of Formula (XX), the variables a, b, ¢, and d are integers selected
from the group consisting of 0 and 1. The sum of a and b is equal to 1, and the sum
of cand d is equal to 1. Rea1, Rz, Res, Ra4, Res, Res, and Rer are independently
selected from the group consisting of alkyl groups, substituted alkyl groups,
cycloalkyl groups, substituted cycloalkyl groups, alkenyl groups, substituted alkenyl
groups, cycloalkenyl groups, substituted cycloalkenyl groups, heterocyclyl groups,
substituted heterocyclyl groups, aryl groups, substituted aryl groups, heteroaryl
groups, substituted heteroaryl groups, and siloxy groups. At least one of R21 and Ra2
is different from each of Ras, R4, Ros, Ros, and Rzz.

[0030] In a preferred embodiment, at least one of the variables a and d is 0.
More preferably, both variables a and d are 0.

[0031] In a preferred embodiment, Res, R4, Ros, Ros, and Ra7 are
independently selected from the group consisting of alkyl groups, substituted alkyl
groups, cycloalkyl groups, substituted cycloalkyl groups, alkenyl groups, substituted
alkenyl groups, cycloalkenyl groups, substituted cycloalkenyl groups, heterocyclyl
groups, substituted heterocyclyl groups, and siloxy groups. More preferably, Res,
Re4, Res, Res, and Rz7 are independently selected from the group consisting of alkyl
groups and substituted alkyl groups, with C1-Cs alkyl groups and C+-Cs substituted
alkyl groups being particularly preferred. More preferably, Ras, Re4, Ras, Res, and Rzz
are independently selected from the group consisting of alkyl groups, with C1-Cs alkyl
groups being particularly preferred. In a particularly preferred embodiment, Res, Rz,

Roas, Res, and Rz7 are methyl groups.
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[0032] In another preferred embodiment, R21 and Rzz2 are independently
selected from the group consisting of haloalkyl groups, aralkyl groups, aryl groups,
substituted aryl groups, heteroaryl groups, and substituted heteroaryl groups. More
preferably, R21 and R22 are independently selected from the group consisting of aryl
groups, substituted aryl groups, heteroaryl groups, and substituted heteroaryl
groups, with Ce-C10 aryl groups, Ce-C12 substituted aryl groups, C4-C1o heteroaryl
groups, and C4-C12 substituted heteroaryl groups being particularly preferred. More
preferably, R21 and R22 are independently selected from the group consisting of aryl
groups and substituted aryl groups, with Ce-C1o aryl groups and Ce-C12 substituted
aryl groups being particularly preferred. More preferably, R21 and R22 are
independently selected from the group consisting of aryl groups, with Cs-C1o aryl
groups being particularly preferred. In a particularly preferred embodiment, R21 and
Ra2 are phenyl groups.

[0033] In a particularly preferred embodiment, the variables a and d are 0, the
variables b and c are 1, Rzs, Ro4, R2s, Ros, and Rz7 are independently selected from
the group consisting of alkyl groups, substituted alkyl groups, cycloalkyl groups,
substituted cycloalkyl groups, alkenyl groups, substituted alkenyl groups,
cycloalkenyl groups, substituted cycloalkenyl groups, heterocyclyl groups,
substituted heterocyclyl groups, and siloxy groups, and Rz1 and Rz22 are
independently selected from the group consisting of haloalkyl groups, aralkyl groups,
aryl groups, substituted aryl groups, heteroaryl groups, and substituted heteroaryl
groups. In a more specific embodiment, the variables a and d are 0, the variables b
and c are 1, Res, Ra4, Ros, Ros, and Rzz are independently selected from the group
consisting of alkyl groups and substituted alkyl groups, and R21 and R22 are
independently selected from the group consisting of aryl groups, substituted aryl
groups, heteroaryl groups, and substituted heteroaryl groups. In yet another specific
preferred embodiment, the variables a and d are 0, the variables b and ¢ are 1, Res,
Ra4, Res, Res, and Rz are independently selected from the group consisting of C1-Cs
alkyl groups and C+-Cs substituted alkyl groups, and Rz1 and R22 are independently
selected from the group consisting of Ce-C1o aryl groups, Ce-C12 substituted aryl
groups, C4-C1o heteroaryl groups, and C4-C12 substituted heteroaryl groups. In
another specific preferred embodiment, the variables a and d are 0, the variables b
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and c are 1, Res, Ra4, Ros, Ros, and Rzz are independently selected from the group
consisting of alkyl groups, and R21 and R22 are independently selected from the
group consisting of aryl groups and substituted aryl groups. In another specific
preferred embodiment, the variables a and d are 0, the variables b and ¢ are 1, Res,
Ra4, Res, Res, and Rz are independently selected from the group consisting of C1-Cs
alkyl groups, and R21 and Rz2 are independently selected from the group consisting
of Ce-C10 aryl groups and Cs-C12 substituted aryl groups. In another specific
preferred embodiment, the variables a and d are 0, the variables b and ¢ are 1, Res,
Re4, Res, Res, and Rz7 are independently selected from the group consisting of alkyl
groups, and Rz1 and Rzz are independently selected from the group consisting of aryl
groups. In another specific preferred embodiment, the variables a and d are 0, the
variables b and c are 1, Rzs, Re4, R2s, Ros, and Rz7 are independently selected from
the group consisting of C1-Cs alkyl groups, and Rz21 and R22 are independently
selected from the group consisting of Ce-C10 aryl groups. In yet another specific
preferred embodiment, the variables a and d are 0, the variables b and ¢ are 1, Res,
Re4, Res, Res, and Rz7 are methyl groups, and Ra1 and R22 are phenyl groups.

[0034] In another preferred embodiment, the first part comprises a siloxane
compound comprising a plurality of siloxane repeating units, wherein about 10 mol.%
or more of the siloxane repeating units are cyclotrisiloxane repeating units. The
cyclotrisiloxane repeating units preferably are independently selected from the group
consisting of cyclotrisiloxane repeating units conforming to the structure of Formula
(XL) below:

(XL)

R41 |/s
é/ \Su/ ~
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In the structure of Formula (XL), R41 and R42 are independently selected from the
group consisting of alkyl groups, substituted alkyl groups, cycloalkyl groups,
substituted cycloalkyl groups, alkenyl groups, substituted alkenyl groups,
cycloalkenyl groups, substituted cycloalkenyl groups, heterocyclyl groups,
substituted heterocyclyl groups, aryl groups, substituted aryl groups, heteroaryl
groups, and substituted heteroaryl groups. Ra4s and Ra4 are independently selected
from the group consisting of haloalkyl groups, aralkyl groups, aryl groups, substituted
aryl groups, heteroaryl groups, and substituted heteroaryl groups.

[0035] This siloxane compound can be any suitable siloxane compound
possessing the amount of cyclotrisiloxane moieties recited above. Suitable siloxane
compounds and methods for making the same are described, for example, in U.S.
Patent Application No. 14/244,193 filed on April 3, 2014, which application published
as U.S. Patent Application Publication No. US 2014/0309448 A1 on October 16,
2014 and is hereby incorporated by reference for its disclosure of such siloxane
compounds and processes for making the same. In the structure of Formula (XL)
and the structures that follow, the partial bonds (i.e., the bonds truncated by the
wavy line) represent bonds to adjacent moieties or repeating units within the second
siloxane compound. In a preferred embodiment, R41 and R42 are independently
selected from the group consisting of alkyl groups and substituted alkyl groups, and
R43 and R4 are independently selected from the group consisting of haloalkyl
groups, aralkyl groups, and aryl groups. In a more specific preferred embodiment,
R41 and Ra42 are independently selected from the group consisting of C1-Cs alkyl
groups and C1-Cs substituted alkyl groups, and R4s and Ra4 are independently
selected from the group consisting of C1-Cs haloalkyl groups, Ce-C1o aryl groups, and
C7-Cs1 aralkyl groups. In another preferred embodiment, R41 and R4z are
independently selected from the group consisting of C1-Cs alkyl groups, and R4s and
Ra4 are independently selected from the group consisting of Cs-C1o aryl groups. In
another preferred embodiment, R41 and R42 are methyl groups, and R4s and R44 are
phenyl groups.

[0036] The siloxane compound can comprise any suitable amount of siloxane
repeating units conforming to the structure of Formula (XL). Preferably, about 10

mol.% or more of the siloxane repeating units in the siloxane compound conform to
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the structure of Formula (XL). More preferably, about 15 mol.% or more, about 20
mol.% or more, about 25 mol.% or more, about 30 mol.% or more, about 35 mol.%
or more, about 40 mol.% or more, about 45 mol.% or more, about 50 mol.% or more,
about 55 mol.% or more, about 60 mol.% or more, about 65 mol.% or more, about 70
mol.% or more, about 75 mol.% or more, about 80 mol.% or more, about 85 mol.%
or more, or about 90 mol.% or more of the siloxane repeating units in the siloxane
compound conform to the structure of Formula (XL).

[0037] The cyclotrisiloxane repeating units present in this siloxane compound
possess the same basic structure (i.e., a structure conforming to Formula (XL)), but
all of the repeating units are not necessarily substituted with the same groups. In
other words, the siloxane compound can contain cyclotrisiloxane repeating units that
differ in the selection of the R41, R42, R4s, and Ra4 substituents.

[0038] This siloxane compound can comprise siloxane units in addition to
those conforming to the structure of Formula (XL). For example, in a preferred
embodiment, the siloxane compound can comprise one or more siloxane moieties

conforming to the structure of Formula (L) below:

(L)

o T51
é/ \S|i/§

Rs2

In the structure of Formula (L), Rs1 and Rsz2 are independently selected from the
group consisting of alkyl groups, substituted alkyl groups, cycloalkyl groups,
substituted cycloalkyl groups, alkenyl groups, substituted alkenyl groups,
cycloalkenyl groups, substituted cycloalkenyl groups, heterocyclyl groups,
substituted heterocyclyl groups, aryl groups, substituted aryl groups, heteroaryl
groups, substituted heteroaryl groups, and siloxy groups. More preferably, Rs1 and
Rsz2 are independently selected from the group consisting of C1-Cso alkyl groups
(e.g., C1-Cs alkyl groups), C2-Cao alkenyl groups (e.g., C2-Cs alkenyl groups), C1-Cao
haloalkyl groups (e.g., C1-Cs haloalkyl groups), Cs-Cso0 aryl groups (e.g., Cs-C1o aryl
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groups), C7-Cs1 aralkyl groups, Cs-Cg trialkylsiloxy groups, Cs-C2s aryldialkylsiloxy
groups, C13-Czs alkyldiarylsiloxy groups, and C1s-Caso triarylsiloxy groups. More
preferably, Rs1 and Rs2 are independently selected from the group consisting of C1-
Cs alkyl groups, C1-Cs haloalkyl groups, Cs-C1o aryl groups, and C7-Ca1 aralkyl
groups. Most preferably, Rs1 and Rsz2 are independently selected from the group
consisting of C1-Cs alkyl groups, with methyl groups being particularly preferred.
[0039] The structures drawn above only represent repeating units within this
siloxane compound. The siloxane compound further comprises terminating groups.
These terminating groups can be any suitable terminating group for a siloxane
compound. In a preferred embodiment, the siloxane compound further comprises
silyl terminating groups. Suitable silyl terminating groups include, but are not limited
to, trialkylsilyl groups, such as trimethylsilyl groups.

[0040] This siloxane compound preferably is an oligomeric or polymeric
siloxane compound comprising multiple siloxane moieties including the
cyclotrisiloxane moieties described above. Preferably, the siloxane compound has a
number average molar mass of about 1,000 g/mol or more. The number average
molar mass (Mn) of the siloxane compound is more preferably about 2,000 g/mol or
more, about 3,000 g/mol or more, or about 4,000 g/mol or more. Preferably, the
siloxane compound has a mass average molar mass (Mw) that is at least 50%
greater than the number average molar mass of the compound. In a series of
preferred embodiments, the siloxane compound has a mass average molar mass of
about 8,000 g/mol or more, about 10,000 g/mol or more, about 11,000 g/mol or
more, or about 12,000 g/mol or more.

[0041] In another preferred embodiment, the first part comprises a siloxane
compound selected from the group consisting of compounds conforming to the
structure of Formula (LX) below
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In the structure of Formula (LX), Ret1 and Re2 are independently selected from the
group consisting of haloalkyl groups, aralkyl groups, aryl groups, substituted aryl
groups, heteroaryl groups, and substituted heteroaryl groups. Res, Re4, Res, Res, Re7,
Res, and Res are independently selected from the group consisting of alkyl groups,
substituted alkyl groups, cycloalkyl groups, substituted cycloalkyl groups, alkenyl
groups, substituted alkenyl groups, cycloalkenyl groups, substituted cycloalkenyl
groups, heterocyclyl groups, substituted heterocyclyl groups, aryl groups, substituted
aryl groups, heteroaryl groups, and substituted heteroaryl groups.

[0042] Siloxane compounds conforming to the structure of Formula (LX) are
described, for example, in U.S. Patent Application No. 14/244,264 filed on April 3,
2014, which application published as U.S. Patent Application Publication No. US
2014/0309450 A1 on October 16, 2014 and is hereby incorporated by reference for
its disclosure of such siloxane compounds and processes for making the same. Ina
preferred embodiment, Res, Re4, Res, Re7, Res, and Reg are independently selected
from the group consisting of alkyl groups and substituted alkyl groups, and Re1, Rez,
and Res are independently selected from the group consisting of haloalkyl groups,
aralkyl groups, and aryl groups. In a more specific preferred embodiment, Res, Rs4,
Res, Re7, Res, and Reg are independently selected from the group consisting of C1-Cs
alkyl groups and C+-Cs substituted alkyl groups, and Rs1, Re2, and Res are
independently selected from the group consisting of C1-Cs haloalkyl groups, Ce-C1o
aryl groups, and C7-Cs1 aralkyl groups. In another preferred embodiment, Res, R4,
Res, Re7, Res, and Reg are independently selected from the group consisting of C1-Cs
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alkyl groups, and Rs1, Re2, and Res are independently selected from the group
consisting of Cs-C1o aryl groups. In another preferred embodiment, Res, Rs4, Res,
Re7, Res, and Res are methyl groups, and Res1, Re2, and Res are phenyl groups.

[0043] As noted above, the first part comprises a first siloxane compound, and
this first siloxane compound can be any of the particular siloxane compounds
described above (i.e., siloxane compounds conforming to the structure of Formula
(X), siloxane compounds conforming to the structure of Formula (XX), siloxane
compounds comprising cyclotrisiloxane moieties conforming to the structure of
Formula (XL), and siloxane compounds conforming to the structure of Formula (LX)).
The first part can comprise other siloxane compounds in addition to the first siloxane
compound described above. In a preferred embodiment, the first part comprises a
second siloxane compound, and the second siloxane compound comprises at least
one cyclic siloxane moiety. More preferably, the second siloxane compound
comprises two or more cyclic siloxane moieties. Like the first siloxane compound,
this second siloxane compound can be an oligomeric siloxane compound or a
polymeric siloxane compound. In a preferred embodiment, the first part comprises at
least two siloxane compounds selected from the various groups described above
(i.e., siloxane compounds conforming to the structure of Formula (X), siloxane
compounds conforming to the structure of Formula (XX), siloxane compounds
comprising cyclotrisiloxane moieties conforming to the structure of Formula (XL), and
siloxane compounds conforming to the structure of Formula (LX)). In one particular
preferred embodiment, the first part comprises a first siloxane compound selected
from the group consisting of compounds conforming to the structure of Formula (XX)
and a second siloxane compound selected from the group consisting of compounds
comprising cyclotrisiloxane moieties conforming to the structure of Formula (XL). In
another preferred embodiment, the first part comprises a first siloxane compound
selected from the group consisting of compounds conforming to the structure of
Formula (XX), a second siloxane compound selected from the group consisting of
compounds comprising cyclotrisiloxane moieties conforming to the structure of
Formula (XL), and a third siloxane compound selected from the group consisting of

siloxane compounds conforming to the structure of Formula (LX).
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[0044] In those embodiments of the method in which the first part comprises
more than one siloxane compound, the different siloxane compounds can be present
in the first part in any suitable relative amounts. For example, the first siloxane
compound (e.g., a compound conforming to the structure of Formula (XX)) and the
second siloxane compound (e.g., a compound comprising cyclotrisiloxane moieties
conforming to the structure of Formula (XL)) can be presentin a ratio of about 1 part
or more of the first siloxane compound to about 1 part of the second siloxane
compound. Preferably, the first siloxane compound (e.g., a compound conforming to
the structure of Formula (XX)) and the second siloxane compound (e.g., a compound
comprising cyclotrisiloxane moieties conforming to the structure of Formula (XL)) are
present in a ratio of about 2 parts or more (e.g., about 3 parts) of the first siloxane
compound to about 1 part of the second siloxane compound. In those embodiments
comprising the third siloxane compound, the third siloxane compound (e.g., a
compound conforming to the structure of Formula (LX)) can be present in the first
part in a ratio of about 1 part or more of the first siloxane compound (e.g., a
compound conforming to the structure of Formula (XX)) to about 1 part of the third
siloxane compound. More preferably, the third siloxane compound (e.g., a
compound conforming to the structure of Formula (LX)) can be present in the first
part in a ratio of about 2 parts or more, about 3 parts or more, or about 4 parts or
more of the first siloxane compound (e.g., a compound conforming to the structure of
Formula (XX)) to about 1 part of the third siloxane compound.

[0045] As noted above, the first part comprises a cure inhibitor in addition to
the first siloxane compound. The cure inhibitor is selected from the group consisting
of (i) Lewis acids, (ii) compounds comprising a labile hydrogen bonded to an atom
having an electronegativity greater than the electronegativity of a silicon atom, and
(iii) mixtures thereof. In a preferred embodiment, the cure inhibitor is a compound
comprising a labile hydrogen bonded to an atom having an electronegativity greater
than the electronegativity of a silicon atom. In such an embodiment, the cure
inhibitor can be a relatively small, discrete compound (e.g., triphenylsilanol), a
macromolecule (e.g., an MQ silicone resin comprising silanol groups), or an
inorganic compound or inorganic particulate (e.g., silica comprising silanol groups).

In a preferred embodiment, the cure inhibitor comprises one or more silanol groups.
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In a more specific embodiment, the cure inhibitor comprises one or more silanol

groups of Formula (LXX)

(LXX)

In the structure of Formula (LXX), R71 and R72 are selected from the group consisting
of alkyl groups and aryl groups. More preferably, R71 and Rz are selected from the
group consisting of C1-Cs alkyl groups and Ce-C10 aryl groups. More preferably, Rz1
and R72 are selected from the group consisting of methyl groups and phenyl groups.
In a preferred embodiment, the cure inhibitor is selected from the group consisting of
triphenylsilanol, silanol-terminated poly(diphenylsiloxanes), silanol-terminated
poly(phenylmethylsiloxanes), silanol-terminated poly(diphenylsiloxane-co-
dimethylsiloxanes), MQ resins comprising silanol groups, silicas (e.g., colloidal
silicas), and mixtures thereof. Suitable MQ resins comprising silanol groups
preferably are treated to provide a substantial percentage (e.g., about 25% to about
75%, about 40% to about 70%, or about 50% to about 60%) of phenyl-terminated M
units. In such an embodiment, the remaining M units are terminated with hydroxy
groups (which are bonded to silicon atoms to provide silanol groups). Suitable
silicas will comprise silanol groups (for example, on the surface of the silica particles)
and preferably are surface treated with materials comprising phenyl groups. While
not wishing to be bound to any particular theory, it is believed that providing phenyl
functionality to such cure inhibitors enhances the compatibility of these cure
inhibitors with the other component(s) of the first part. In a particularly preferred
embodiment, the cure inhibitor is triphenylsilanol. In another preferred embodiment,
the cure inhibitor is a Lewis acid, such as triphenylborane, boric acid, and mixtures
thereof.

[0046] The cure inhibitor can be present in the first part in any suitable
amount. The suitable amount of cure inhibitor can depend upon several factors. For
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example, the suitable amount of cure inhibitor can depend, at least in part, on the
strength of the inhibiting effect exhibited by the cure inhibitor, the unit mass (e.g.,
molar mass) of the cure inhibitor, and the desired degree of cure inhibition (in other
words, the degree to which the pot life is to be extended). Preferably, the cure
inhibitor is present in the composition in an amount of about 50 ppm or more based
on the total weight of the first part. The cure inhibitor is more preferably present in
the first part in an amount of about 100 ppm or more, about 200 ppm or more, about
500 ppm or more, about 1,000 ppm or more, about 2,500 ppm or more, about 5,000
ppm or more, or about 7,500 ppm or more based on the total weight of the first part.
The amount of cure inhibitor present in the first part preferably is about 200,000 ppm
or less, more preterably about 100,000 ppm or less, more preferably about 50,000
ppm or less, or more preferably about 25,000 ppm or less based on the total weight
of the first part. In a series of preferred embodiments, the cure inhibitor is present in
the first part in an amount of about 50 ppm to about 200,000 ppm, more preferably
about 100 ppm to about 50,000 ppm based on the total weight of the first part.
[0047] As noted above, the second part comprises a hydroxide salt (i.e., a salt
comprising the hydroxide anion). Hydroxide salts suitable for use in the method of
the invention can comprise any suitable cation. In a preferred embodiment, the
cation of the hydroxide salt is selected from the group consisting of a lithium cation, a
sodium cation, a potassium cation, ammonium cations, and phosphonium cations.
More preferably, the cation of the hydroxide salt is selected from the group
consisting of alkylammonium cations and alkylphosphonium cations. Suitable
alkylammonium cations include, but are not limited to, the tetraethylammonium
cation, the tetrapropylammonium cation, and the tetrabutylammonium cation.
Suitable alkylphosphonium cations include, but are not limited to, the
tetraethylphosphonium cation, the tetrapropylphosphonium cation, and the
tetrabutylphosphonium cation. In a particularly preferred embodiment, the cation of
the hydroxide salt is selected from the group consisting of the tetramethylammonium
cation, the tetrabutylammonium cation, and the tetrabutylphosphonium cation, with
the tetrabutylphosphonium cation being particularly preferred.

[0048] Thus, in a preferred embodiment, the second part comprises a
hydroxide salt selected from the group consisting of lithium hydroxide, sodium



WO 2017/201034 PCT/US2017/032886

21

hydroxide, potassium hydroxide, ammonium hydroxides, phosphonium hydroxides,
and mixtures thereof. More preferably, the second part comprises a hydroxide salt
selected from the group consisting of lithium hydroxide, sodium hydroxide,
potassium hydroxide, tetramethylammonium hydroxide, tetrabutylammonium
hydroxide, tetrabutylphosphonium hydroxide, and mixtures thereof. More preferably,
the second part comprises a hydroxide salt selected from the group consisting of
tetramethylammonium hydroxide, tetrabutylammonium hydroxide,
tetrabutylphosphonium hydroxide, and mixtures thereof. In another preferred
embodiment, the second part comprises tetrabutylphosphonium hydroxide.

[0049] In addition to the hydroxide salt, the second part typically comprises a
liquid medium in which the hydroxide salt is dispersed or dissolved. While not
necessary for the practice of the invention, utilizing a second part comprising a liquid
medium facilitates handling and mixing of the second part with the first part. The
liquid medium can be any suitable liquid that is compatible with the siloxane
compound(s) present in the first part. Preferably, the liquid medium is a liquid
siloxane compound (e.g., a silicone fluid). Suitable liquid siloxane compounds
include, but are not limited to, poly(dimethylsiloxane), poly(methylphenylsiloxane),
poly(diphenylsiloxane), poly(dimethylsiloxane-co-methylphenylsiloxane),
poly(dimethylsiloxane-co-diphenylsiloxane), poly(diphenylsiloxane-co-
methylphenylsiloxane), and mixtures thereof. In a preferred embodiment, the
second part comprises a liquid medium, and the liquid medium is a
poly(dimethylsiloxane-co-methylphenylsiloxane).

[0050] When the second part comprises a liquid medium, the hydroxide salt
can be present in the liquid medium in any suitable concentration. The concentration
of the hydroxide salt within the liquid medium preferably is selected to facilitate
handling and storage of the second part as well as mixing of the second part with the
first part. For example, the concentration of the hydroxide salt should not be so high
that the hydroxide salt cannot be dispersed or dissolved in the liquid medium. On
the other hand, the concentration of the hydroxide salt should not be so low that a
large volume of the second part must be used in order to provide a sufficient amount
of hydroxide salt to trigger the curing reaction. Preferably, the hydroxide salt is
present in the liquid medium at a concentration of about 1,000 ppm or more, more
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preferably about 2,500 ppm or more, more preferably about 5,000 ppm or more, or
more preferably about 7,500 ppm or more based on the total weight of the
components of the second part. In another preferred embodiment, the hydroxide salt
is present in the liquid medium at a concentration of about 100,000 ppm or less,
more preferably about 50,000 ppm or less, more preferably about 25,000 ppm or
less, more preferably about 20,000 ppm or less, more preferably about 15,000 ppm
or less, or more preferably about 12,500 ppm or less. Thus, in a series of preferred
embodiments, the hydroxide salt is present in the liquid medium at a concentration of
about 1,000 ppm to about 100,000 ppm, more preferably about 2,500 ppm to about
50,000 ppm, more preferably about 5,000 ppm to about 25,000 ppm, more
preferably about 5,000 ppm to about 20,000 ppm, more preferably about 7,500 ppm
to about 15,000 ppm. In one preferred embodiment, the hydroxide salt is present in
the liquid medium at a concentration of about 7,500 ppm to about 12,500 ppm (e.qg.,
about 10,000 ppm).

[0051] As noted above, the first part and the second part are combined to
produce a reaction mixture. When the first part and the second part are both liquids,
the two parts can simply be dispensed in a suitable vessel and thoroughly mixed by
any suitable mechanical means. In this step, the first part and the second part can
be combined in any suitable relative amounts. The suitable relative amounts can
depend on several factors, such as the concentration of hydroxide salt in the second
part and the amount of cyclic siloxane compounds in the first part. Preferably, the
first part and second part are combined in a relative amount of about 10 parts by
weight or more of the first part to about 1 part by weight of the second part. In
another preferred embodiment, the first part and second party are combined in a
relative amount of about 40 parts by weight or less of the first part to about 1 part by
weight of the second part. In a series of preferred embodiments, the first part and
the second part are combined in a relative amount of about 10 parts by weight to
about 40 parts by weight of the first part to about 1 part by weight of the second part
or about 15 parts by weight to about 30 parts by weight of the first part to about 1
part by weight of the second part.

[0052] Once the first part and the second part are combined to produce the
reaction mixture, the reaction mixture preferably is heated to an elevated
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temperature. By heating the reaction mixture to an elevated temperature, the
hydroxide salt opens the ring of the cyclic siloxane moiety present in the first
siloxane compound. In particular, the hydroxide anions attack a siloxane linkage
(—Si—O—Si—) in the cyclic siloxane moiety and cleave the linkage to produce two
silanolate ions, the charges of which are balanced by cations originating from the
hydroxide salt. The siloxane linkages present in the cyclic siloxane moiety are
believed to be particularly susceptible to cleavage by the hydroxide anion due to the
strain present in those bonds from the cyclic arrangement. Once the cyclic siloxane
moieties are opened by the hydroxide salt, the resulting ring-opened moieties (the
silanolate ions) on the compound then react with other molecules in the composition
to produce cross-links between different molecules in the composition, which
ultimately results in the cross-linked siloxane network.

[0053] The reaction mixture can be heated to any suitable temperature.
Preferably, the reaction mixture is heated to a temperature of about 100 °C or more.
In a preferred embodiment, the reaction mixture is heated to a temperature of about
110 °C or more, about 120 °C or more, about 130 °C or more, about 140 °C or more,
or about 150 °C or more. The reaction mixture preferably is not heated to a
temperature of above 200 °C. In the practice of the method, the reaction mixture can
be heated and maintained at a first elevated temperature, and then maintained at a
second elevated temperature that is different from (either above or below) the first
elevated temperature. For example, in a preferred embodiment, the reaction mixture
is heated to and maintained at a first elevated temperature of about 110 °C or about
115 °C for about 1 hour and then heated to and maintained at a second elevated
temperature of about 150 °C for about 1 hour.

[0054] The reaction mixture can be maintained at the elevated temperature(s)
for any suitable amount of time. Generally, the reaction mixture is maintained at the
elevated temperature(s) for a sufficient amount of time for the ring-opening and
subsequent cross-linking reactions to proceed to substantial completion. In a
preferred embodiment, the reaction mixture is maintained at the elevated
temperature(s) for a total time of about 30 minutes or more, more preferably about
60 minutes or more, more preferably about 90 minutes or more, or more preferably

about 120 minutes or more.
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[0055] The ring-opening polymerization that produces the cross-linked
siloxane network is initiated by the hydroxide salt, such as tetrabutylphosphonium
hydroxide. The inventors found that strong bases, such as tetrabutylphosphonium
hydroxide, would produce compositions that cured to form the cross-linked siloxane
network in a relatively short period of time (even at ambient temperatures) after the
components (the first part and the second part) were combined. While fast curing
may be desired in certain applications, there are some applications in which end-
users desire compositions that have a “pot life” or “working time” of several hours
(e.g., about 7 or about 8 hours) at ambient temperatures. Accordingly, the inventors
sought a means to moderate the activity of the base at ambient temperatures (to
provide longer pot life and working time) while not deleteriously affecting the cure
time at elevated temperatures or the properties of the finished elastomer.
Surprisingly, the inventors found that adding a cure inhibitor (as described above)
extended the pot life of the reaction mixture and still produced a composition
exhibiting the desired properties. While not wishing to be bound to any particular
theory, it is believed that certain cure inhibitors (those bearing silanol groups) react
with the hydroxide salt to produce silanolate ions. Further, it is believed that these
silanoloate ions (from the cure inhibitor) are, at ambient temperatures, less basic
than the hydroxide salt and the silanolate ions produced by the ring-opening of the
cyclic siloxane moieties in the first siloxane compound. This means that these
silanolate ions (from the cure inhibitor) are, at ambient temperatures, slower to
initiate the ring-opening of the first siloxane compound, which extends the cure time
(and pot life) of the reaction mixture at ambient temperatures. Further, it is believed
that as the temperature of the reaction mixture increases, the basicity of these
silanolate ions (from the cure inhibitor) increases, which permits these silanolate ions
to more rapidly initiate the ring-opening polymerization of the first siloxane compound
and the reaction mixture to cure to a cross-linked siloxane network in a desired time.
[0056] The cross-linked siloxane polymer produced from the method
described above can be used in many applications. For example, the cross-linked
siloxane polymer can be used as an encapsulant for light emitting diodes (LEDs).
Because the cross-linked silicone polymer can be made from raw materials

containing relatively large amounts of groups that increase the refractive index of the
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polymer (e.g., haloalkyl groups, aralkyl groups, aryl groups, substituted aryl groups,
heteroaryl groups, and substituted heteroaryl groups), it is believed that the cross-
linked silicone polymer can be particularly effective as an encapsulant for high
intensity LEDs. In such applications, an encapsulant having a higher refractive index
provides a progressive transition from the relatively high refractive index of the
semiconductor crystal (where the light is produced on the LED) to the air surrounding
the LED. The relatively large difference between the refractive index of the
semiconductor crystal and the surrounding air leads to internal reflection of light
within the LED’s semiconductor crystal. These internal reflections reduce the
amount of light that escapes from the semiconductor crystal and is emitted by the
LED. By providing a medium with an intermediate refractive index (i.e., a refractive
index between the high refractive index of the semiconductor crystal and the
refractive index of air), the encapsulant material (i.e., the cross-linked silicone
polymer) can reduce the amount of light that is internally reflected back into the
semiconductor crystal, thereby increasing the amount of light emitted by the LED.
This use of similar cross-linked silicone polymers is described, for example, in U.S.
Patent Application No. 14/244,236 filed on April 3, 2014, which application published
as U.S. Patent Application Publication No. 2014/0306259 on October 16, 2014 and
is hereby incorporated by reference for its disclosure of methods of making such
encapsulant materials and uses for the same.

[0057] The following examples further illustrate the subject matter described
above but, of course, should not be construed as in any way limiting the scope

thereof.

EXAMPLE 1
[0058] This example demonstrates the production of a composition according
to the invention and the production of a cross-linked silicone elastomer from the
composition.
[0059] A first part (“Part A”) was prepared by combining (i) a siloxane
compound comprising cyclotrisiloxane repeating units conforming to the structure of
Formula (XL), (i) a siloxane compound conforming to the structure of Formula (XX),
(iii) a siloxane compound conforming to the structure of Formula (LX), and (iv)
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2,2,4,4,-tetramethyl-6,6-diphenylcyclotrisiloxane (“diphenyl-Ds”). The siloxane
compound comprising cyclotrisiloxane repeating units conforming to the structure of
Formula (XL) was a polymer having a mass average molar mass of approximately
15,000 g/mol. In the repeating units conforming to the structure of Formula (XL), the
groups R41 and R42 were methyl groups, and the groups R4s and R44 were phenyl
groups. In addition to the repeating units conforming to the structure of Formula
(XL), the polymer contained trimethylsilyl terminating groups. In the compound
conforming to the structure of Formula (XX), the variables a and d were 0, the
variables b and c were 1, the groups Rzs, Ra4, Ras, Res, and Rz7 were methyl groups,
and the groups Rz1 and Rz22 were phenyl groups. In the compound conforming to the
structure of Formula (LX), the groups Ress, Re4, Res, Re7, Res, and Reg were methyl
groups, and Re1, Rez, and Res were phenyl groups. The four components of Part A
were combined in the following proportions: (i) 30 parts by weight of the polymer
containing repeating units conforming to the structure of Formula (XL); (i) 35 parts
by weight of the compound conforming to the structure of Formula (XX); (iii) 15 parts
by weight of the compound conforming to the structure of Formula (LX); and (iv) 20
parts by weight of diphenyl-Ds.

[0060] A second part (“Part B-1”) was prepared by mixing
tetrabutylphosphonium hydroxide in a phenylmethyl silicone fluid (PM-125 from
Clearco Products). The concentration of tetrabutylphosphonium hydroxide in Part B-
1 was approximately 10,000 ppm.

[0061] A reaction mixture (“Sample 1”) was prepared by mixing 20 parts by
weight of Part A and 1 part by weight of Part B. A portion of Sample 1 was then
cured at a temperature of approximately 115 °C for approximately 1 hour and then at
a temperature of approximately 150 °C for another hour. The resulting silicone
elastomer exhibited a durometer hardness of Shore A 50.

[0062] Another portion of Sample 1 was retained to determine the pot life or
working time of the composition when it was maintained at ambient temperatures
(e.g., approximately 20-25 °C). The initial viscosity of Sample 1 was measured using
a rheometer (Brookfield Model No. DV3THA rheometer) and the value was recorded.
The viscosity of the composition was then periodically tested at regular intervals to
determine how the viscosity changed with time. These subsequent viscosity values



WO 2017/201034 PCT/US2017/032886

27

were also recorded. The composition was considered to have reached its pot life
when the viscosity of the composition exceeded 120% of the initial viscosity. Using
this method, the pot life of Sample 1 was determined to be approximately 2.5 hours.
[0063] A series of ten additional samples (Samples 2-11) were prepared in
accordance with the procedure described above, with the only difference being the
addition of a cure inhibitor to Part A. The pot life was also determined in accordance
with the procedure described above. The particular cure inhibitor, the amount added
to Part A, and the resulting pot life are reported in Table 1 below. Cure Inhibitor 7
was a siloxane compound (or a mixture of siloxane compounds) having a structure
similar to the structure of Formula (XX) in which the variables a and d were 0, the
variables b and ¢ were 1, Rzs, R4, Ros, Ros, and Rz7 were selected from methyl
groups and hydroxy groups, Rz1 and R22 were selected from phenyl groups and
hydroxy groups, and at least one of Rz1, Raz, Res, Ra4, Ros, Res, and Raz was a
hydroxy group.
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Sample Cure Inhibitor Loading Pot Life
1 -- -- 2.5 hours
2 Silanol-terminated poly(diphenylsiloxane) 1 wt.% 5 hours
3 Silanol-terminated poly(diphenylsiloxane) 5wt.% 9 hours
4 Triphenylsilanol 1.3 wt.% 7 hours
Silanol-terminated poly(diphenylsiloxane-co-
5 . . 10 wt.% 5 hours
dimethylsiloxane)
40% silanol-terminated, 60% phenyl-terminated
6 . 5 wt.% 8 hours
MQ resin
7 Cure Inhibitor 7 20 wt.% 7 hours
8 Colloidal silica, partially phenyl surface treated 1.5wt.% | 9.5 hours
Triphenylsilanol 1.3 wt.%
9 Fumed silica 2 wt.% 10 hours
Doped alumina/aluminosilicates 17 wt.%
10 Triphenylborane 210 ppm 16 hours
11 Boric acid 1 wt.% 8 hours
[0064] As can be seen from the data in Table 2, the addition of the cure

inhibitor at least doubled the pot life of the reaction mixture relative to a similar

reaction mixture that does not contain the cure inhibitor. Some of the cure inhibitors

extended the pot life to 7 hours or more, which is believed to be the range that is

most desirable to manufacturers utilizing such systems to produce cross-linked

siloxane networks (e.g., silicone elastomers). Further, the reaction mixtures

exhibiting extended pot life produced cross-linked siloxane networks (e.g., silicone

elastomers) exhibiting physical properties (e.g., hardness) similar to the properties of
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the network produced without the cure inhibitor (e.g., the network made with Sample

1).

[0065] All references, including publications, patent applications, and patents,
cited herein are hereby incorporated by reference to the same extent as if each
reference were individually and specifically indicated to be incorporated by reference
and were set forth in its entirety herein.

[0066] The use of the terms “a” and “an” and “the” and similar referents in the
context of describing the subject matter of this application (especially in the context
of the following claims) are to be construed to cover both the singular and the plural,

unless otherwise indicated herein or clearly contradicted by context. The terms

“‘comprising,” “having,” “including,” and “containing” are to be construed as open-
ended terms (i.e., meaning “including, but not limited to,”) unless otherwise noted.
Recitation of ranges of values herein are merely intended to serve as a shorthand
method of referring individually to each separate value falling within the range,
unless otherwise indicated herein, and each separate value is incorporated into the
specification as if it were individually recited herein. All methods described herein
can be performed in any suitable order unless otherwise indicated herein or
otherwise clearly contradicted by context. The use of any and all examples, or
exemplary language (e.g., “such as”) provided herein, is intended merely to better
illuminate the subject matter of the application and does not pose a limitation on the
scope of the subject matter unless otherwise claimed. No language in the
specification should be construed as indicating any non-claimed element as
essential to the practice of the subject matter described herein.

[0067] Preferred embodiments of the subject matter of this application are
described herein, including the best mode known to the inventors for carrying out the
claimed subject matter. Variations of those preferred embodiments may become
apparent to those of ordinary skill in the art upon reading the foregoing description.
The inventors expect skilled artisans to employ such variations as appropriate, and
the inventors intend for the subject matter described herein to be practiced otherwise
than as specifically described herein. Accordingly, this disclosure includes all
modifications and equivalents of the subject matter recited in the claims appended
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hereto as permitted by applicable law. Moreover, any combination of the above-
described elements in all possible variations thereof is encompassed by the present
disclosure unless otherwise indicated herein or otherwise clearly contradicted by

context.
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WHAT IS CLAIMED IS:

1. A method for producing a cross-linked siloxane network, the method
comprising the steps of:

(a) providing a first part comprising a first siloxane compound and a cure
inhibitor, the first siloxane compound comprising at least one cyclic siloxane moiety,
and the cure inhibitor being selected from the group consisting of (i) Lewis acids, (ii)
compounds comprising a labile hydrogen bonded to an atom having an
electronegativity greater than the electronegativity of a silicon atom, and (iii) mixtures
thereof;

(b) providing a second part, the second part comprising a hydroxide sal;

(c) combining the first part and the second part to produce a reaction
mixture;

(d) heating the reaction mixture to a temperature sufficient for the
hydroxide salt to open the ring of the cyclic siloxane moiety; and

(e) maintaining the reaction mixture at an elevated temperature so that at
least a portion of the opened cyclic siloxane moieties react with each other to

produce a cross-linked siloxane network.

2. The method of claim 1, wherein the first siloxane compound comprises

at least two cyclic siloxane moieties.

3. The method of claim 1, wherein the first part further comprises a
second siloxane compound, and the second siloxane compound comprises at least

one cyclic siloxane moiety.

4. The method of claim 1, wherein the cure inhibitor comprises one or

more silanol groups.

5. The method of claim 4, wherein the cure inhibitor comprises one or

more groups of Formula (LXX)
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(LXX)

wherein R71 and Rz are selected from the group consisting of alkyl groups and aryl

groups.

6. The method of claim 4, wherein the cure inhibitor is selected from the
group consisting of triphenylsilanol, silanol-terminated poly(diphenylsiloxanes),
silanol-terminated poly(phenylmethylsiloxanes), silanol-terminated
poly(diphenylsiloxane-co-dimethylsiloxanes), MQ resins comprising silanol groups,

silicas, and mixtures thereof.

7. The method of claim 1, wherein the cure inhibitor is selected from the
group consisting of triphenylborane, boric acid, and mixtures thereof.

8. The method of claim 1, wherein the cure inhibitor is present in the first
part in an amount of about 50 ppm to about 200,000 ppm based on the total weight
of the first part.

9. The method of claim 8, wherein the cure inhibitor is present in the first
part in an amount of about 100 ppm to about 50,000 ppm based on the total weight
of the first part.

10.  The method of claim 1, wherein the hydroxide salt comprises a cation
selected from the group consisting of a lithium cation, a sodium cation, a potassium

cation, ammonium cations, and phosphonium cations.

11.  The method of claim 10, wherein the cation is selected from the group

consisting of ammonium cations and phosphonium cations.
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12.  The method of claim 11, wherein the hydroxide salt is selected from the
group consisting of tetramethylammonium hydroxide, tetrabutylammonium

hydroxide, tetrabutylphosphonium hydroxide, and mixtures thereof.

13.  The method of claim 12, wherein the hydroxide salt is

tetrabutylphosphonium hydroxide.
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