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The R', RZ, and R® are each independently selected from a group consisting of H, alkyl, alkenyl, alkynyl, and aryl; n ranges from 1
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The elastomeric materials prepared from modified silicone resins display robust mechanical properties following prolonged

exposure to high temperatures (e.g., 316°C or higher).
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ABSTRACT

Methods and formulations for modified silicone resins of Formula (I) are presented:

T1 R3 '?1
|
HO—sitto—p O—SiﬁOH
| | /n | m'p

The R', R?, and R® are each independently selected from a group consisting of H, alkyl,
alkenyl, alkynyl, and aryl; n ranges from 1 to 10; m ranges from 1 to 200; and p ranges from 2

to 1,000.

10 The elastomeric materials prepared from modified silicone resins display robust mechanical

properties following prolonged exposure to high temperatures (e.g., 316°C or higher).
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TEMPERATURE-RESISTANT SILICONE RESINS

FIELD

The disclosure relates generally to methods and formulations for high temperature-

resistant silicone resins.

BACKGROUND

A critical need exists for elastomers capable of performing in extreme thermal
environments. Silicone polymers represent a group of elastomers owing to their inherent
thermal and oxidative stabilities. Silphenylene siloxane polymers are known to be stable at
high temperatures. This is due in part to the presence of the rigid silphenylene moiety that
interferes with the siloxane redistribution reaction. Silphenylene siloxane polymers have been
synthesized and investigated by several research groups over the past several decades (see,
for example, Dvornic, P. R.; Lenz, R. W. High-Temperature Siloxane Elastomers; Huethig &
Wepf Verlag: New York, 1990).

For example, Hundley and Patterson (N.H. Hundley and W.J. Patterson,
“Formulation/Cure Technology for Ultra-High Molecular Weight Siphenylene-Siloxane
Polymers” NASA Technical Paper 2476 (1985)) studied certain derivatives of silphenylene-

siloxane (SPS) polymers having the formula shown below:

{%i—@—s:i—o—s:i—oi—n

The main obstacle to use of these polymers and related carborane derivatives is their inability
to be easily vulcanized to effect curing. Hundley and Patterson prepared derivatives of SPS
polymers, wherein a vinyl group substituent replaced a methyl substituent, giving the

modified SPS polymer formula shown below:
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The inclusion of the vinyl substituent in such SPS polymer derivatives considerably
improved curing by vulcanization. Importantly, such SPS polymer derivatives demonstrated
improved thermal and oxidative stabilities over extant commercial silicone resin polymer
formulations. Yet both elastomer formulations exhibited extensive degradation in mechanical

properties after being exposed to 288°C for 16 hr. (Id. at p. 10).

MacKnight and coworkers (U. Lauter ef al. “Vinyl-Substituted Silphenylene Siloxane
Copolymers: Novel High-Temperature Elastomers™ Macromolecules 32, 3426-3431 (1999))
prepared and studied SPS polymer formulations that included 30~70 percent vinyl

substitution as depicted by one exemplary formula shown below:

| N

N
{-s:i—©—sli—o—?i-o-éik-\o n

While these derivatives displayed greater thermal stability than prior formulations, the high
temperature limit for possible applications of these materials as fire-safe elastomers extends

to about 230 °C.

Homrighausen and Keller (C.L. Homrighausen and T.M. Keller, “High-Temperaturc
Elastomers from Silarylene-Siloxane- Diacetylene Linear Polymers,” J. Polym. Sci. Part A:
Polym. Chem. 40:88-94 (2002)) prepared and characterized linear silarylene-siloxane-

diacctylence polymers having the formula shown below:
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—[sli = sli—o—:?i—@—sli-o

where n = 1-3. Polymers that contain the vulcanizable acetylene moiety as part of the chain

-(s:i—o—s:i—©-s:i—o)ﬁ]?n

or as a pendant functional group are known in the art. In most cases, incorporation of the

acetylene group improves the thermal stability of the respective polymers. The increase in

thermal stability is believed to be due to generation of a cross-linked material. Yet elastomers

based upon these polymers began to exhibit significant weight loss after a couple of hours at

temperatures up to about 330 °C in air as determined by thermogravimetric analysis (TGA,

1d.).

Additional compounds include those having phosphorous as a substituent, for

example:

Poly[oxy(dimethylsilylene)], o,o'-
{phenyl- phosphinylidene)bis|m-
hydroxy-] (CAS 1342156-21-1)

HO[ Si @) -I P O Si ] OH
N
0
cl Poly[oxy[(2-chloroethyl)-
phosphinylidencjoxy(1,1,3,3-
[ tetramethyl-1,3-disiloxanediyl)]
o] P O——Si O—Si (9CT) (CAS 738622-48-5)
L] |,

——
o
oO—1v——0O0—
X

Phosphonic acid, (4-ethenylphenyl)-,
butoxydimethylsilyl methyl ester
(9CI) (CAS 151543-47-4)
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Phosphonic acid, dimethylsilylene
dimethyl ester (9CI) (CAS 125789-
09-5)

TXI

Poly[oxyphosphinylideneoxy-
(dimethylsilylene)-
oxyphosphinylideneoxy(methylphen
yl-silylene)] (9CI) (CAS 134027-33-

1y

O

| P ]
@)
oI
@]
w
—0

| PRI SE— |

n

O

Phosphonic acid, vinyl-, bimol cyclic
diphenylsilylene ester, polymers
(8CI) (CAS 29797-84-0)

Phosphonic acid, vinyl-, bimol.
cyclic dimethylsilylene ester,
polymers (8CI) (CAS 29797-83-9)
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Phosphonic acid, ethenyl-,
diphenylsilylene ester, homopolymer
(9CT) (CAS 29797-82-8)
o
oo —
a 1 |
on o Phosphonic acid, vinyL-,
| L e
/T

Most elastomeric polymers containing these species are also sensitive to thermal
degradation. For example, the first structure in the table (CAS 1342156-21-1) was used in the
preparation of polyester resins but their decomposition temperatures (5% weight loss Tsy,)

are all below 300°C, rendering them ill-suited for long-term use at such temperatures.

Commercially available silicone-based elastomeric materials, such as that exemplified
by room temperature vulcanized 60 (“RTV60”), lose their mechanical properties as they
decompose at operating temperatures (for example, 316°C) for a relatively short life span (for
example, a few hundred hours). Thus, there is still a need for elastomeric materials having

improved temperature stability, longevity and robust mechanical performance for prolonged

periods of time at high temperatures.
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BRIEF SUMMARY

In a first respect, a modified silicone resin of Formula (I) is disclosed:
T1 R3 T1
|
HO—Si«O—P%O——Si)jOH
| [n | mp
R, O R, m,

wherein R!, R%, and R*are each independently selected from a group consisting of H, alkyl,

alkenyl, alkynyl, and aryl; n ranges from 1 to 10; m ranges from 1 to 200; and p ranges from
2 to 1,000.

In a second respect, an elastomer formulation is disclosed. The elastomer formulation

includes at least one modified silicone resin of Formula (I):

Ff1 Rs *T1
|
HO—Si«O—P O—Si+OH
| | /n | m'p
Faz () F{2 (I)

wherein R', R% and R®are each independently selected from a group consisting of H, alkyl,
alkenyl, alkynyl, and aryl; n ranges from 1 to 10; m ranges from 1 to 200; p ranges from 2 to
1,000; and at least one metal oxide. The elastomer formulation may further include at least

one curing agent.

In one embodiment, there is provided a modified silicone resin of Formula (I).
'T1 Rs T1
HO—Sif{O—P%O—SiﬁOH
| [ [
FQQ C) FQQ (I)
R', R?, and R®may each independently selected from a group consisting of H, alkyl,

alkenyl, alkynyl, and aryl. nranges from 1 to 10, m ranges from 1 to 200, and p ranges from
2 to 1,000.
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The modified silicone resin may range from m ranges from 1 to 100; and p ranges

from 10 to 500.

RY, R% and R*may each independently selected from a group consisting of I, Cyg

alkyl, C,galkenyl, C,galkynyl, and aryl.

R! R? and R®may each inde endently selected from a group consisting of methyl,
y P p g y

ethyl, propyl, butyl, ethylenyl, propylenyl, butylenyl, acetylenyl, diacetylenyl, and aryl.

R!, R% and R® may cach independently selected from a group consisting of methyl,

phenyl, and vinyl.

The modified silicone resin may be selected from a group consisting of:

® | | |
HO——T«O—?;‘%O—SﬁijH
(ii)
HO—Si O—-P>~<O-S‘i OH
IR
i)
| |
HO—Sl«O—ﬁﬁO—SlﬁOH
® T T
HO s.{(o E”O Sl)j;OH
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(vii)
| ; -
HO—Si«O—P

(viil) ' (

n ranges from 1 to 10, m ranges from 5 to 100, and p ranges from 10 to 500.

Values for n, m and p may provide a compound of Formula (I) having a viscosity

ranging from about 500 cSt to about 10,000 cSt.
Ratio of n to m may range from about 1:1 to about 1:200.

In another embodiment, there is provided an elastomer formulation. The formulation

includes at least one modified silicone resin of Formula (I)

FF1 R3 IT1
|
Ho—Sif{o—P o—SiﬁOH
| | /n | 'mp
8
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RY, R?, and R? may each independently selected from a group consisting of H, alkyl,

alkenyl, alkynyl, and aryl. n ranges from 1 to 10, m ranges from 1 to 200, and p ranges from

2 to 1,000, at least one metal oxide, and at least one curing agent.

n may range from 1 to 3, m may range from 1 to 100, and p ranges from 10 to 500.

R!, R?, and R® may each independently selected from a group consisting of H, Cj.g

alkyl, C,galkenyl, C,.galkynyl, and aryl.

R!, R? and R® may each independently selected from a group consisting of methyl,

ethyl, propyl, butyl, ethylenyl, propylenyl, butylenyl, acetylenyl, diacetylenyl, and aryl.

R!, R? and R® may each independently selected from a group consisting of methyl,

phenyl, and vinyl.

The at least one modified silicone resin may include at least one of the following:

@ | | |
HO—Si+O—P41t0—Si OH
o-gitoh
(i)
HO—Si&O—@ﬁO——SiﬁOH
i)

¢

HO—S|1«O—P>-<O—S|i>jOH
Il /n D
o
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GV) Hogozﬁoi%jp%
(V) ©
Ho—s%{o—iﬁo—&ﬁw
(vii)
=
| f
Ho——s#o—ﬁﬁo—S’lmOH
= O
(viii) | l K
HO—Sl«O—iﬁ i O—S|i)ijH
= O

n may range from 1 to 10, m may range from 5 to 100, and p may range from 10 to

500.

The at least one metal oxide may include at least one of iron oxide, titanium oxide,

5  cerium oxide, zinc oxide, and zirconium oxide.

The at least one metal oxide may include at least one of iron oxide and titanium oxide.

The at least one metal oxide may have a particle diameter size ranging from about 1

nm to about 5 pm.

CA 3050429 2019-07-22
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Values for n, m and p may provide a compound of Formula (I) having a viscosity

ranging from about 500 cSt to about 10,000 cSt.
Ratio of n to m may range from about 1:1 to about 1:200.

The at least one modified silicone resin of Formula (I) may be present in an amount

5 ranging from about 5 weight-percent to about 95 weight-percent, the at least one metal oxide
may be present in an amount ranging from about 2 weight-percent to about 80 weight-percent.

The at least one curing agent may be present in an amount ranging from about 0.10 weight-

percent to about 10 weight-percent.

At least one modified silicone resin of Formula (II), wherein Formula (II) may

10 include at least one of each of the following subunits:

RB R1O
| |
O—S|i—X—Si—O
9 11
R R t .
R12
Sli
13
R Y: and
RB
|
9o
R7 .
15
RG, R7, RS, R9, Rm, R", R1? and RP may cach independently selected from a group
consisting of H, alkyl, alkenyl, alkynyl, and aryl, X may be sclected from a group consisting
of arylene, transition metal, inorganic oxide, and silsesquioxane. t may range from 1 to 10, y
may range from 1 to 200, and z ranges from 1 to 1,000.
20 t may range from 1 to 3, y may ranges from 1 to 100, and z may range from 10 to 500.

11
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R® R7, R® R?, RV, R", R and R may each independently selected from a group
consisting of H, C;j galkyl, Cygalkenyl, Cpgalkynyl, and aryl.

RS, R’, R®, R%, R RY, R", and RP may each independently selected from a group
consisting of methyl, ethyl, propyl, butyl, ethylenyl, propylenyl, butylenyl, acetylenyl,
diacetylenyl, and aryl.

R® R7, R®%, R’, R" R", R™, and R"™ may each independently selected from a group

consisting of methyl, phenyl, and vinyl.

The at least one modified silicone resin of Formula (I) may be present in an amount
ranging from about 5 weight-percent to about 95 weight-percent. The at least one metal oxide
may be present in an amount ranging from about 2 weight-percent to about 80 weight-percent,
and the at least one curing agent is present in an amount ranging from about 0.10 weight-

percent to about 10 weight-percent.

The elastomer formulation may include at least one of the following formulations:

Iron Curing
Formulation # FO: mula (I For(')mula () oxide agent
(% wiw) (Yo wiw) (% wiw) | (% wiw)
108 6 [Resin (i)] 49.5 [Resin (#2)] 44 0.5
111 5 [Resin (i)] 47 [Resin (#2)] 44 4

The iron oxide may include Fe;O3; having a particle size ranging from about 10 nm to
about 5 pum. The curing agent may be at least one of dibutyltin dilaurate,

tris(dimethylamino)methylsilane, and ethyltriacetoxysilane.
The elastomer formulation may include at least one silicate.

The at least one silicate may include at least one of ethyl silicate, methyl silicate,

1sopropyl silicate and butyl silicate.

The at least one modified silicone resin of Formula (I) may be present in an amount
ranging from about 5 weight-percent to about 95 weight-percent. The at least one metal oxide
may be present in an amount ranging from about 2 weight-percent to about 80 weight-percent.

The at least one silicate may be present in an amount ranging from 0 weight-percent to about

12
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25 weight-percent, and the at least one curing agent may be present in an amount ranging

from about 0.10 weight-percent to about 10 weight-percent.

The elastomer formulation may include at least one of the following formulations;

Iron Ethyl Curing
Formulation # F(E;m;l/:v?) Fo(l;}mlew()l D oxide Silicate agent
’ ¢ (% wiw) (% wiw) | (Y% wiw)
104 8 [Resin (ii)] 45 [Resin (#2)] 44 25 0.5
105 7 [(Resin (1)] 46 [Resin (#2)] 44 2.5 0.5

The iron oxide may include Fe,O3; comprising a particle size ranging from about 10
nm to about 5 um, the curing agent may be at least one of dibutyltin dilaurate,

tris(dimethylamino)methylsilane; and ethyltriacetoxysilane.
The elastomer formulation may include at least one silica.

The at least one silica may include at least one of fumed silica and functionalized

silica.

The at least one modified silicone resin of Formula (I) may be present in an amount
ranging from about 5 weight-percent to about 95 weight-percent, the at least one metal oxide
may be present in an amount ranging from about 2 weight-percent to about 80 weight-percent.
The at least one silica may be present in an amount ranging from greater than 0 weight-
percent to about 20 weight-percent. The at least one curing agent may be present in an

amount ranging from about 0.10 weight-percent to about 10 weight-percent.
The elastomer formulation may include at least one silicate, and at least one silica.

The at least one silicate may include at least one of ethyl silicate, methyl silicate,
isopropyl silicate and butyl silicate, and the at least one silica may include at least one of

fumed silica and functionalized silica.

The at least one modified silicone resin of Formula (I) may be present in an amount
ranging from about § weight-percent to about 95 weight-percent, the at least one metal oxide
may be present in an amount ranging from about 2 weight-percent to about 80 weight-percent,

and the at least one silicate may be present in an amount ranging from 0 weight-percent to

13
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about 25 weight-percent. The at least one silica may be present in an amount ranging from
greater than 0 weight-percent to about 20 weight-percent, and the at least one curing agent
may be present in an amount ranging from about 0.10 weight-percent to about 10 weight-

percent.

The elastomer formulation may be

: Iron Ethyl Curing
Formulation # F(();m;l/a §I) F()(l;/ml::;l“f)l D oxide Silicate ‘agent
o ww oV (% wiw) | (% wiw) | (% wiw)
115 55.7 [Resin (i)] 6.55 [Resin 27.11 1.96 (Ethyl 0.54
#2)] ' silicate);
8.14 (Si0,y)

The iron oxide may include Fe,O3 having a particle size ranging from about 0.5 um to
about 5 pm, and the curing agent may be at least one of dibutyltin dilaurate,

tris(dimethylamino)methylsilane; and ethyltriacetoxysilane.

In one embodiment, there is provided a modified silicone resin that is the reaction

product of: ‘
8 10
% K
HD*S'%-—XMAEF—OH Hofysli—o}H
R? RY . and R’ Y .

Each of R®, R7, R® R%, R, and R is independently selected from the group consisting of H,
alkyl, and aryl. X is arylene. y ranges from 1 to 200.

In another embodiment, there is provided a modified silicone resin of Formula (II):

RG R6 R8 R1 0 RG RG :

| | I | |
HO—EI‘:i<<0—8|i—O—Sli—X—SIi—O—SIia{O—S:i%OH

7 7 9 11
R R” R® R" R™ R'Yz

14
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R® R’ R®, R’, R, and R™ are each independently selected from a group consisting of H,
alkyl, and aryl. X is arylene. t ranges from 1 to 10, y ranges from 1 to 200, and z ranges from

1 to 1,000.

In another embodiment, there is provided a method of forming modified silicone resin.
The method involves forming a reaction mixture by introducing into a reaction vessel a

compound represented by formula (A):

RS ‘ R10

C 1
HO“\?P‘“‘X“ i—OH

R® R (A), and

introducing into the reaction vessel a compound represented by formula (D):

R®
|
HO{'Sli‘—O‘}H
y
R’ D).

Each of R6, R, Rs, R’ Rm, and R is independenﬂy selected from the group consisting of H,
alkyl, and aryl. X is arylene. y ranges from 1 to 200.

These and other features will become better understood from the description that

follows.

14a

CA 3050429 2020-03-25



10

15

20

25

DETAILED DESCRIPTION

The composition and methods now will be described more fully hereinafter. These
embodiments are provided in sufficient written detail to describe and enable a person having
ordinary skill in the art to make and use the claims, along with disclosure of the best mode

for practicing the claims, as defined by the claims and equivalents thereof.

Likewise, modifications and other embodiments of the methods described herein will
come to mind to one of ordinary skill in the art having the benefit of the teachings presented
in the foregoing descriptions. Therefore, it is to be understood that the disclosure is not to be
limited to the specific embodiments disclosed and that modifications and other embodiments
are intended to be included within the scope of the appended claims. Although specific terms
are employed herein, they are used in a generic and descriptive sense only and not for

purposes of limitation.

Unless defined otherwise, all technical and scientific terms used herein have the same
meaning as commonly understood by one of ordinary skill in the art. Although any methods
and materials similar to or equivalent to those described herein can be used in the practice or

testing of the claims, the exemplary methods and materials are described herein.

Moreover, reference to an element by the indefinite article "a" or "an" does not
exclude the possibility that more than one element is present, unless the context clearly
requires that there be one and only one element. The indefinite article "a" or "an" thus usually

means "at lcast one.”

The term "about" means within a statistically meaningful range of a value or values
such as a stated concentration, length, molecular weight, pH, time frame, temperature,
pressure or volume. Such a value or range can be within an order of magnitude, typically
within 20%, more typically within 10%, and even more typically within §% of a given value
or range. The allowable variation encompassed by "about" will depend upon the particular

system under study.

Abbreviations “Ph,” “Pr” and “Bu” refer to phenyl, propyl and butyl, respectively.

CA 3050429 2019-07-22
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2 113 EEAEY

The terms “substituent”, “radical”, “group”, “moiety” and “fragment” may be used

interchangeably.

The number of carbon atoms in a substituent can be indicated by the prefix “Cpp”

where A is the minimum and B is the maximum number of carbon atoms in the substituent.

The term “alkyl” embraces a linear or branched acyclic alkyl radical containing from
1 to about 15 carbon atoms. In some embodiments, alkyl is a Cq.19 alkyl, Cialkyl or Cy3

alkyl radical. Examples of alkyl include, but are not limited to, methyl, ethyl, propyl,

isopropyl, butyl, isobutyl, zerz-butyl, sec-butyl, pentan-3-yl (i.e., %J ) and the like.

The term "alkenyl" refers to an unsaturated, acyclic hydrocarbon radical with at least
one double bond. Such alkenyl radicals contain from 2 to about 15 carbon atoms. Non-

limiting examples of alkenyl include ethenyl (vinyl), propenyl and butenyl.

The term "alkynyl" refers to an unsaturated, acyclic hydrocarbon radical with at least
one triple bond. Such alkynyl radicals contain from 2 to about 15 carbon atoms. Non-

limiting examples of alkynyl include ethynyl, propynyl and propargyl.

The verb forms of “comprise,” “have” and “include,” have the same meaning as used
herein, Likewise, the verb forms of “describe”, “disclose” and “provide” have the same

meaning as used herein.

The term “aryl” refers to any monocyclic, bicyclic or tricyclic cyclized carbon radical,
wherein at least one ring is aromatic. An aromatic radical may be fused to a non-aromatic

cycloalkyl or heterocyclyl radical. Examples of aryl include phenyl and naphthyl.

The term “arylene” refers to a bivalent radical (as phenylene) derived from an
aromatic hydrocarbon by removal of a hydrogen atom from each of two carbon atoms of the

nucleus.

The term “transition metal,” comprising the plural form thereof, refers to any element
of
d-block of the periodic table. Exemplary elements of a transition metal include those having

atomic numbers 21 through 30, 39 through 48, 71 through 80, and 103-112.
16
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The term “metal oxide” refers to a compound having a metal-oxygen bond, wherein
oxygen has an oxidation number of -2. Exemplary metal oxides include sodium oxide,
magnesium oxide, calcium oxide, aluminum oxide, lithium oxide, silver oxide, iron (IT) oxide,
iron (III) oxide, chromium (VI) oxide, titanium (IV) oxide, copper (I) oxide, copper (II)

oxide, zinc oxide, and zirconium oxide.

The term “inorganic oxide” refers to a compound formed between a non-carbon
element and oxygen. Exemplary inorganic oxides include metal oxides, silicone oxide,

phosphate oxide, and borate oxide, among others.

The term “silica” refers to a compound consisting essentially of silicon dioxide and

includes the formula SiOa.

The term “silicate” refers to a compound that includes an anionic silicon compound.
Exemplary silicates include ethyl silicate, methyl silicate, isopropyl silicate and butyl silicate,

among others.

The term “silsesquioxane” refers to an organosilicon compound with the empirical
chemical formula RSiOj3,; where Si is the element silicon, O is oxygen and R is, for example,
hydrogen, alkyl, alkene, aryl, or arylene group. The term “silsesquioxane” includes cage
structures in which the units form a cage of n units in a designated T, cage; partially caged
structures, in which the aforementioned cages are formed but lack complete connection of all
units in the cage; ladder structures in which two long chains composed of RSiOj35; units are
connected at regular intervals by Si-O-Si bonds; and random structures which include

RSi03/, unit connections without any organized structure formation.

The term “partially caged silsesquioxane” denotes a radical having the general

formula:

i—0
/
o'l  oH
R\ // O /R O/;§%
Si—O+1-Si |
| R-SiH0—si_
O o O g R
o/
/SI—O_SI\
R R
17
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The terms “compound,” “resin compound,” and “modified silicone resin” are used

interchangeably and have the same meaning when referring to Formulas (I) and (II).

The phrase “neat formulation” refers to a formulation consisting of a defined
composition of specified components, wherein the total amount of the specified components
of the defined composition sums to 100 weight-percent. A person of ordinary skill in the art
will recognize that not all formulations are “neat formulations,” as a formulation can
comprise a defined composition of specified components, wherein the total amount of the
specified components of the defined composition sums to less than 100 weight-percent and a
remainder of the formulation comprises other components, wherein the total amount of the
specified components of the defined composition and the remainder sums to 100 weight-
percent. The clastomer formulations disclosed herein sum to 100 weight-percent of the total

amount of specified components and other components.

The chemical structures described herein are named according to IUPAC
nomenclature rules and include art-accepted common names and abbreviations where
appropriate. The ITUPAC nomenclature can be derived with chemical structure drawing
software programs, such as ChemDraw® (PerkinElmer, Inc.), ChemDoodle® (iChemlLabs,
LLC) and Marvin (ChemAxon Ltd.). The chemical structure controls in the disclosure to the
extent that an JUPAC name is misnamed or otherwise conflicts with the chemical structure

disclosed herein.
Modified silicon resins

New modified silicone resins and methods for their preparation and application are
disclosed that provide unexpectedly superior thermal resistance and long-life operating
characteristics as elastomers at high temperatures (c.g., 316 °C). The resins incorporate
benzene, phosphorous or other species into silicone backbones or side chains and produce
modified silicone resins. The resins can be used to prepare elastomer formulations having
improved thermal resistance for high temperature (for example, greater than 316 °C)

applications.

As detailed below, the new modified silicone resins may offer advantages over prior

art silicone-based polymers used in high-temperature elastomeric resin applications. First, the
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resins may have demonstrable improved thermal performance. Second, tunable resins can be
produced with controlled and desired molecular weights or viscosities, thereby enabling their
use in formulations with other components. Third, o,0-hydroxyl-terminated groups can be
generated as the terminal groups of siloxane resins so that they can be readily polymerized by
common curing technologies (e.g., condensation curing using dibutyltin dilaurate, dibutltin
octoate, efc). Fourth, different reactions with diverse structural choices can be used to
produce various types of silicone modifications and material formulations. Fifth, the
disclosed resins remove thermally weak fragments, demonstrating the unexpectedly superior
robust mechanical and thermal properties. These and other features of the new modified

silicone resins and the methods directed thereto are more fully described below.

In a first aspect, a modified silicone resin of Formula (I) is described:

F|<1 Rs F‘ﬁ
|
HO—Si«O—P)—éO—Si)jOH
| || | m'p
R> O R 8y

wherein R', R%, and R? are each independently selected from a group consisting of H,

alkyl, alkenyl, alkynyl, and aryl;
n ranges from 1 to 10;
m ranges from 1 to 200; and
p ranges from 2 to 1,000.

In some aspects, a modified silicone resin of Formula (I) includes narrower ranges for
n, m and p than provided above, wherein n ranges from 1 to 3; m ranges from 1 to 100; and p

ranges from 10 to 500.

In certain aspects, a modified silicone resin of Formula (I) is described, wherein R,

R?, and R® each being independently selected from a group consisting of H, Cy.galkyl, Ca.s

alkenyl, C,¢ alkynyl, and aryl. In certain aspects, a modified silicone resin of Formula (I)

wherein R', R%, and R? each being independently selected from a group consisting of methyl,

ethyl, propyl, butyl, ethylenyl, propylenyl, butylenyl, acetylenyl, diacetylenyl, and aryl. In
19
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certain aspects, a modified silicone resin of Formula (I) specify R!, R% and R® each being
independently selected from a group consisting of methyl and phenyl. In each of the
foregoing aspects, the modified silicone resin include narrow ranges for n, m and p, wherein

n ranges from 1 to 3; m ranges from 1 to 100; and p ranges from 10 to 500.

In one aspect, a modified silicone resin of Formula (I) is provided, wherein values for
n, m and p to provide a compound of Formula (X) having a viscosity ranging from about 500

¢St to about 10,000 ¢St.

In one aspect, a modified silicone resin of Formula (I) is provided, wherein a ratio of

n to m ranges from about 1:1 to about 1:200.

In another aspect, a modified silicone resin of Formula (I) is provided, wherein n
ranges from 1 to 5; m ranges from 1 to 100; and p ranges from 2 to 500. In another aspect, a
modified silicone resin of Formula (I) is provided, wherein n ranges from 1 to 3; m ranges
from 5 to 10; and p ranges from 2 to 100. In another aspect, a modified silicone resin of
Formula (I) is provided, wherein n ranges from 1 to 10; m ranges from 5 to 100; and p ranges

from 10 to 500.

Examples of modified silicone resins of Formula (I) are listed in Table I; wherein

values for n, m, and p are as described above.

Table 1. Exemplary Resins of Formula (I)

@)

HOS’i‘«O——}LﬁO—S‘iﬁOH
AT

(i)

| |
HO—S’%{O—Iﬁt{O—SﬁjOH

o p
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(iii)

(iv)

)

(vii)
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(viii)
o
HO—Si+{+O—P-1+0—Si OH
)'« Ik |');}p
P @)

In another aspect, a modified silicone resin of Formula (IT) having one of

compositions (a)-(c) is described:

(a) a composition of Formula (II) comprising at least one of each of the following

subunits:

RB R1O
]
O—‘Sli-—X—Si—O

RG

|
5%
R7

E

(b) a composition of Formula (II) comprising:
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R6, 12 RS, 12 R8 R1O RG, 12 R6, 12

| | | | | |
HO—S|i\L<O—Si—O——SIi——X—S|i—O—Si>¥<O—S|,i OH
y/z
7,13 7,13 9 11
R R R R R7. 13 R7.13 an

or

(c) a composition of Formula (IT) made by a process comprising:

R8 R10 R12

FFG
| | .
HO—Si— X—Si—OH y—gin” +-si—0—}H
| | / L.\ |
contacting R® R R' and R’ in

> k-

presence of an organic solvent;

wherein R®, R7, R®, R®, R, R", R' and R" are each independently selected from a group
consisting of H, alkyl, alkenyl, alkvnyl, and aryl; X is selected from a group consisting of

arylene, transition metal, inorganic oxide, and silsesquioxane; and

t ranges from 1 to 10; y ranges from 1 to 200; and z ranges from 1 to 1,000 for compositions

(a) or (b) of Formula (II).

In another aspect, a modified silicone resin of Formula (II) is described, wherein RS,
R7, RS, R®, R!® R R and R are each independently selected from a group consisting of
H, Cyigalkyl, Cygalkenyl, Cagalkynyl, and aryl. In another aspect, a moditied silicone resin
of Formula (II) is described, wherein R6, R’, RS, R9, Rlo, R“, R and R® are each
independently selected from a group consisting of methyl, ethyl, propyl, butyl, ethylenyl,
propylenyl, butylenyl, acetylenyl, diacetylenyl and aryl. In another aspect, a modified
silicone resin of Formula (II) is described, wherein R® R7, R® R’, R', and R" are each
independently selected from a group consisting of methyl and phenyl; and R" and R" are
cach independently selected from a group consisting of methyl, ethyl, propyl, butyl, ethylenyl,
propylenyl, butylenyl, acetylenyl, diacetylenyl, and aryl.
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I[n another aspect, a modified silicone resin of Formula (II) is described, wherein t

ranges from 1 to 3; y ranges from 5 to 10; and z ranges from 1 to 100.

In another aspect, a modified silicone resin of Formula (IT) is described, wherein ratio

of t to y ranges from about 1:1 to about 1:200.

Exemplary substituents X of Formula (II) for arylenes, transition metals, inorganic

oxides, and silsesquioxanes are illustrated below in Table II.
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Accordingly, exemplary modified silicone resins of Formula (II) are listed in Table

I1T:

Table II1. Exemplary Modified Silicone Resins of Formula (II).

Resin X RO R"
(1) R55\Si/R56 CH3 R55-56 — CH3
oo
@) A Cl; R = Phenyl
1
o ot
3) g i > % CH;
R¥M=CH;
4) é;@_% RS7Z13 _ oy,
Vinyl
R¥! = CH;
Q) §—< >—§ ROT213 _ oy,
Vinyl, Phenyl
R23 R24
9) S Cll3 R®, R* = OPr
oo
R21 R22
(10) N CH; R¥' R? = OBu
o o]
R25
1n | CH; R = Phenyl
=0 o
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Resin X R&T3 R”

T A

/
rs O | oH /L%?
12) \SI{_ O%)— SI/Rsso CH; R3238

l R37-S|*é—05—/8|\ %

= CH3;

(13) Nl olsi CH; R* = Phenyl

(14) o CH; R4 = CH,

\ / N 4954 _
i CH R H;
as) % O/Sfl 3 =C

* Where more than one substituent is identified in Table III for R®" (that is, for Resins #4
and #5), each of R may be independently selected from those substituents.

Modified silicone resins of Formula (I) and/or Formula (II) can be characterized for

their molecular structure/composition by UV-Visible spectroscopy (UV-Vis), Infrared

spectroscopy (IR), nuclear magnetic resonance spectroscopy (NMR), and elemental analysis;
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for their molecular weight by gel permeation chromatography (GPC), and for their viscosity

by viscometer or rheometer.

A modified silicone resin, as used herein, denotes a resin where at least one member of
the resin backbone or side chains is replaced with a phosphorous group (as in Formula (I)) or
an “X” moiety (as in Formula (II)). Without the claimed subject matter being bound by any
particular theory, these structural units are expected to disrupt the degradation mechanism of

siloxane materials at high temperatures.
Elastomer Formulations Comprising Modified Silicon Resin(s)

In another aspect, an elastomer formulation comprises at least one modified silicone

resin of Formula (I):
'T1 R3 ’T1
|
HO—Si(—GO-—-—P%O—SiﬁOH
| | | mp
R, O R,

wherein R!, R?, and R® are each independently selected from a group consisting of H, alkyl,

@

alkenyl, alkynyl, and aryl;

n ranges from 1 to 10;

m ranges from 1 to 200; and

p ranges from 2 to 1,000;
optionally, at least one silicate;
optionally, at least one silica;
at least one metal oxide; and
at least one curing agent.

In one aspect of an elastomer formulation comprising at least one modified silicone

resin of Formula (I), m ranges from 1 to 100; and p ranges from 10 to 500.

In one aspect of an elastomer formulation comprising at least one modified silicone

resin of Formula (I), R', R?, and R*are each independently selected from a group consisting of
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H, Cysalkyl, Cag alkenyl, Ca alkynyl, and aryl. In one aspect of an elastomer formulation
comprising at least one modified silicone resin of Formula (I), R!, R? and R® arc each
independently selected from a group consisting of methyl, ethyl, propyl, butyl, ethylenyl,
propylenyl, butylenyl, acetylenyl, diacetylenyl, and aryl. In one aspect of an elastomer
formulation comprising at least one modified silicone resin of Formula (I), R!, R%, and R? are
each independently selected from a group consisting of methyl and phenyl. In these foregoing

aspects, m ranges from 1 to 100; and p ranges from 10 to 500.

In one aspect of an elastomer formulation comprising at least one modified silicone
resin of Formula (I), wherein n ranges from 1 to 16, m ranges from 1 to 100, and p ranges
from 10 to 500, the at least one modified silicone resin comprises at least one of the species

selected from Table 1.

In one aspect of an elastomer formulation comprising at least one modified silicone
resin of Formula (I), the at least one metal oxide comprises at least one of iron oxide (for
example, FeO, Fe;O3 and Fe30y), titanium oxide (for example, TiO,), cerium oxide (for
example, Ce0,), zinc oxide (for example, ZnO), and zirconium oxide (for example, ZrO3). In
one aspect, the at least one metal oxide comprises at least one of iron oxide (for example, FeO,

Fe;03 and Fe30y), and titanium oxide (for example, TiO3).

In one aspect of an elastomer formulation comprising at least one modified silicone
resin of Formula (I), values for n, m and p provide a compound of Formula (I) having a

viscosity ranging from about 500 ¢St to about 10,000 cSt.

In one aspect of an elastomer formulation comprising at least one modified silicone

resin of Formula (1), a ratio of n to m ranges from about 1:1 to about 1:200.

In one aspect of an elastomer formulation comprising at least one modified silicone
resin of Formula (I), the at least one modified silicone resin of Formula (I) is present in an
amount ranging from about § weight-percent to about 95 weight-percent; the at least one metal
oxide is present in an amount ranging from about 2 weight-percent to about 80 weight-percent;
and the at least one curing agent is present in an amount ranging from about (.10 weight-

percent to about 10 weight-percent.
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In another aspect, an elastomer formulation comprising a modified silicone resin of
Formula (I) is provided, wherein n ranges from 1 to 5, m ranges from 1 to 100, and p ranges
from 2 to 500. In another aspect, the clastomer formulation comprises a modified silicone
resin of Formula (I), wherein n ranges from 1 to 3; m ranges from 5 to 10; and p ranges from

10 to 500.

In another aspect, an elastomer formulation comprising a modified silicone resin of
Formula (I) is provided, wherein the at least one metal oxide can have a particle diameter size
ranging from, for example, about 1 nanometer to about § micrometers, from about 25
nanometers to about 2 micrometers, and/or from about 50 nanometers to about 500

nanometers.

In another aspect, an elastomer formulation comprising a modified silicone resin of
Formula (I) is provided, wherein the at least one silicate is at least one of ethyl silicate, methyl

silicate, isopropyl silicate, or butyl silicate.

In another aspect, an elastomer formulation comprising a modified silicone resin of
Formula (I) is provided, wherein the at least one silica can be fumed silica, functionalized

silica, among others.

In another aspect, an elastomer formulation comprising a modified silicone resin of

Formula (I) is provided, wherein the modified silicone resin is selected from Table 1.

In another aspect, an elastomer formulation comprising a modified silicone resin of

Formula (I) is provided, wherein values for n, m and p provide a compound of Formula (I)

comprising a viscosity ranging from about 500 ¢St to about 10,000 cSt.

In another aspect, the elastomer formulation comprises a modified silicone resin of

Formula (I), wherein ratio of n to m ranges from about 1:1 to about 1:200.

In another aspect, elastomer formulations comprising the following compositions are
provided: (a) the compound of Formula (I) present in an amount ranging from about § weight-
percent to about 95 weight-percent; (b) at least one metal oxide present in an amount ranging
from about 2 weight-percent to about 80 weight-percent; (c) optionally at least one silicate
present in an amount ranging from about 0 weight-percent to about 25 weight-percent; (d)

optionally at least one silica present in an amount ranging from about 0 weight-percent to
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about 20 weight-percent; (e) at least one curing agent present in an amount ranging from about

0.10 weight-percent to about 10 weight-percent.

In another aspect, an elastomer formulation comprising at least one modified silicone

resin of Formula (II) having one of compositions (a)-(c) is described:

5 (a) a composition of Formula (II) comprising at least one of each of the following
subunits:
R8 R1O
O——S:i—X—S|i—O

RY R ',
R12
s:,i
R Y and
R6

|
s—o);
R’ :

10
(b) a composition of Formula (II) comprising:
R6, 12 RG, 12 R8 R10 R6, 12 RB, 12
| | | | | |
HO—SIi&o—sli——O—S'i—X—SI,i—O—Slik{O—SIi)—}OH
Y’z
7,13 7,13 9 11

R R R R R7. 13 R7.13 an

15 or

(¢) acomposition of Formula (II) made by a process comprising:
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R® R10 R6

R12
| | ¥
HO—gi—X—gi—OH \/N~s:i—N< —ﬁslu—oﬁ-H
contacting R® R , R'3 , and R’ in

presence of an organic solvent;

wherein R®, R7, R®, R?, RY, R"", R™ and R" are each independently selected from a group
consisting of H, alkyl, alkenyl, alkynyl, and aryl; X is selected from a group consisting of

arylene, transition metal, inorganic oxide, and silsesquioxane; and

t ranges from 1 to 10; y ranges from 1 to 200; and z ranges from 1 to 1,000 for compositions

(a) or (b) of Formula (II);
optionally, at least one silicate;
optionally, at least one silica;
at least one metal oxide; and
at least one curing agent.

In another aspect, an elastomer formulation comprising a modified siliconc resin of
Formula (IT) is provided, wherein R® R, R8, Rg, RIO, RY Ru, and R' are each independently
selected from a group consisting of H, Cy.galkyl, Cagalkenyl, Cy.galkynyl, and aryl. In another
aspect, an elastomer formulation comprising a modified silicone resin of Formula (II) is
provided, wherein RG, R’, Rs, Rg, Rw, R”, R'? and R'? are each independently selected from a
group consisting of methyl, ethyl, propyl, butyl, ethylenyl, propylenyl, butylenyl, acetylenyl,
diacetylenyl and aryl. In another aspect, an elastomer formulation comprising a modified
silicone resin of Formula (II) is provided, wherein RS, R7, R®, R%, R", and R are each
independently selected from a group consisting of methyl and phenyl; and R"™ and R" arc
each independently selected from a group consisting of methyl, ethyl, propyl, butyl, ethylenyl,
propylenyl, butylenyl, acetylenyl, diacetylenyl, and aryl.

In another aspect, an elastomer formulation comprising a modified silicone resin of

Formula (II) is provided, wherein t ranges from 1 to 5; y ranges from 1 to 100; and z ranges
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from 1 to 1000. In another aspect, an elastomer formulation comprising a modified silicone
resin of Formula (IT) is provided, wherein t ranges from 1 to 3; y ranges from § to 100; and z

ranges from 10 to 500.

In another aspect, an elastomer formulation comprising a modified silicone resin of
Formula (II) is provided., wherein the at least one metal oxide can be selected from, for
example, at lcast one of iron oxide (for example, FeO, Fe,O3 and Fe304), titanium oxide (for
example, Ti0,), cerium oxide (for example, CeO,), zinc oxide (for example, ZnO), and
zirconium oxide (for example, ZrQ,). In another aspect, an elastomer formulation comprising
a modified silicone resin of Formula (II) is provided, wherein the at least one metal oxide is
selected from at least one of iron oxide (for example, FeO, Fe,O3; and Fe3Oy), and titanium

oxide (for example, TiO,).

In another aspect, an elastomer formulation comprising a modified silicone resin of
Formula (II) is provided, wherein the at least one metal oxide can have a particle diameter size
ranging from, for example, about 1 nanometer to about § micrometers, from about 25
nanomelers o about 2 micrometers, and/or from about S0 nanometers to about 500

nanometers.

In another aspect, an elastomer formulation comprising a modified silicone resin of
Formula (II) is provided, wherein the optional at least one silicate is at least one of ethyl

silicate, methyl silicate, isopropyl silicate, or butyl silicate.

In another aspect, an elastomer formulation comprising a modified silicone resin of
Formula (IT) is provided, wherein the optional at least one silica can be fumed silica,

functionalized silica, among others.

In another aspect, an elastomer formulation comprising a modified silicone resin of

Formula (IT) is provided, wherein the modified silicone resin is selected from Table II1.

In another aspect, an elastomer formulation comprising a modified silicone resin of
Formula (II) is provided, wherein values for t, y and z provide a compound of Formula (II)

comprising a viscosity ranging from about 500 ¢St to about 10,000 cSt.

In another aspect, an clastomer formulation comprising a modificd silicone rcsin of

Formula (IT) is provided, wherein ratio of n to m ranges from about 1:1 to about 1:200.
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In another aspect, elastomer formulations comprising the following compositions are
provided: (a) a modified silicone resin of Formula (II) present in an amount ranging from
about 5 weight-percent to about 95 weight-percent; (b) at least one metal oxide present in an
amount ranging from about 2 weight-percent to about 80 weight-percent; (c) optionally at least
one silicate present in an amount ranging from about 0 weight-percent to about 25 weight-
percent; (d) optionally at least one silica present in an amount ranging from about 0 weight-
percent to about 20 weight-percent; (e) at least one curing agent present in an amount ranging

from about 0.10 weight-percent to about 10 weight-percent.

In another aspect, an elastomer formulation comprising a modified silicone resin of

Formula (II) is selected from Formulations #109, #110, and ##116-124:

Formulation # | Starting Resin” Starting Resin’ Iron oxide’ Curin§
(% wiw) (% wiw) (% wiw) agent
(% wiw)
109 50" (Resin (2)) 45 5()
110 59 (Resin (2)) 36 5
116 24.7 (Resin (1)) 24.7 (Resin (1)) 43 (TiOy) 7.6 (¢)
117 25.5 (Resin (1)) 25.5 (Resin (1)) 43 6(c)
118 49.5 (Resin (1)) 42.5 0.5 (a),
7.5 (¢)
119 62.95 (Resin (1)) 34 .55 2.5(c)
120 73.5 (Resin (1)) 25 1.5(b)
121 32.25 (Resin (1)) | 32.25 (Resin (1)) 33 2.5 (b)
122 32 (Resin (1)) 32 (Resin (1)) 33 (Ti0y) 3(b)
123 29 (Resin (1)) 29 (Resin (1)) 27,12 (TiOy) R1O)
124 61 (Resin (2)) 24,12 (Ti0y) 3

"Numerical valucs represent weight-percent contribution of component to elastomer
formulation.

2Starting resin(s) correspond to those resins having the structure presented in Table ITL.

3ron oxide at the weight-percent contribution in the elastomer formulation is presented. When
TiO; replaces the iron oxide in the clastomer formulation, then only the weight-percent
contribution of TiO; is presented (e.g., Formulations 116 and 122). When TiO; supplements
the iron oxide in the elastomer formulation, then the first weight-percent contribution reflects
that of iron oxide and the second weight-percent contribution reflects that of TiO; (e.g.,
Formulations 123 and 124).

4Curing agents: a — dibutyltin dilaurate; b - tris(dimethylamino)methylsilane; c-
ethyltriacetoxysilane
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In another aspect, an elastomer formulation comprising a modified silicone resin of
Formula (II) is described, further comprising at least one silicate. The at least one silicate
comprises at least one of ethyl silicate, methyl silicate, isopropyl silicate and butyl silicate. In
these aspects, R® R’ Rs, R’ R R" R' and R of Formula (IT) are each independently
selected from a first group consisting of H, alkyl, alkenyl, alkynyl, and aryl; a second group
consisting of H, C; g alkyl, C,g alkenyl, C,4 alkynyl, and aryl; a third group consisting of
methyl, ethyl, propyl, butyl, ethylenyl, propylenyl, butylenyl, acetylenyl, diacetylenyl and
aryl; and a fourth group consisting methyl and phenyl. In these aspects, an elastomer
formulation comprising a modified silicone resin of Formula (II) and at least one silicate is
provided, wherein R® R, R8, R’, R and RM are each independently selected from a group
consisting of methyl and phenyl; and R and R® are each independently selected from a
group consisting of methyl, ethyl, propyl, butyl, ethylenyl, propylenyl, butylenyl, acetylenyl,
diacetylenyl, and aryl.

In another aspect, an elastomer formulation comprising a modified silicone resin of
Formula (II) having R®, R7, R®, R, RY R!" R! and R'® each being independently selected
from a group consisting of methy! and phenyl and further comprising at least one silicate are
provided, wherein the at least one modified silicone resin of Formula (II) is present in an
amount ranging from about § weight-percent to about 95 weight-percent; the at least one metal
oxide is present in an amount ranging from about 2 weight-percent to about 80 weight-percent;
the at least one silicate is present in an amount ranging from 0 weight-percent to about 25
weight-percent; the at least one silica present in an amount ranging from about 0 weight-
percent to about 20 weight-percent; and the at least one curing agent is present in an amount

ranging from about 0.10 weight-percent to about 10 weight-percent.

In another aspect, an elastomer formulation comprising a modified silicone resin of

Formula (II) is selected from Formulations #102, #106, #107, ##112-114, #125 and #126:
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Formulation # | Starting Resin’ | Iron oxide® Ethyl Curing
(% wiw) (% wiw) silicate? agent5

(Yo wiw) | (Y% wiw)
102 52 (Resin (2)) 45 25 0.5
106 49.5 (Resin (2)) 45 5 0.5
107 50.5 (Resin (2)) 45 4 0.5
112 52.5 (Resin (1)) 45 2 05
113 49.5 (Resin (1)) 45 5 0.5
114 52 (Resin (1)) 45 2.5 0.5
125 58.5 (Resin (2)) 36 (110y) 5 0.5
126 58.5 (Resin (2)) | 24, 12 (TiOy) 5 0.5

™Numerical values represent weight-percent contribution of component to elastomer
formulation.

2Starting resin(s) correspond to those resins having the structure presented in Tablelll.

3Iron oxide at the weight-percent contribution in the elastomer formulation is presented. When
TiO, replaces the iron oxide in the elastomer formulation, then only the weight-percent
contribution of TiO; is presented (e.g., Formulation 125). When TiO; supplements the iron
oxide in the elastomer formulation, then the first weight-percent contribution reflects that of
iron oxide and the second weight-percent contribution reflects that of TiO, (e.g., Formulation
126).

4Ethyl silicate at the weight-percent contribution in the elastomer formulation is presented.
3Dibutyltin dilaurate

In another aspect, an elastomer formulation comprising a modified silicone resin of
Formula (IT) is described, further comprising at least one silica. In some aspects, the at least
one silica comprises at least one of fumed silica and functionalized silica. In these aspects, R,
R", R® R’ R R R'" and R" of Formula (II) are each independently selected from a first
group consisting of H, alkyl, alkenyl, alkynyl, and aryl; a second group consisting of H, Ci3
alkyl, C, alkenyl, Cy alkynyl, and aryl; a third group consisting of methyl, ethyl, propyl,
butyl, ethylenyl, propylenyl, butylenyl, acetylenyl, diacetylenyl and aryl; and a fourth group
consisting methyl and phenyl. In these aspects, an elastomer formulation comprising a
modified silicone resin of Formula (II) and at least one silicate is provided, wherein R¢, R’ R,
R’, R", and R" are each independently selected from a group consisting of methyl and
phenyl; and R'* and R" arc cach independently selected from a group consisting of methyl,

ethyl, propyl, butyl, ethylenyl, propylenyl, butylenyl, acetylenyl, diacetylenyl, and aryl.
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In another aspect, an elastomer formulation comprising a modified silicone resin of
Formula (II) having RS R7, R® R, R R!! R'% and R® each being independently selected
from a group consisting of methyl and phenyl, and further comprising at least one silica
selected from least one of fumed silica and functionalized silica is provided, wherein the at
least one modified silicone resin of Formula (II) is present in an amount ranging from about 5
weight-percent to about 95 weight-percent; the at least one metal oxide is present in an amount
ranging from about 2 weight-percent to about 80 weight-percent; the at least one silica is
present in an amount ranging from 0 weight-percent to about 20 weight-percent; and the at
least one curing agent is present in an amount ranging from about 0.10 weight-percent to about

10 weight-percent.

In another aspect, an elastomer formulation comprising a modified silicone resin of
Formula (II) is described, wherein RG, R7, R8, R9, Rm, R", Rlz, and R¥ are each
independently selected from a group consisting of methyl and phenyl, and wherein the

elastomer formulation further comprises at least one silicate and at least one silica.

In another aspect, an elastomer formulation comprising a modified silicone resin of
Formula (II) is described, wherein R, R7, R R’ R R!Y R™ and R are each
independently selected from a group consisting of methyl and phenyl, and further comprising
at lcast onc silicatc and at lcast one silica, wherein the at least one silicate comprises at least
one of ethyl silicate, methyl silicate, isopropyl silicate and butyl silicate and the at least one

silica comprises at least one of fumed silica and functionalized silica.

In another aspect, an elastomer formulation comprising a modified silicone resin of
Formula (IT) is described, wherein R, R7, R} R, R RY R™ and R are each
independently selected from a group consisting of methyl and phenyl, and further comprising
at least one silicate comprising at least one of ethyl silicate, methyl silicate, isopropy! silicate
and butyl silicate and at least one silica comprising at least one of fumed silica and
functionalized silica, wherein the at least one modified silicone resin of Formula (IT) is present
in an amount ranging from about 5 weight-percent to about 95 weight-percent; the at least one
metal oxide is present in an amount ranging from about 2 weight-percent to about 80 weight-
percent; the at least one silicate is present in an amount ranging from 0 weight-percent to

about 25 weight-percent; the at least one silica is present in an amount ranging from 0 weight-
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percent to about 20 weight-percent; and the at least one curing agent is present in an amount

ranging from about 0.10 weight-percent to about 10 weight-percent.

In another aspect, an elastomer formulation comprises at least one modified silicone

resin of Formula (I):

R, R Fl<1
|
HO—Sl«O—P O—SiﬁOH
|/ | 'mlp
5 Ro O Rz M

and at least one modified silicone resin of Formula (II) having one of compositions (a)-(c):

(a) a composition of Formula (II) comprising at least one ot each of the following

subunits:
R8 R10
O“—S{i'—X—Si—O

RO R11 ',
R12
s:,i

10 RY Y; and

RS

|
g%
R’ :

b

(b) a composition of Formula (II) comprising:
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R6. 12 RS. 12 R8 R1O R6, 12 RS6. 12

A

| | | | | |
HO—S|i{éO—SIi—O—SIi—X—Sl’i—O—Si>E<O—Si OH
y
R?, 13 R7, 13 R9 R11 R7' 13 R7’ 13

dn
or

(¢) acomposition of Formula (II) made by a process comprising:

8 10 6
AN
HO—Si— X—Si—OH “y—din” +-si—0H
l N |
contacting R® R , R .and R’ in

5  presence of an organic solvent;

wherein R', R%, R®, R®, R”, R®, R?, R'’, RM, R"? and R" are each independently selected from
a group consisting of H, alkyl, alkenyl, alkynyl, and aryl; X is selected from a group consisting

of arylene, transition metal, inorganic oxide, and silsesquioxane; and

t ranges from 1 to 10; y ranges from 1 to 200; and z ranges from 1 to 1,000 for compositions

10 (a) or (b) of Formula (II).
optionally, at least one silicate;
optionally, at least one silica;
at least one metal oxide; and
at least one curing agent.

15 In another aspect, an elastomer formulation comprising a modified silicone resin of

Formula (I) and Formula (IT) is provided, wherein R', R*, R?, R®, R7, R®, R®, R", R, R"? and

R" are each independently selected from a group consisting of methyl, ethyl, propyl, butyl,
ethylenyl, propylenyl, butylenyl, acetylenyl, diacetylenyl and aryl.

In another aspect, an elastomer formulation comprising a modified silicone resin of

20 Formula (I) and Formula (II) is provided, wherein Rl, RZ, R3, Rﬁ, R7, RS, R9, RIO, and R!! arc

each independently selected from a group consisting of methyl and phenyl; and R' and R"
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are each independently sclected from a group consisting of methyl, cthyl, propyl, butyl,
ethylenyl, propylenyl, butylenyl, acetylenyl, diacetylenyl, and aryl.

In another aspect, an clastomer formulation comprising a modified silicone resin of
Formula (I) and Formula (II) is provided, wherein n ranges from 1 to §; m ranges from 1 to
200; p ranges from 2 to 1000; and wherein t ranges from 1 to §; y ranges from 1 to 200; and z
ranges from 2 to 1000. In another aspect, an elastomer formulation comprising a modifted
silicone resin of Formula (I) and Formula (II) is provided, wherein n ranges from 1 to 3; m
ranges from 1 to 100; and p ranges from 10 to 500; and wherein t ranges from 1 to 3; y ranges
from 1 to 100; and z ranges from 10 to 500. In another aspect, an elastomer formulation
comprising a modified silicone resin of Formula (I) and Formula () is provided, wherein n
ranges from 1 to 3, m ranges from § to 100; and p ranges from 10 to 300, and wherein t ranges

from 1 to 3; y ranges from 5 to 100; and z ranges from 10 to 300.

In another aspect, an elastomer formulation comprising a modified silicone resin of
Formula (I) and Formula (ID) is provided, wherein R', R?, and R? are each independently
selected from a group consisting of H, alkyl, alkenyl, alkynyl, and aryl and wherein R® R”, R®,
R’ R' RM, R™, and R® are each independently selected from a group consisting of H, Cy.
alkyl, Cag alkenyl, C,g alkynyl, and aryl. In another aspect, an elastomer formulation
comprising a modified silicone resin of Formula (I) and Formula (IT) is provided, wherein RY,
R% and R® are each independently selected from a group consisting of H, alkyl, alkenyl,
alkynyl, and aryl and wherein R R7, R® R, R'Y R" R and R"are each independently
selected from a group consisting of methyl, ethyl, propyl, butyl, ethylenyl, propylenyl,
butylenyl, acetylenyl, diacetylenyl, and aryl. In another aspect, an elastomer formulation
comprising a modified silicone resin of Formula (I) and Formula (II) is provided, wherein R,
R, and R? are cach independently selected from a group consisting of H, alkyl, alkenyl,
alkynyl, and aryl and wherein RG, R7, Rs, Rg, Rw, RH, Rlz, and R are each independently

selected from a group consisting of methyl and phenyl.

In another aspect, an clastomer formulation comprising a modified silicone resin of
Formula (I) and Formula (II) is provided, wherein R', R% R*, RS, R7, R®, R?, R" R", R"? and
R® are each independently selected from a first group consisting of H, Cy.galkyl, Cy.s alkenyl,

C,galkynyl, and aryl; a second group consisting of a third group consisting of methyl, ethyl,

40

CA 3050429 2019-07-22



10

15

20

25

propyl, butyl, ethylenyl, propylenyl, butylenyl, acetylenyl, diacetylenyl and aryl; and a third
group consisting methyl and phenyl. In those aspects where both Formula (I) and Formula (II)
is provided, wherein RL, RZ R3 RS R7, R R’, R' and R are each independently selected
from a group consisting of methyl and phenyl, R and R of Formula (IT) are each
independently selected from a group consisting of methyl, ethyl, propyl, butyl, ethylenyl,
propylenyl, butylenyl, acetylenyl, diacetylenyl, and aryl.

In another aspect, an elastomer formulation comprises a modified silicone resin of
Formula (I) and Formula (II) is provided, wherein the at least one modified silicone resin of
Formula (I) is present in an amount ranging from about 5 weight-percent to about 95 weight-
percent; the at least one metal oxide is present in an amount ranging from about 2 weight-
percent to about 80 weight-percent; and the at least one curing agent is present in an amount

ranging from about (.10 weight-percent to about 10 weight-percent.

In another aspect, an elastomer formulation comprising a modified silicone resin of
Formula (I) and Formula (II) is provided, wherein the elastomer formulation is Formulation

#108 or #111:

Iron Curing
Formulation # F(()(l;/mv‘:;?vgl) FO(I;;“::;IW()I D oxide agent |
° ’ (% wiw) | (Yo wiw)
108 6 [Resin (1)) 49.5 [Resin (#2)] 44 0.5 (a)
111 5 [Resin (1)] 47 [Resin (#2)] 44 4 (b)

1 Curing agents: a - dibutyltin dilaurate; b - tris(dimethylamino)methylsilane

In another aspect, the Elastomer Formulation #108 or #111 is provided, wherein the
iron oxide comprises Fe,O3 having a particle size ranging from about 0.5 pm to about 5 pum,
and the curing agent is at least one of dibutyltin dilaurate, tris(dimethylamino)methylsilane,

and ethyltriacetoxysilane.

In another aspect, an elastomer formulation comprising a modified silicone resin of
Formula (I) and Formula (IT) is described, further comprising at least one silicate. In some
aspects, the at least one silicate comprises at least one of ethyl silicate, methyl silicate,
isopropyl silicate and butyl silicate. In these aspects, R', R?, R? of Formula (I) and R®, R7, R®,
R%, R R R' and R™ of Formula (II) are each independently selected from a first group
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consisting of group consisting of H, alkyl, alkenyl, alkynyl, and aryl; a second group
consisting of H, Cyg alkyl, Ca.g alkenyl, Czg alkynyl, and aryl; a third group consisting of
methyl, ethyl, propyl, butyl, ethylenyl, propylenyl, butylenyl, acetylenyl, diacetylenyl and
aryl; and a fourth group consisting methyl and phenyl. In these aspects, R', R%, R? of Formula
(1) are as described above for each of the respective first, second, third and fourth groups, and
RS, R7, R®, R%, R, and R of Formula (II) are each independently selected from a group
consisting of methyl and phenyl; and R and R® of Formula (II) are each independently
selected from a group consisting of methyl, ethyl, propyl, butyl, ethylenyl, propylenyl,
butylenyl, acetylenyl, diacetylenyl, and aryl.

In another aspect, an elastomer formulation comprising a modified silicone resin of
Formula (I) and Formula (I1) is described, wherein R', R% and R? are each independently
selected from a group consisting of H, alkyl, alkenyl, alkynyl, and aryl, wherein RS R7 RE R’
R RM™ R'" and R" are each independently selected from a group consisting of methyl and
phenyl and further comprising at least one silicate, wherein the at least one modified silicone
resin of Formula (I) is present in an amount ranging from about 5 weight-percent to about 95
weight-percent; the at least one metal oxide is present in an amount ranging from about 2
weight-percent to about 80 weight-percent; the at least one silicate is present in an amount
ranging from ) weight-percent to about 25 weight-percent; the at least one silica present in an
amount ranging from about 0 weight-percent to about 20 weight-percent; and the at least one
curing agent is present in an amount ranging from about 0.10 weight-percent to about 10

weight-percent.

In another aspect, an clastomer formulation comprising a modified silicone resin of

Formula (I) and Formula (II) is selected from Formulation #104 or #105:

Iron Ethyl Curing
Formulation # F(()‘I’}m:l/:vgl) FO(I;II/H l‘l‘ljl“()l D oxide Silicate agent '
? ¢ (Yo wiw) | (Y% wiw) | (% wiw)
104 8 [Resin (ii)] 45 [Resin (#2)] 44 25 0.5
105 7 [(Resin (i)] 46 [Resin (#2)] 44 25 0.5

1 Dibutyltin dilaurate

In another aspect, Elastomer Formulation #104 or #1085 is provided, wherein the iron

oxide comprises Fe;O3 having a particle size ranging from about 0.5 pum to about § pm, and
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the curing agent is at least one of dibutyltin dilaurate, tris(dimethylamino)methylsilane; and

ethyltriacetoxysilane, among others, as well as combinations thereof.

In another aspect, an elastomer formulation comprising a modified silicone resin of
Formula (I) and Formula (I) is described, wherein R!, R?, and R? are cach independently
selected from a group consisting of H, alkyl, alkenyl, alkynyl, and aryl, wherein RS, R". R R,
R", R", R"™ and R" are each independently selected from a group consisting of methyl and
phenyl, wherein the elastomer formulation further comprises at least one silica. In some

aspects, the at least one silica comprises at least one of fumed silica and functionalized silica.

In another aspect, an elastomer formulation comprising a modified silicone resin of
Formula (I) and Formula (IT) is described, wherein R!, R?, and R? are each independently
selected from a group consisting of H, alkyl, alkenyl, alkynyl, and aryl, wherein RS, R". R® R,
R'", R, R", and R" are each independently selected from a group consisting of methyl and
phenyl and further comprising at least one silica selected from least one of fumed silica and
functionalized silica, wherein the at least one modified silicone resin of Formula (I) is present
in an amount ranging from about 5 weight-percent to about 95 weight-percent; the at least one
metal oxide is present in an amount ranging from about 2 weight-percent to about 80 weight-
percent; the at least one silica is present in an amount ranging from 0 weight-percent to about
20 weight-percent; and the at least one curing agent is present in an amount ranging from

about 0.10 weight-percent to about 10 weight-percent.

In another aspect, an elastomer formulation comprising a modified silicone resin of
Formula (I) and Formula (IT) is described, wherein R', R?, and R® are each independently
selected from a group consisting of H, alkyl, alkenyl, alkynyl, and aryl, wherein R¢ R7 RS R’
R!® RM™ R and R are each independently selected from a group consisting of methyl and
phenyl, wherein the elastomer formulation further comprises at least one silicate and at least

one silica.

In another aspect, an elastomer formulation comprising a modified silicone resin of
Formula (I) and Formula (I) is described, wherein R', R? and R? are each independently
selected from a group consisting of H, alkyl, alkenyl, alkynyl, and aryl, wherein R6, R’ RS, R9,
R R", R and R™ are each independently selected from a group consisting of methyl and

phenyl, and further comprising at least one silicate and at least one silica is provided, wherein
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the at least one silicate comprises at least one of ethyl silicate, methyl! silicate, isopropyl
silicate and butyl silicate and the at least one silica comprises at least one of fumed silica and

functionalized silica.

In another aspect, an clastomer formulation comprising a modified silicone resin of
Formula (I) and Formula (IT) is described, wherein R', R% and R® are cach independently
selected from a group consisting of H, alkyl, alkenyl, alkynyl, and aryl, wherein RG, R7, Rs, R9,
R, R", R™, and R" are each independently selected from a group consisting of methyl and
phenyl, and further comprising at least one silicate comprising at least one of ethyl silicate,
methyl silicate, isopropyl silicate and butyl silicate and further comprising at least one silica
comprising at least one of fumed silica and functionalized silica is provided, wherein the at
least one modified silicone resin of Formula (I) is present in an amount ranging from about 5
weight-percent to about 95 weight-percent; the at least one metal oxide is present in an amount
ranging from about 2 weight-percent to about 80 weight-percent; the at least one silicate is
present in an amount ranging from 0 weight-percent to about 25 weight-percent; the at least
one silica is present in an amount ranging from 0 weight-percent to about 20 weight-percent;
and the at least one curing agent is present in an amount ranging from about 0.10 weight-

percent to about 10 weight-percent.

In another aspcct, Elastomer Formulation #115 is described:

) Formula () | Formula(p | \X°P Ethyl = | Curing
Formulation # (% wiw) (% wiw) oxide Silicate agent
‘ ’ (% wiw) | (Yo wiw) | (% wiw)
115 55.7 [Resin (i)] | 6.55 [Resin (#2)] | 27.11 | 1.96 (Ethyl 0.54
silicate);
8.14 (Si0,)

I'Dibutyltin dilaurate

In another aspect, Formulation #1185 is provided, wherein the iron oxide comprises
Fe,03 having a particle size ranging from about 0.5 um to about 5 pm, and the curing agent is
at least one of dibutyltin dilaurate, tris(dimethylamino)methylsilane; and ethyltriacetoxysilane,

among others, as well as combinations thereof.
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In another aspect, an clastomer formulation comprising a modified silicone resin of
Formula (I) and Formula (II) is provided, wherein the at least one metal oxide can be selected
from, for example, at least one of iron oxide (for example, FeO, Fe;03 and Fe30y4), titanium
oxide (for example, TiO,), cerium oxide (for example, CeO-), zinc oxide (for example, ZnO),
and zirconium oxide (for example, 7ZrO;). In another aspect, an elastomer formulation
comprising a modified silicone resin of Formula (I) and Formula (IT) is provided, wherein the
at least one metal oxide is selected from at least one of iron oxide (for example, FeO, Fe;O;3

and Fe3Qy) and titanium oxide (for example, TiOy).

In another aspect, an elastomer formulation comprising a modified silicone resin of
Formula (I) and Formula (II) is provided, wherein the at least one metal oxide can have a
particle diameter size ranging from, for example, about 1 nanometer to about § micrometers,
from about 25 nanometers to about 2 micrometers, and/or from about 50 nanometers to about

500 nanometers.

In another aspect, an elastomer formulation comprising a modified silicone resin of
Formula (I) and Formula (II) is provided, wherein the at least one silicate is at least one of

cthyl silicate, methyl silicate, isopropyl silicate, or butyl silicate.

In another aspect, an elastomer formulation comprising a modified silicone resin of
Formula (I} and Formula (II) is provided, wherein the optional at least one silica can be fumed

silica, functionalized silica, among others.

In another aspect, an elastomer formulation comprising a modified silicone resin of
Formula (I) and Formula (II) is provided, wherein the exemplary modified silicone resins of
Formula (I} are listed in Table I and wherein the exemplary modified silicone resins of

Formula (II) are listed in Table I11.

In another aspect, an elastomer formulation comprising a modified silicone resin of
Formula (I) in combination with a modified silicone resin of Formula (IT) is provided, wherein
values for n, m and p of Formula (I) provide an overall resin combination having a viscosity
ranging from about 500 cSt to about 10,000 cSt. In another aspect, an elastomer formulation
comprising a modified silicone resin of Formula (I) in combination with a modified silicone
resin of Formula (IT) is provided, wherein values for t, y and z of Formula (II) provide an

overall resin combination having a viscosity ranging from about 500 ¢St to about 10,000 cSt.
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In another aspect, an elastomer formulation comprising a modified silicone resin of Formula
(I) in combination with a modified silicone resin of Formula (II) is provided, wherein values
for n, m and p of Formula (I) and wherein values for t, y and z of Formula (II), provide an

overall resin combination having a viscosity ranging from about 500 cSt to about 10,000 cSt.

In another aspect, an elastomer formulation comprising a modified silicone resin of
Formula (I) is provided, wherein ratio of n to m ranges from about 1:1 to about 1:200; in
combination with a modified silicone resin of Formula (II), and wherein ratio of t to y ranges

from about 1:1 to about 1:200.

In another aspect, elastomer formulations comprising the following compositions are
disclosed: (a) a modified silicone resin of Formula (I) and Formula (IT) (each independently)
present in an amount ranging from about 5 weight-percent to about 95 weight-percent; (b) at
least one metal oxide present in an amount ranging from about 2 weight-percent to about 80
weight-percent; (c) at least one silicate present in an amount ranging from about 0 weight-
percent to about 25 weight-percent; (d) optionally at least one silica present in an amount
ranging from about 0 weight-percent to about 20 weight-percent; and (e) at least one curing
agent present in an amount ranging from about 0.10 weight-percent to about 10 weight-percent,
provided that the total amount of the components sums to 100 weight-percent for neat

formulations.

GENERAL SYNTHETIC SCHEMES

The compounds of the present disclosure can be prepared using the methods
illustrated in the general synthetic schemes and experimental procedures detailed below. These
general synthetic schemes and experimental procedures are presented for purposes of
illustration and are not intended to be limiting. The starting materials used to prepare the
compounds of the present disclosure are commercially available or can be prepared using
routine methods known in the art. Representative procedures for the preparation of modified

silicone resins of Formula (I) and Formula (II) are outlined below in Schemes T —IIT.
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A modified silicone resin of Formula (I) is prepared with methyl/phenyl phosphonic
acid or methyl/phenyl phosphonic dichloride. An exemplary direct coupling reaction is

presented in Scheme 1.

(B)
;
R1
|
Si—O—+H
$3 _<-||Q2 a’ I‘?1 IIQ3 $1
CI—P—ClI HO—-SittO—P++O—Si—OH
[ © §|§( ”>nf Ilﬁp
O R O R
A A
: ; Here n =1
(A) (C) (Scheme I)

Structure (C) is an example of Formula (I). The ratios of the starting materials in
Scheme 1 will affect the molecular weights and viscosities of the modified silicone resins as
well as the thermal capability of the elastomers. The mole ratios of phosphorous units (A) to
starting siloxane oligomeric unit (B) (that is, [~O-Si(R")(R?-]), ranging from about 0.55 to
about 1, can provide modified silicone resins (C) with viscosities ranging from about 500 ¢St
to about 10,000 cSt, as mcasured by a viscometer. Elastomer formulations displaying
improved thermal resistance and maintaining superior mechanical properties can be prepared
with modified silicone resins that include a mole ratio of phosphorous units (that is, [-O-
P(O)R?)-] of resin (C)) to single siloxane oligomeric units (that is, [~<O-Si(R"}(R?)-] of tesin
(C))) ranging from about 1:4 to about 1:100.

In terms of Formula (I), the values for n, m and p can be adjusted to provide tunable
resin compounds of Formula (I) with a viscosity ranging from about 500 cSt to about 10,000
cSt, as measured by a viscometer. Likewise, the ratio of n to m of resin compounds of Formula

(I) ranges from about 1:1 to about 1:200.
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A modified silicone resin of Formula (II) can be prepared in several different types of
reactions. For example, 1,4-bis(thydroxydimethylsilyl)-benzene has two hydroxyl groups on
silicone atoms that display diffcrent reactivity as compared to hydroxyl-terminated siloxanes.
Thus, a two-step process is used to include phenyl material into the silicone backbone and

hydroxyl as the terminating groups as shown below in Schemes 1II and I11.

R12
AN 4
8 10 N—Si—N 12 8 10 12
R R g RTOR REORT
HO—§iOSi—OH /N—Si—O—SIiOSi—O—Si—N\
RY R R12 RO R R13
! !
(A) (©)
(Scheme 1)
(m
v
RG
|
N $12 ,le }?10 ’?12/ -fSli;O-}H ,l?e $12 ‘?e $1o 612 Ffe
/N—§i—o—s|i—Qsli—o—sli—N\ —R— HO—SIi«O—SlFO—SIi-—QS”“O*S”)g{O*SbOH
R13  RY R1 R R7 R R® Rt R |’?7Z
H ! Here t=1
© E)
(Scheme III)
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As shown in Scheme 1II, the first step is the amination of 14-
bis(hydroxydimethylsilyl)-benzene species (A) with bis(dimethylamino)dimethylsilane (B) to
form the amidatcd phenyl species (€), which is usually performed in an organic solvent, such
as toluene, at a temperature ranging from about 80°C to about 140°C. As shown in Scheme
111, the second step is the direct coupling of siloxane oligomer (D) and the phenyl unit (C)
with production of the modified silicone resin (E) and the release of dimethylamine (not
shown). Schemes IT and III can be performed sequentially in the same reaction vessel under

the same conditions (for example, in the same organic solvent).

Schemes I-IIT are typically performed in an organic solvent. Common organic
solvents used can be aprotic solvents comprising toluene, benzene, tetrahydrofuran (THF),

acetonitrile, and N,N-dimethylformamide (DMF), among others.

Structure (E) in Scheme III is a species of Formula (II). The mole ratio of the two
starting components of Scheme III (comprising the reaction conditions) determines the
molecular weights and viscosities of the resultant modified silicone resins. The ratios of the
aminated phenyl species (C) to siloxane units in oligomer (D) can range from about 0.55 to
about 1 in Scheme I1I to provide the resultant modified silicone resins (E) having viscosities
ranging from about 500 ¢St to about 10,000 cSt, as measured by a viscometer. Because the
hydroxyl-terminated siloxane can be used in an excess amount, modified silicone resins will
also be hydroxyl-terminated. Such hydroxyl groups are attached to siloxane and are readily

polymerizable.

The mole ratio of phenyl units to single siloxane oligomeric units in modified silicone
resin is an additional important consideration related to thermal resistant properties of the
resultant elastomer formulations. The starting siloxane oligomers can contain various numbers
of single siloxane units (for example, -Si(CHj)2-O-). The thermal resistant properties of the
resultant modified silicone resins should be improved with increasing numbers of phenyl units
present. However, elastomers containing such highly phenyl-substituted silicone resins can
display compromised mechanical properties. Thus, elastomer formulations displaying
improved thermal resistance and maintaining superior mechanical properties can be prepared
with modified silicone resins that include a ratio of phenyl units to single siloxane units from

about 1:5 to about 1:200.
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In terms of Formula (II), the values for t, y and z can be adjusted to provide tunable
resin compounds of Formula (IT) with a viscosity ranging from about S00 cSt to about 10,000
cSt, as measured by a viscometer. Likewise, the ratio of t to y of resin compounds of IF'ormula

(II) ranges from about 1:1 to about 1:200.

For reactions that yield a modified silicone resin of Formula (I), bi-functional
phosphorous  groups can include, for cxample, methylphosphonic dichloride,
phenylphosphonic  dichloride, methyl dichlorophosphate, methylphosphonic  acid,
phenylphosphonic acid, and phenyl dichlorophosphate, among others.

For reactions that yield a modified silicone resin of Formula (II) having benzene
groups,  bifunctional  benzene  groups can  include, for  example, 14-
bis(hydroxyldimethylsilyl)benzene, 1,3-bis(hydroxyldimethylsilyl)benzene, 1,4-
bis(dimethylsilyl)benzene, 1,3-bis(dimethylsilyl) benzene, 1,4-dihalogenbenzene, and 1,3-

dihalogen benzene.

For reactions that yield a modified silicone resin of Formula (I) or (IT) having siloxane
groups, bi-functional siloxanes can include, for example, a,w-dichlorosiloxanes or

a,o-dithydroxylsiloxanes with molecular weights from about 400 to about 10,000.

Polymerization reaction resulting in production of the modified silicone resins is
performed under an inert atmosphere condition. The reaction temperature for modified
silicone resins can be from about room temperature to about 140° C. Reactions can be
performed under neat conditions or with a suitable organic solvent. Suitable organic solvents
used can be aprotic solvents comprising toluene, benzene, tetrahydrofuran (THF), acetonitrile,

and N,N-dimethylformamide (DMF), among others.

The elastomer formulations comprising the foregoing various compositions can be
thoroughly mixed manually or by a mixer equipment, degassed under vacuum, casted into a
mold, and left at ambient condition. The elastomers can be cured from about 30 min to about 2

days.
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EXAMPLES

The following examples are merely illustrative, and do not limit this disclosure in any
way. Dixample 1 describes the preparation of a moditied silicone. Examples 2 — 8 describe
synthetic procedures for modified silicone resins (i), (ii), and (iv) of Formula (I) and modified
silicone resins (3), (4), (5) of Formula (II). Example 9 describes procedure for preparing an
elastomer formulation comprising modified silicone resin (2). Example 10 describes
procedure for preparing an elastomer formulation comprising modified silicone resins (2) and
(ii).

Modified Silicone Resins:

Example 1: Modified Silicone M101

To a solution of 1,4-bis(hydroxydimethylsilyl)benzene (2.575 g, Gelest) in toluene at
110°C was slowly added bis(dimethylamino)vinylmethylsilane (1.66 g, Gelest) under inert
atmosphere within 2 h. The mixture was stirred at 110°C for 2 h and then solvent was

evaporated, yielding the modified silicone material M101.
Example 2: Modified Silicone Resin (3) of Formula (I)

To a solution of 1,4-bis(hydroxydimethylsilyl)benzene (5.0 g, Gelest) in toluene at
110°C was slowly added bis(dimethylamino)dimethylsilane (6.75 g, Gelest). The mixture was
stirred at 110°C overnight and then the solvent was removed by vacuum.
Polydimethylsiloxane
(16.2 g) (Mn 550, Gelest) was added to the mixture and stirred at 80°C overnight, yielding a

viscous modified silicone resin (3).
Example 3. Modified Silicone Resin (4) of Formula (II)

To a solution of 1,4-bisthydroxydimethylsilyl)benzene (2.055 g, Gelest) in toluene was
added bis(dimethylamino)vinylmethylsilane (1.82 g, Gelest) under dinitrogen atmosphere. The
mixture was stirred at 80°C for 10 min then raised to 110°C. A liquid of vinylmethylsiloxane-
dimethylsiloxane copolymer (Mn ~600, 3.151 g, Gelest) was then added and the mixture was

stirred at 110°C for 22 h to produce the viscous resin (4).
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Example 4. Modified Silicone Resin (5) of Formula (II)

A mixture of 1,4-bis(thydroxydimethylsilyl)benzene (4.65 g, Gelest), 1,3-dichloro-
1,1,3,3-tetramethyldisiloxane (3.06 g, Gelest) and 1,7-dichloro-octamethyltetrasiloxane (5.41
g, Gelest) was mixed at room temperature for 1 h, 30°C 1h, 50°C 1 h, and 110°C 63 h. To this
solution was added silanol-terminated diphenylsiloxane-dimethylsiloxane copolymer (Mw 950,
Gelest) and vinylmethylsiloxane-dimethylsiloxane copolymer (Mn ~600, Gelest). The mixture

was stirred at 110°C for 24 h to yield viscous resin (5).
Example 5: Modified Silicone Resin (i) of Formula ()

A mixture of methylphosphonic acid (6.4 g, Aldrich) and polydimethylsiloxane (Mn
550, 48.7 g, Gelest) in toluene was stirred at 150°C for 24 h. Removal of toluene yielded

viscous modified silicone resin (i).
Example 6: Modified Silicone Resin (ii) of Formula (I)

Phenylphosphonic dichloride (7.0 g, Aldrich) was added into 263 g of
polydimethylsiloxane (Mn 550, Gelest) and the mixture was stirred at room temperature under

vacuum overnight. Mixture became viscous and was ready for elastomer formulations.
Example 7: Modified Silicone Resin (ii) of Formula (I)

A mixture of phenylphosphonic acid (28.5 g, Aldrich) and polydimethylsiloxane (Mn
550,116.6 g, Gelest) was dissolved in toluene in a S00-ml. round-bottom flask equipped with a
stirrer, a Dean-Stark trap and a condenser. The flask was heated at 70°C for 15 h followed by
heating at 110°C for 3 h. The mixture was then raised to 150°C to collect water (6.5 mL).
Toluene was removed by vacuum and the viscous modified silicone resin (i1} product was

collected.
Example 8: Modified Silicone Resin (iv) of Formula (I)

A mixture of methylphosphonic acid (2.0 g, Aldrich), 1,3-dichloro-1,1,3,3-
tetramethyldisiloxane (2.57 g, Aldrich) and 1,7-dichloro-octamethyltetrasiloxane (4.53 g,
Aldrich) was stirred at 80°C for 24 hours. To this solution was added silanol-terminated
diphenylsiloxane-dimethylsiloxane copolymer (4.6 mL, Gelest). The mixture was heated at

100°C for 68 h and produced a resin with viscosity at ~1500cP.
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Elastomer Formulations:

The elastomer formulations disclosed herein can include at least one modified silicone
resin having the structure of Formulas (I) and/or (II), at least one type of metal oxide,
optionally at least one silicate (e.g., ethyl silicate), optionally at least one silica, and at least
one curing agent. The modified silicone resin(s) can represent from about 10 weight-percent to
about 95 weight-percent of the elastomer formulation. The metal oxide of the elastomer
formulation includes oxide particulates having a particle size (diameter) ranging from about 1
nanometer to about 5 micrometers. The elastomer formulations can include a metal oxide from
about 2 weight-percent to about 80 weight-percent in the formulation. Elastomer formulations
may use iron oxide (for example, FeO, Fe203 and Fe304), titanium oxide (for example, TiOz),
cerium oxide (for example, Ce02), zinc oxide (for example, Zn0), and zirconium oxide (for
example, ZrOz), or a mixture of these oxides. Ethyl silicate can be present from about 0
weight-percent to about 25 weight-percent in the elastomer formulations. Silica can be present
from about 0 weight-percent to about 10 weight-percent in the elastomer formulations. Curing
agent can be present from about 0.1 weight-percent to about 10 weight-percent in the
elastomer formulations. Suitable curing agents include, for example, organometallic catalysts
(e.g., dibutyltin dilaurate, tris(dimethylamino)methylsilane; and ethyltriacetoxysilane, among
others, as well as combinations thereof), which are well known in the art for promoting
condensation reaction. The disclosed weight-percent of the aforementioned components

provides a total amount of components summing to 100 weight-percent for neat formulations.

Example 9: Elastomer Formulation #102

To a container of 200 mL were added red iron oxide (22.5 g), modified silicone resin
(2) (26.0 g), and ethyl silicate (1.25 g). The mixture was thoroughly mixed together followed
by the addition of dibutyltin dilaurate (0.26 g). The material mixture was mixed, degassed,
casted onto a Teflon mold, and left at room temperature for 24 hours to produce clastomer
#102.

Example 10: Elastomer Formulation #104

A mixture of modified silicone resin (2) (22.5 g), modified silicone resin (ii) (4.0 g),

iron oxide (22.0 g), and ethyl silicate (1.25 g) were thoroughly mixed together. The dibutyltin
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dilaurate (0.25 g) was added to the mixture thereafter, followed by thorough mixing, degassing,

and casting. The sample was left at room temperature for 24 hours, producing the cured

silicone elastomer #104.

Example 11: Exemplary Elastomer Formulations

Exemplary elastomer formulations are presented in Table IV. These formulations were made

using procedures similar to those described in Example 10.

Table IV. Exemplary Elastomer Formulations.'

Formulation | Starting Resin” | Starting Resin® | Iron oxide’ Ethyl Curing
# (% wiw) (% wiw) (Y wiw) silicate® agent®
(Yo wiw) | (% wiw)
102 52 (Resin (2)) 45 25 0.5 ()
104 45 (Resin (2)) 8 (Resin (i1)) 44 25 0.5 (a)
105 46 (Resin (2)) 7 (Resin (1)) 44 25 0.5 (a)
106 49.5 (Resin (2)) 45 5 0.5(a)
107 50.5 (Resin (2)) 45 4 0.5 (a)
108 49.5 (Resin (2)) 6 (Resin (1)) 44 0.5 (a)
109 50 (Resin (2)) 45 5(b)
110 59 (Resin (2)) 36 5(b)
111 47 (Resin (2)) S (Resin (1)) 44 4 (b)
112 52.5 (Resin (1)) 45 2 0.5 (a)
113 49.5 (Resin (1)) 45 5 0.5 (a)
114 52 (Resin (1)) 45 2.5 0.5(a)
115 6.55 (Resin (2)) | 55.7 (Resin (i)) 27.11 1.96, 0.54 (a)
8.14(5i02)
116 24.7 (Resin (1)) | 24.7 (Resin (1)) 43 (Ti0,) 7.6 (¢)
117 25.5 (Resin (1)) | 25.5 (Resin (1)) 43 6(c)
118 49.5 (Resin (1)) 425 05(),75
©
119 62.95 (Resin 34.55 2.5(c)
(1)
120 73.5 (Resin (1)) 25 1.5 (b)
121 32.25 (Resin | 32.25 (Resin (1)) 33 2.5 (b)
@)
122 32 (Resin (1)) 32 (Resin (1)) 33 (TiOy) 3(b)
123 29 (Resin (1)) 29 (Resin (1)) 27,12 3(c)
(TiOy)
124 61 (Resin (2)) 24,12 3(b)
(Ti0y)
125 58.5 (Resin (2)) 36 (TiO,) 5 0.5 (a)
126 58.5 (Resin (2)) 24,12 5 0.5 (a)
(TiOy)
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"Numerical values represent weight-percent contribution of component to elastomer
formulation.

2Starting resin(s) correspond to those resins having the structure presented in Tables I and 1.
3Iron oxide at the weight-percent contribution in the elastomer formulation is presented. When
TiO; replaces the iron oxide in the elastomer formulation, then only the weight-percent
contribution of TiO, is presented (e.g., Formulations 116, 122 and 125).When TiO;
supplements the iron oxide in the elastomer formulation, then the first weight-percent
contribution reflects that of iron oxide and the second weight-percent contribution reflects that
of TiO, (e.g., Formulations 123, 124 and 126).

4Ethyl silicate at the weight-percent contribution in the elastomer formulation is presented.
When SiO; supplements the ethyl silicate in the elastomer formulation, then the first weight-
percent contribution reflects that of ethyl silicate and the second weight-percent contribution
reflects that of Si0; (e.g., Formulation 115).

SCuring agents: a — dibutyltin dilaurate; b — tris(dimethylamino)methylsilane; c-
cthyltriacetoxysilane

The performance attributes of select elastomer formulations comprising a modified
silicone resin(s) are presented in Table V. As can be seen from Table V, the mechanical
properties of the resultant formulations that include the modified silicone resins of Formula (I),

Formula (II), or Formula (I) + Formula (II), remain robust even after extensive aging at

316°C.

[01] Table V. Properties of Exemplary Elastomer Formulations.

Formulations As-Prepared samples Samples after aging in 316 °C
i Elongation Tensile Hours in Elongation Tensile
(%, RT) Strength 316°C (%, RT) Strength
(MPa, RT) (MPa, RT)
102 142.8 34 2014 5.32 6.95
104 238.1 1.96 2014 12.6 6.79
112 79.1 1.55 2013 5.0 4.0
113 104.2 3.99 2011 123 5.48
114 122.1 3.30 2011 45.0 2.37
115 56.7 1.52 2011 58 3.68
116 205 12.06 2009 10.9 52
117 23.4 1.72 2009 234 2.64
118 15.2 1.19 2009 30.7 3.63
119 832.6 11.5 2009 8.36 4.64
120 208.2 27 2009 6.24 3.38
121 262.4 5.35 1000 46.7 4.33
122 291.6 11.2 2017 11.7 1.5
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Formulations As-Prepared samples Samples after aging in 316 °C
# Elongation Tensile Hours in Elongation Tensile
(%, RT) Strength 316°C (%, RT) Strength
(MPa, RT) (MPa, RT)
123 218.8 41 2017 10.7 4.64
124 211.1 428 2017 12 2.4
125 140.3 6.22 2011 6.23 4.19
126 1423 3.92 2011 32 7.2

Elastomer formulation applications

The elastomer formulations that include a modified silicone resin(s) of Formula (I),
Formula (IT), or Formula (I) in combination with Formula (II), are amenable to industrial
applications that require elastomer performance under high temperature conditions. These
applications include use of the elastomer formulations for coatings, sealants, and gap-filling

measures, among others.

While the present disclosure has been described with reference to certain
embodiments, it will be understood by those skilled in the art that various changes may be
made and equivalents may be substituted without departing from the scope of the present
disclosure. In addition, modifications may be made to adapt a particular situation or material
to the teachings of the present disclosure without departing from its scope. Therefore, it is
intended that the present disclosure not be limited to the particular embodiment disclosed, but
that the present disclosure will include all embodiments falling within the scope of the

appended claims.

Different aspects, embodiments and features are defined in detail herein. Each aspect,
embodiment or feature so defined may be combined with any other aspect(s), embodiment(s)

or feature(s) unless clearly indicated to the contrary.
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EMBODIMENTS IN WHICH AN EXCLUSIVE PROPERTY OR PRIVILEGE IS
CLAIMED ARE DEFINED AS FOLLOWS:

1. A modified silicone resin that is the reaction product of:
TS T?G R 6
HO—8i— X—Si—OH Ho%sli—o}ﬂ
I
g 1 y
R R . and R7 ,

wherein each of Rﬁ, R, Rs, R9, Rm, and R is independently selected from the

group consisting of H, alkyl, and aryl;
wherein X is arylene; and
y ranges from 1 to 200.

2. The modified silicone resin of claim 1, wherein R6, R7, Rs, R9, Rm, and R are each

independently H, C;.g alkyl, or aryl.

3. The modified silicone resin of claim 1, wherein R6, R7, Rs, R’ Rw, and R are each

independently methyl, ethyl, propyl, butyl, or aryl.

- 4, The modified silicone resin of claim 1, wherein RG, R, Rs, R9, Rm, and R are each

indépendently methyl or phenyl.

5. The modified silicone resin of claim 1, wherein R6, R7, Rs, R9, Rm, and RY are each

independently H or alkyl.

6. The modified silicone resin of any one of claims 1 to 5, wherein the modified silicone

resin is further the reaction product of:
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RW&

g1

R™ , wherein each of R' and R* is independently selected from

the group consisting of H, alkyl, alkenyl, alkynyl, and aryl.

5 7.  The modified silicone resin of claim 6, wherein R'> and R'* are each independently H,

Ci.galkyl, Cz s alkenyl, Cagalkynyl, or aryl.

8. The modified silicone resin of claim 6, wherein R'* and R'? are each independently
methyl, ethyl, propyl, butyl, ethylenyl, propylenyl, butylenyl, acetylenyl, diacetylenyl,
10 or aryl.

9. The modified silicone resin of claim 6, wherein R'> and R'® are each independently

methyl or phenyl.

15 10.  The modified silicone resin of claim 6, wherein R** and R are each independently H

or alkyl.

11.  The modified silicone resin of any one of claims 6 to 10, wherein the modified silicone

resin has a viscosity ranging from about 500 ¢St to about 10,000 cSt.

20

12. The modified silicone resin of any one of claims 1 to 11, wherein

R8 fQ*O

l |
HO—E‘ISE—— X—Si—OH

RQ !Qﬂ

is 1,4-bis(hydroxyldimethylsilyl)benzene or 1,3-bis(thydroxyldimethylsilyl)benzene.
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13.

14.

15.

A modified silicone resin .of Formula (II):

R6 RS R8 R1 0 RG R6

I | | | I I
HO—SIi«O—Sl,i—O—Sli—X—SIi—O—SIia{O—Sfi%—}OH
7 9 7

11 7
R R R® RY Rt R'YzZ

wherein R6, R, RS, R9, Rlo, and RY are each independently selected from a

group consisting of H, alkyl, and aryl;
X is arylene;
t ranges from 1 to 10;
y ranges from 1 to 290; and
z ranges from 1 to 1,000.
The modified silicone resin of claim 13, wherein:
t ranges from 1 to 3;
y ranges from 1 to 100; and
z ranges from 10 to 500.
The rﬁodified silicone resin of claim 13 or 14, wherein:

R6, R7, RS, R9, Rw, and RM are independently H, Cy.g alkyl, or aryl.
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5 17.
18.
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19.

15
20.

20

25

The modified silicone resin of claim 13 or 14, wherein:
RS, R R®, R’ RY, aﬁd RY are independently methyl, ethyl, propyl, butyl, or aryl.
The modified silicone resin of claim 13 or 14, wherein:
RG, R7, Rs, R9, Rw, and R" are independently methyl or phenyl.
The modified silicone resin of claim 13 or 14, wherein:
RS, R, Rs, R9, R and R1are independently H or alkyl.

The modified silicone resin of any one of claims 13 to 18, wherein the ratio of arylene

units to siloxane units in the resin of formula (II) is between about 1:5 and about 1:200.

A method of forming modified silicone resin, the method comprising forming a reaction

mixture by:

introducing into a reaction vessel a compound represented by formula (A):

Ra R?ﬁ
| |
HO——‘Sti““' X—8i—0OH
R? R (A), and

introducing into the reaction vessel a compound represented by formula (D):

R6
|
Ho\ﬁsii—o}H
y
R’ (D),
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wherein each of R6, R’, Rs, R9, Rm, and RY is independently selected from the

group consisting of H, alkyl, and aryl;

wherein X is arylene; and

5
y ranges- from 1 to 200.
21. The method of claim 20, wherein each of R®, R, RS R, Rw, and R is independently
H or alkyl.
10
22, The method of claim 20 or 21, further comprising:
introducirig into the reaction vessel a compound represented by formula (B):
Ri2
N g /
N—S—N
/ola N
15 R (B),
wherein each of R and R™ is independently selected from the group
consisting of H, alkyl, alkenyl, alkynyl, and aryl; and
20 obtaining a compound represented by formula (II):
R6 RE R8 RO R ~ RS
| N N i § i
Ho—sﬂ«o—§1—0—§|—x—sl,|—o—s|| O-Si—-OH
R R” R® R Rt RYZz
wherein t ranges from 1 to 10 and 2z ranges from 1 to 1,000.
25 |
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23.

24,

25.

26.

27.

28.

29.

30.

31.

The method of claim 22, wherein each of R and R" is independently H or atkyl.

The method of claim 22 or 23, further comprising curing the compound represented by

formula (IT) for a time period of from about 30 minutes to about 2 days.

The method of claim 24, further comprising mixing a curing agent and a metal oxide

with the compound represented by formula (II) to form an elastomer formulation.

The method of any one of claims 20 to 25, wherein’

L Y

R& EQ10

l !
HO—S'i—— X—Si—OH

RQ Rﬂ1

is 1,4-bis(hydroxyldimethylsilyl)benzene or 1,3-bis(hydroxyldimethylsilyl)benzene.

The method of any one of claims 21 to 26, wherein the reaction vessel further
comprises a solvent, wherein the solvent is toluene, benzene, tetrahydrofuran,

acetonitrile, or N, N-dimethylformamide.

The method of any one of claims 21 to 27, wherein the reaction vessel further

comprises a solvent, wherein the solvent is toluene.

The method of claim 27 or 28, wherein the reaction mixture is heated at a temperature

of from about 80°C to about 140°C.

The method of claim 27 or 28, wherein the reaction mixture is heated at about 110°C

under inert atmosphere.

An elastomer formulation comprising a modified silicone resin as defined in any one of

claims 1 to 19 and at least one metal oxide.
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30

32.

33.

34.

35.

36.

37,

38.

39.

40.

The elastomer formulation of claim 31, wherein the at least one metal oxide comprises

FeO, Fe, 03, Fe304, TiO,, CeO;, Zn0, ZrO,, or any combination thereof.

The elastomer formulation of claim 31, wherein the at least one metal oxide comprises

FeO, Fe;03, Fes0y, Ti0,, or any combination thereof.

The elastomer formulation of claim 31, 32, or 33, wherein the at least one metal oxide

has a particle diameter size ranging from about 1 nm to about 5 um.

The elastomer formulation of claim 31, 32, or 33, wherein the at least one metal oxide

has a particle diameter size from about 25 nm to about 2 pm.

The elastomer formulation of claim 31, 32, or 33, wherein the at least one mefal oxide

has a particle diameter size from about 50 nm to about S00 nm.

The elastomer formulation of any one of claims 31 to 36, further comprising at least

one curing agent.

The elastomer formulation of claim 37, wherein the at least one curing agent is at least

one of dibutyltin dilaurate, tris(dimethylamino)methylsilane, and ethyltriacetoxysilane.

The elastomer formulation of claim 37, wherein the at least one curing agent is

dibutyltin dilaurate.
The elastomer formulation of any one of claims 37, 38, or 39, wherein:

the at least one modified silicone resin is present in an amount ranging from
about 5 weight-percent to about 95 weight-percent;
the at least one metal oxide is present in an amount ranging from about 2

weight-percent to about 80 weight-percent; and
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42.

10 43.

44.

the at least one curing agent is present in an amount ranging from about 0.10

weight-percent to about 10 weight-percent.

The elastomer formulation of any one of claims 31 to 40, further comprising at least

one silicate.

The elastomer formulation of claim 41, wherein the at least one silicate comprises at

least one of ethyl silicate, methyl silicate, isopropyl silicate and butyl silicate.

The elastomer formulation of any one of claims 31 to 42, further comprising at least

one silica.

The elastomer formulation of claim 43, wherein the at least one silica compﬁses at

least one of fumed silica and functionalized silica.
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