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INORGANIC SILOXANE LADDER COMPOSITES AND METHODS OF THEIR
PREPARATION

BACKGROUND

[0001] The demand for a continuous increase in transmission speed, data capacity
and data density in integrated optical and optoelectronic circuits has been the motivating
force behind numerous innovations in areas of broadband communications, high-capacity
information storage, large screen and portable information display, and other areas. Although
glass optical fibers are routinely used for high-speed data transfer over long distances, they
are inconvenient for complex high-density circuitry because of their high density, poor
durability, and high cost of fabrication for complex photonic circuits. Thus, there is a need to
develop alternative materials that can at least ameliorate or address the aforementioned
problems. Such materials can be any one or more of stable during phase transitions (for
example, crystallization or melting), chemically stable, and stable in terms of optical loss,

index of refraction, and/or density.

SUMMARY

[0002] This disclosure is related to compositions of fluorinated siloxanes with
metal-aza crown and/or metal-thio crown complexes, and methods of making and their use.

One embodiment provides a compound of formula I:
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thio crown complex, or a metal-acrylic acid complex, and wherein at least one of A', A% A°,

AY A A AT A8 A% A A and A" is a metal-aza crown complex or a metal-thio crown

wherein q is an integer from 1 to 3;

r is an integer from 1 to 10000;

cach A, A2, A°) A%, A5, AS, A7) A% A%, A A" and A" independently is, -CF3,

-CF,-C(=0)-F, -C¢Fs, -CF=CF,, -CF,-CF=CF,, a metal-aza crown complex, a metal-

complex; and

cach A", A" A" and A'° independently is -CH;- or -CF,- .

[0003] Another embodiment provides a compound of formula IV:

HO Si 0] Si 0] Si 0] Si 0] H

av)

wherein n is an integer from 1 to 100;

17 . )
A" is a metal-aza crown complex or a metal-thio crown complex;

18 . . )
A" is a metal-aza crown complex or a metal-thio crown complex;
A" is a metal-aza crown complex or a metal-thio crown complex; and
A’ is a metal-aza crown complex or a metal-thio crown complex.

[0004] Another embodiment provides a compound of formula V:

wherein X is -NH- or -S-;

PCT/US2014/035316
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u is an integer from 4 to 12; and
each R’ is, independently, -H, -F, -Cl, -CF3, -OH, -CF,Cl, -CH,Cl, -COCI, or -NH,.

[0005] A further embodiment provides a compound of formula VI:

wherein X is -NH- or -S-;

v is an integer from 4 to 12; and

each R’ is, independently, -H, -F, -Cl, -CF3, -OH, -CF,Cl, -CH,Cl, -COCI, or -NH,.

[0006] In an additional embodiment, an article or a polymer may include one or
more compounds of formulae I, TV, V, or VI as described herein. In another embodiment, an
optical waveguide structure may include a light transmitting core material having a first
refractive index, and a cladding material contacting partially or entirely surrounding the core
material, wherein the cladding material has a second refractive index lower than the first
refractive index of the core material, and wherein the core material may include one or more
compounds of formulae I, IV, V, or VI as described herein.

[0007] In a further embodiment, a method of making a siloxane compound of
formula I may involve contacting a metal-crown complex with trifluorochloromethane and a
silicon metal to form a dichlorosilane-metal-crown complex, hydrolyzing the dichlorosilane-
metal-crown complex to form a fluorinated siloxane polymer compound of formula IV, and
contacting the polymer compound of formula IV with a bis-siloxane D4 compound and an

anionic catalyst to form the siloxane compound of formula I.



WO 2015/163890 PCT/US2014/035316

BRIEF DESCRIPTION OF THE FIGURES

[0008] FIG. 1 depicts a string of siloxane ladder polymers attached to a metal-

crown complex according to an embodiment.

DETAILED DESCRIPTION

[0009] This disclosure is not limited to the particular systems, devices and
methods described, as these may vary. The terminology used in the description is for the
purpose of describing the particular versions or embodiments only, and is not intended to
limit the scope.

[0010] A “core material” refers to any layer of an optical waveguide that transmits
light. A “cladding material” refers to any layer of an optical waveguide that confines light.
In an embodiment, a core layer may be at least partially encompassed by a cladding layer.

[0011] A “waveguide” refers to a system having a material that provides a path to
guide an electromagnetic wave. A waveguide may have, for example and without limitation,
a circular or a rectangular shape.

[0012] A “substituted” moiety indicates that any hydrogen on the designated
moiety can be replaced with a fluorine group. For example, substituted -CHs may refer to -
CH,F, -CHF,, -CF3, and the like. Similarly, substituted -CH,-C(=0)-H may refer to -CH,-
C(=0)-F, -CF,-C(=0)-H, -CF,-C(=0)-F, and the like.

[0013] Disclosed herein are inorganic siloxane ladder composites that include
metal-aza crown and/or metal-thio crown complexes. These inorganic siloxane ladder
polymers are anchored to transparent, high-refractive index (RI) metal nanoparticles, such as
Zr0,, via aza/thio crown macromolecules. The siloxane ladder polymers, for example as
shown in FIG. 1, may be considered as a “living polymer network™ since the polymer active
chain ends may further undergo anionic polymerization.

[0014] In some embodiments, a compound is of formula I:
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A'I A3 A4 A5 A6
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N[(CF,)q-CF;],0—Si—0—Si—0——S8i—0 Si—0 N[(CF,)g-CFz]4

wherein q is an integer from 1 to 3;

ris an integer from 1 to 10,000;

each A' , Az, A3, A4, AS, A6, A7, Ag, A9, Alo, A“, and A" independently is, -CH3,
substituted -CHj;, -CH,-C(=0)-H, substituted -CH,-C(=0)-H, -Cg¢Hs, substituted -CgHs,
-CH=CH,, substituted -CH=CH,, -CH,-CH=CH,, substituted -CH,-CH=CH,, a metal-aza
crown complex, a metal-thio crown complex, or a metal-acrylic acid complex, and wherein at
least one of A', A%, A®, A*, A°, A®, A7, A%, A®, A, A", and A" is a metal-aza crown
complex or a metal-thio crown complex; and each A", A" A", and A'® independently is -
CH;- or -CF»-.

[0015] In some embodiments, ecach A', A%, A3, A* A° A® A7, A% A° A'C A"l
and A'? independently may be, -CHs, -CF3, -CH,-C(=0)-H, -CF,-C(=0)-F, -C¢Hs, -CeFs, -
CH=CH,, -CF=CF,, -CH,-CH=CH,, -CF,-CF=CF,, a metal-aza crown complex, a metal-thio
crown complex, or a metal- acrylic acid complex, and wherein at least one of Al A% A AY
A’ A% A7 AR A% A A and A" is a metal-aza crown complex or a metal-thio crown
complex; and each AP AM AP and A' independently may be -CHj,- or -CF»- .

[0016] In some embodiments, each A', A%, A®, A* A°, A® A7, A% A®, A'0, A",
and A2 independently may be, -CHF,, -CH,-C(=0)-F, -CsH,4F, -CH=CF,, -CH,-CH=CF», a

metal-aza crown complex, a metal-thio crown complex, or a metal-acrylic acid complex, and

-5-
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wherein at least one of A', A%, A, A*, A°, A%, A7, A%, A®, A'%, A", and A" is a metal-aza
crown complex or a metal-thio crown complex; and cach AR AY™ AP and A'C
independently may be -CH;- or -CF»- .

[0017] In some embodiments, the compound of formula I may include at least one
metal-aza crown complex, at least 10 metal-aza crown complexes, at least 50 metal-aza
crown complexes, at least 100 metal-aza crown complexes, at least 500 metal-aza crown
complexes, at least 1000 metal-aza crown complexes, at least 5000 metal-aza crown
complexes, or at least 10,000 metal-aza crown complexes.

[0018] In some embodiments, the compound of formula I may include at least one
metal-thio crown complex, at least 10 metal-thio crown complexes, at least 50 metal-thio
crown complexes, at least 100 metal-thio crown complexes, at least 500 metal-thio crown
complexes, at least 1000 metal-thio crown complexes, at least 5000 metal-thio crown
complexes, or at least 10,000 metal-thio crown complexes.

[0019] In some embodiments, the compound of formula I may include a
combination of numerous metal-thio crown complexes and numerous metal-aza crown
complexes.

[0020] In some embodiments, the compound of formula I may include at least one
metal- acrylic acid complex, at least 10 metal- acrylic acid complexes, at least 50 metal-
acrylic acid complexes, at least 100 metal-acrylic acid complexes, at least 500 metal-acrylic
acid complexes, at least 1000 metal-acrylic acid complexes, at least 5000 metal-acrylic acid
complexes, or at least 10,000 metal-acrylic acid complexes. These acrylic acid groups may
co-ordinate with metal nanoparticles and help to anchor them with siloxane ladder polymers.

[0021] The metal-aza crown complex disclosed herein may include a metallic
nanoparticle in contact with the aza crown molecule. Non-limiting examples of metallic

nanoparticle include a ZrO, nanoparticle, a TiO, nanoparticle, a ZnS nanoparticle, a ZnO
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nanoparticle, or any combination thercof. The aza crown molecule may be represented by

formula IIa or IIb:

NH-CH2-CH—]-S-NH—CH2—CH

#NH-CHz-CH-CHz‘]‘NH-CHz-CH-CHz—
P
R’ R R R
N\ N\
e’i 3
(ITa) (ITb),
wherein s is an integer from 3 to 12; each R is independently, -O-, -CF,-, -C(=0)-O-,
-C(=0)-NH-, or -NH- ; and each R'is independently, -H, -F, -CF3, -OH, -CF,Cl, -NH,. In
some embodiments, each R' may cross-link to another siloxane backbone of formula I, and
can be a bivalent -O- linked to the siloxane polymer of formula I, a bivalent -CF,- linked to
the siloxane polymer of formula I, or a bivalent -NH- linked to the siloxane polymer of
formula I.
[0022] In some embodiments, the metal-aza crown complex of formula ITa or IIb
may be:

R1

A
zZT
A,

-
-
-

> e
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B

wherein M is ZrO, nanoparticle, TiO, nanoparticle, ZnS nanoparticle, or ZnO

nanoparticle; R is

independently, -H, -F,

-0-, -CF,-, -C(=0)-0-, -C(=0)-NH-, or -NH-; and each R' is

-CF;, -OH, -CF,Cl, -NH,, a bivalent -O- linked to the siloxane

polymer of formula I, a bivalent -CF»- linked to the siloxane polymer of formula I, or a

bivalent -NH- linked to the siloxane polymer of formula I.

[0023]

Non-limiting examples of the metal-aza crown complex molecules

attached to the siloxane polymer of formula I are shown below:
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[0024] In some embodiments, the metal-thio crown complex disclosed herein may
include a metallic nanoparticle in contact with the thio crown molecule. Non-limiting
examples of metallic nanoparticle include a ZrO, nanoparticle, a TiO, nanoparticle, a ZnS
nanoparticle, a ZnO nanoparticle, or any combination thereof. The thio crown molecule may

be represented by formula I1la or IIb:

S-CHZ—CH—]TS—CHZ-CH

—{~S-CH2-CH-CH2—]~S-CH2-CH-CH2
\ o
R R:?S R’ R
N (Ila) f‘{f (ITTb)

wherein t is an integer from 3 to 12; each R is, independently, -O-, -CF,-, -C(=0)-O-,
-C(=0)-NH-, or -NH-; and each R' is independently, -H, -F, -CF3;, -OH, -CF,Cl, -NH,, a
bivalent -O- linked to the siloxane polymer of formula I, a bivalent -CF,- linked to the
siloxane polymer of formula I, or a bivalent -NH- linked to the siloxane polymer of formula
L.

[0025] In some embodiments, the metal-thio crown complex of formula Illa or

11Ib may be:

2
o,
-:?
A

-~ s
_______
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2
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wherein M is ZrO, nanoparticle, TiO, nanoparticle, ZnS nanoparticle, or ZnO
nanoparticle; R is, independently, -O-, -CF,-, -C(=0)-O-, -C(=0)-NH-, or -NH-; and each R'
is independently, -H, -F, -CF3, -OH, -CF,Cl, -NH;, a bivalent -O- linked to the siloxane
polymer of formula I, a bivalent -CF,- linked to the siloxane polymer of formula I, or a
bivalent -NH- linked to the siloxane polymer of formula I.

[0026] Non-limiting examples of the metal-thio crown complex molecules

attached to the siloxane polymer of formula I are shown below:

CF;
CFs S CF5
:
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F3C S S ! - -S
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Non-limiting examples of compound of formula I are shown below:
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[0028] In some embodiments, a compound is of formula IV:

CF3 CFs CF3 CF3

HO Si O Si O Si O Si O H

A17 A‘|8 A19 A20

V)
wherein n is an integer from 1 to 100; A'” is a metal-aza crown complex or a metal-

thio crown complex; A'® is a metal-aza crown complex or a metal-thio crown complex; A" is
a metal-aza crown complex or a metal-thio crown complex; and A*® is a metal-aza crown
complex or a metal-thio crown complex.

[0029] In some embodiments, each one of A'"-A* independently is a metal-thio
crown complex. In some embodiments, each A'’-A% independently is a metal-aza crown
complex. In some embodiments, A'” and A" are metal-aza crown complexes, and A" and
A?® are metal-thio crown complexes.

[0030] In some embodiments, the metal-aza crown complex attached to

compound of formula IV can be represented by:

NH-CHZ-CH—];NH—CHZ—CH

AfNH-CHz-CH-CHzTNH-CHz-CH-C Hz—
| s |
R? R R? R
\ AN
X S

(ITc) (IId)
wherein s is an integer from 3 to 12; each R is independently, -O-, -CF,-, -C(=0)-O-,
-C(=0)-NH-, or -NH-; and each R%is independently, -H, -F, -CF3, -OH, -CF,Cl, or -NH;. The
metallic nanoparticle of the metal-aza crown complex may be a ZrO, nanoparticle, a TiO,

nanoparticle, a ZnS nanoparticle, a ZnO nanoparticle, or any combination thereof.

-15-
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[0031] In some embodiments, the metal-thio crown complex attached to

compound of formula IV can be represented by:

S-CHZ-CH—I—S—CHZ-CH
—[~S—CH2—C\H—CH2—]~S—CH2—C\H—CH2— | t
t
R? R
R? R N
AN N\
(IIc) (111d)

wherein t is an integer from 3 to 12; each R is, independently, -O-, -CF,-, -C(=0)-O-,
-C(=0)-NH-, or -NH-; and each R%is independently, -H, -F, -CF3, -OH, -CF,Cl, or -NH,. The
metallic nanoparticle of the metal-thio crown complex may be a ZrO, nanoparticle, a TiO,

nanoparticle, a ZnS nanoparticle, a ZnO nanoparticle, or any combination thereof.

[0032] Non-limiting examples of compound of formula IV are shown below:
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[0033] Also disclosed Therein are novel aza-crown and thio-crown

macromolecules. In some embodiments, a compound is of formula V:
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V)

wherein X is -NH- or -S-; u is an integer from 4 to 12; and each R is, independently,
-H, -F, -Cl, -CF3, -OH, -CF,Cl, -CH,Cl, -COClI, or -NH,. In some embodiments, X is -NH-,
and R is, independently, -H, -F, -CF;, -OH, -CF,Cl, or -NH,. In some embodiments, X is -S-,
and R’ is, independently, -H, -F, -CF3, -OH, -CF,Cl, or -NH,.

[0034] Non-limiting examples of compound of formula V are shown below:

R3
R3

S S
NH HN
NH HN S S

R® R3
B B

wherein each R® is, independently, -H, -F, -CF;, -OH, -CF,Cl, or -NH,.

[0035] In some embodiments, a compound is of formula VTI:

R? (VD
wherein X is -NH- or -S-; v is an integer from 4 to 12; and each R’ is, independently,

-H, -F, -Cl, -CF3, -OH, -CF,Cl, -CH,Cl, -COCI, or -NH;. In some embodiments, X is -NH-,
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and R® is, independently, -H, -F, -CF;, -OH, -CF,Cl, or -NH,. In some embodiments, X is -S-,
and R’ is, independently, -H, -F, -CF3, -OH, -CF,Cl, or -NH,.

[0036] Non-limiting examples of compound of formula VI are shown below:

[ A
~ T L
s S } R}\/“\H

R3

/ : 3 / :
R® S s RKNH HN j\
NH HN R®
RS R®

wherein each R is, independently, -H, -F, -CF3, -OH, -CF,Cl, or -NH,.

[0037] Also disclosed herein are methods to make compounds of formula I. In
some embodiments, a method of making a siloxane compound of formula I may involve
contacting a metal-crown complex with trifluorochloromethane and a silicon metal to form a
dichlorosilane- trifluoromethyl-metal-crown complex, and hydrolyzing the dichlorosilane-
trifluoromethyl-metal-crown complex to form a fluorinated siloxane polymer compound of

formula 1V, and contacting the polymer compound of formula IV with a bis-siloxane D4

compound and an anionic catalyst to form the siloxane compound of formula I.
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[0038] An exemplary reaction is outlined below:

egdrotfed
CHROE - CEON hydesiysis
THCF -metal crown s compound IV

FITE < X x BRI S———— TS
compier

ARGt

ompey

big-sifoxane B anionic . compound!
sompound V7 cornpoung catatyst

[0039] The metal-crown complex may be formed by contacting a crown
macromolecule with a metallic nanoparticle, to form metal-aza crown complex or metal-thio
crown complex. The metallic nanoparticle may be any metallic nanoparticle disclosed herein,
such as a ZrO, nanoparticle, a TiO, nanoparticle, a ZnS nanoparticle, a ZnO nanoparticle, or
any combination thercof. The crown macromolecule may be any aza-crown macromolecule
or a thio-crown macromolecule described herein, and are represented by formulae V and VI.

[0040] In some embodiments, the metal-crown complex and the trifluoro-
chloromethane may be contacted in a molar ratio of about 1:1 to about 1:4, about 1:1 to about
1:3, or about 1:1 to about 1:2. Specific examples include about 1:1, about 1:1.5, about 1:2.5,
about 1:4, and ranges between any two of these values.

[0041] In some embodiments, the dichlorosilane-trifluoromethyl-metal-crown
complex is subjected to a controlled hydrolysis step, resulting in the fluorinated siloxane
polymer compound of formula IV. For example, hydrolysis may be controlled by varying the
molar ratio of cyclic monomer to water.

[0042] In some embodiments, the bis-siloxane D4 compound may be represented

by the structure:
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CFs
FsC CFs o o
: \Si< F3C\| |/CF3
o o . Si SN
|_c—c7] | er
C C 3
F3C\| |~ F> fe)
Si S O—~_ .~
FC/l | CFs Si
SI\
F3C/ CF,

[0043] The anionic catalyst may be represented by the structure:

C4Fg CF3 CF3 CaFo
® <) | © =) @
Cy4Fg N——C4Fg O S|i 0——si—0 C4Fyg ——N——C,Fg
CaFo | CFy |, ©Fs C4Fg
9

[0044] In some embodiments, the compound of formula IV and the bis-siloxane
D4 compound are contacted in a molar ratio of about 1:0.1 to about 1:0.5, about 1:0.1 to
about 1:0.4, or about 1:0.1 to about 1:0.2. Specific examples include about 1:0.1, about 1:0.2,
about 1:0.3, about 1:0.4, about 1:0.5, and ranges between any two of these values.

[0045] Compounds of formula I may be considered to be a “living polymer
network™ because the tetrafluoroalkyl ammonium end groups may react with the network
chains to restructure the crosslinks in the network. For example, when the polymer is
subjected to temperatures above 300 °C, the polymer active chain ends are transferred to Si-
0O-C4F,, and the catalyst is transferred to N(C4F9); and siloxane oligomer, which is available
at any time for further polymerization. While self-alignment occurs at such high temperatures
via anionic polymerization, neither thermal degradation nor melting occurs. The presence of
fluorine substituent groups in the catalyst and siloxane backbone increases the anionic
initiation activity of both the catalyst and the monomer due to the high electro-negativity and

clectron withdrawing properties.
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[0046] The compounds and polymers disclosed herein may have any or all of high
thermal stability, good mechanical properties, self-healing properties, a low dielectric
constant, and a low refractive index. Due to their high thermal stability, thermal degradation
may not occur, or may be reduced compared to other compounds and polymers, during high
temperature processing, for example, a solder reflow process in the manufacturing of optical
circuits. Since the compounds and polymers are prepared by anionic living polymerization,
they maintain the active catalyst, active polymerizable chain end, and cyclic structure in the
system thereby meeting the fundamental requirements of being printable waveguide
materials. Such compounds and polymers may be used in a wide variety of uses, including
optical waveguides, tires, mechanical parts of a vehicle, sporting goods, coupling sockets,
switches, printed wiring board pins, ice skating rinks, and the like.

[0047] The compounds and polymers disclosed herein may be used for preparing
optical waveguides. An optical waveguide structure may have a light transmitting core
material having a first refractive index, and a cladding material partially contacting or entirely
surrounding the core material, wherein the cladding material has a second refractive index
lower than the first refractive index of the core material, and wherein the core material
includes one or more compounds of formula I, IV, V or VL.

[0048] The optical waveguides may be synthesized using any method known in
the art. Briefly, a layer of cladding material is formed over a suitable substrate. The substrate
may be any material upon which it is desired to establish a waveguide, such as a
semiconductor material (silicon, silicon oxide, silicon oxide/silicon, gallium arsenide, silicon
nitride, silica on silicon, or the like), glass, plastics, quartz, ceramics, or crystalline materials.
The cladding material may be formed on the substrate by any known method, such as spin
casting, dip coating, roller coating, doctor blading, or evaporating. Suitable cladding

materials include silica xerogels, silicon oxide, metal oxides, air, silicon dioxide,
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benzocyclobutene, plasma oxides, acrylates, fluorinated acrylates, polyimides, and other
polymers having a lower refractive index than the core. The siloxane core material can then
be deposited into a thin film on top of the cladding. Before or after curing, the core siloxane
material can optionally be patterned using known methods, such as photolithography, wet

etching, reactive-ion etching (RIE), photoablation, and the like.

EXAMPLES

EXAMPLE 1: Preparation of bis-siloxane D4 compound

[0049] About 3 moles of hexafluorodimethyl dichlorosilane and 2 moles of
trifluoromethyl-difluoromethyl dichlorosilane are mixed and subjected to controlled
hydrolysis to obtain a fluorinated tetrasiloxane compound. The tetrasiloxane compound
undergoes cyclization in the presence of zinc oxide to obtain a fluorinated cyclic siloxane
(D4) monomer.

[0050] About 20 grams of above obtained cyclic siloxane (D4) monomer is mixed
with 0.001 grams of the fully fluorinated benzoyl peroxide and heated at 120 °C for 30
minutes. The free radical coupling reaction takes place to form the bis-siloxane D4

compound.

EXAMPLE 2: Preparation of anionic catalyst

[0051] About 0.1 mole of silicon metal is reacted with about 0.2 moles of
trifluorochloromethane to obtain hexafluorodimethyl dichlorosilane. The hexafluorodimethyl
dichlorosilane is subjected to controlled hydrolysis to obtain a hydroxyl terminated
fluorinated tetrasiloxane compound. The tetrasiloxane compound undergoes cyclization in the
presence of zinc oxide to form a fluorinated cyclic siloxane (D4) compound.

[0052] A reaction vessel is charged with 0.1 mole of fluorinated tetrabutyl-

ammonium chloride that is prepared by reacting fluorinated tributylamine with fluorinated
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butyl chloride. The reaction vessel is cooled to 5 °C, flushed with N, and about 0.05 mole of
above obtained fluorinated cyclic siloxane (D4) monomer is added. The reaction is continued
for one hour under N, atmosphere, and the product is purified and dried to obtain an anionic

catalyst.

EXAMPLE 3: Preparation of metal-aza crown complex

[0053] About 1 mole of epichlorohydrin is mixed with 1 mole of ammonia in the
presence of 0.01 mole of sodium carbonate (catalyst) and 750 mL of acetonitrile (solvent).
The mixture is heated to 25 °C for 180 minutes in an autoclave. Fractions are taken out every
30 minutes until the condensation reaction reaches the required molecular weight (degree of
polymerization =4).The resulting product poly(2-hydroxy-3-iminopropylene) undergoes
cyclisation reaction to form 12-crown-4 and 15-crown-5 aza-crown molecules. The aza-
crown molecules are further incubated with ZrO, nanoparticles to obtain a metal-aza crown
complexes.

The reaction is outlined below:
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EXAMPLE 4: Preparation of compound 5

[0054] About 1 mole of metal-aza crown complex of Example 3 is mixed with 1

mole of trifluorochloromethane and 1 mole of silicon metal to form the methylated
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dichlorosilane-metal-crown complex. The methylated dichlorosilane-metal-crown complex is
sublected to partial hydrolysis with a predetermined molar ratio of water at room temperature

according to the chain length required to obtain compound 5.

EXAMPLE 5: Preparation of compound 2

[0055] About 1 mole of compound 5 is mixed with 0.1 mole of compound 8 in the
presence of the anionic catalyst compound 9. The mixture is cooled to 0 °C for 40 minutes
under a stream of nitrogen gas. The resulting polymer is a ladder type anionic living
polysiloxane polymer compound 2. The degree of laddering can be controlled by the molar
ratio of compound 1 and compound 8. The reaction can be carried out in aprotic solvents. It is
to be noted that various polymeric compounds within the scope of formula I can be made by
varying the starting material. For example compound 6 or compound 7 may be used in place
of compound 5.

[0056] The polymer that is formed can be considered as a "living polymer
network" as the active polymerizable chain end groups can react with the network chains to
restructure the crosslinks in the network, giving the polymer its self-aligning property. In
addition, the polymer may have high thermal stability, good mechanical properties, self-

healing properties, a low dielectric constant, and a low refractive index.

EXAMPLE 6: Preparation of a waveguide

[0057] Planar waveguides are made on 3 inch (7.62 cm) silicon wafer substrates
using the siloxane polymers of compounds 1-4 as the high refractive index core material, and
silicon oxide as the cladding. The silicon oxide is spin-coated on a wafer to a thickness of
about 1 pum. The core material (compounds 1-4) is then spun-onto the cladding film to a
thickness of about 2 um (6000 rpm for 100 seconds). Next, the samples are baked at 100 °C

for 20 minutes and annealed at 150 °C. As the siloxane polymers are expected to have high
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thermal stability, thermal degradation may not occur during subsequent high temperature
processing, for example, a solder reflow process in the manufacturing of optical circuits
containing the planar waveguides. The waveguide may also have good mechanical

properties, self-healing properties, a low dielectric constant, and a low refractive index.

EXAMPLE 7: An article prepared from siloxane polymers

[0058] The siloxane polymer pellets of compound 1 are heated in an injection
molding machine and fed into a mold cavity and allowed to cool. The cooled polymer obtains
the shape according to the contour of the cavity, and articles such as coupling sockets,
switches, tennis rackets, and brake pads may be manufactured using appropriate molds. It
will be expected that the articles manufactured from the siloxane polymer may have high
thermal stability, good mechanical properties, self-healing properties, a low dielectric

constant, and a low refractive index.

[0059] In the above detailed description, reference is made to the accompanying
drawings, which form a part hereof. In the drawings, similar symbols typically identify
similar components, unless context dictates otherwise. The illustrative embodiments
described in the detailed description, drawings, and claims are not meant to be limiting.
Other embodiments may be used, and other changes may be made, without departing from
the spirit or scope of the subject matter presented herein. It will be readily understood that
the aspects of the present disclosure, as generally described herein, and illustrated in the
Figures, can be arranged, substituted, combined, separated, and designed in a wide variety of
different configurations, all of which are explicitly contemplated herein.

[0060] The present disclosure is not to be limited in terms of the particular
embodiments described in this application, which are intended as illustrations of various

aspects. Many modifications and variations can be made without departing from its spirit and
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scope, as will be apparent to those skilled in the art. Functionally equivalent methods and
apparatuses within the scope of the disclosure, in addition to those enumerated herein, will be
apparent to those skilled in the art from the foregoing descriptions. Such modifications and
variations are intended to fall within the scope of the appended claims. The present
disclosure is to be limited only by the terms of the appended claims, along with the full scope
of equivalents to which such claims are entitled. It is to be understood that this disclosure is
not limited to particular methods, reagents, compounds, compositions or biological systems,
which can, of course, vary. It is also to be understood that the terminology used herein is for
the purpose of describing particular embodiments only, and is not intended to be limiting.

(13 29 ¢
a

[0061] As used in this document, the singular forms an,” and “the” include
plural references unless the context clearly dictates otherwise. Unless defined otherwise, all
technical and scientific terms used herein have the same meanings as commonly understood
by one of ordinary skill in the art. Nothing in this disclosure is to be construed as an
admission that the embodiments described in this disclosure are not entitled to antedate such
disclosure by virtue of prior invention. As used in this document, the term “comprising”
means “including, but not limited to.”

[0062] While various compositions, methods, and devices are described in terms
of "comprising" various components or steps (interpreted as meaning "including, but not
limited to"), the compositions, methods, and devices can also "consist essentially of" or
"consist of" the various components and steps, and such terminology should be interpreted as
defining essentially closed-member groups.

[0063] With respect to the use of substantially any plural and/or singular terms
herein, those having skill in the art can translate from the plural to the singular and/or from

the singular to the plural as is appropriate to the context and/or application. The various

singular/plural permutations may be expressly set forth herein for sake of clarity.
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[0064] It will be understood by those within the art that, in general, terms used
herein, and especially in the appended claims (example, bodies of the appended claims) are
generally intended as “open” terms (example, the term “including” should be interpreted as
“including but not limited to,” the term “having” should be interpreted as “having at least,”
the term “includes” should be interpreted as “includes but is not limited to,” etc.). It will be
further understood by those within the art that if a specific number of an introduced claim
recitation is intended, such an intent will be explicitly recited in the claim, and in the absence
of such recitation no such intent is present. For example, as an aid to understanding, the
following appended claims may contain usage of the introductory phrases "at least one" and
"one or more" to introduce claim recitations. However, the use of such phrases should not be
construed to imply that the introduction of a claim recitation by the indefinite articles "a" or
"an" limits any particular claim containing such introduced claim recitation to embodiments
containing only one such recitation, even when the same claim includes the introductory
phrases "one or more" or "at least one" and indefinite articles such as "a" or "an" (example,
“a” and/or “an” should be interpreted to mean “at least one” or “one or more”); the same
holds true for the use of definite articles used to introduce claim recitations. In addition, even
if a specific number of an introduced claim recitation is explicitly recited, those skilled in the
art will recognize that such recitation should be interpreted to mean at least the recited
number (example, the bare recitation of "two recitations," without other modifiers, means at
least two recitations, or two or more recitations). Furthermore, in those instances where a
convention analogous to “at least one of A, B, and C, etc.” is used, in general such a
construction is intended in the sense one having skill in the art would understand the
convention (example,  a system having at least one of A, B, and C” would include but not be
limited to systems that have A alone, B alone, C alone, A and B together, A and C together, B

and C together, and/or A, B, and C together, etc.). In those instances where a convention
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analogous to “at least one of A, B, or C, etc.” is used, in general such a construction is
intended in the sense one having skill in the art would understand the convention (example, “
a system having at least one of A, B, or C” would include but not be limited to systems that
have A alone, B alone, C alone, A and B together, A and C together, B and C together, and/or
A, B, and C together, etc.). It will be further understood by those within the art that virtually
any disjunctive word and/or phrase presenting two or more alternative terms, whether in the
description, claims, or drawings, should be understood to contemplate the possibilities of
including one of the terms, either of the terms, or both terms. For example, the phrase “A or
B” will be understood to include the possibilities of “A” or “B” or “A and B.”

[0065] In addition, where features or aspects of the disclosure are described in
terms of Markush groups, those skilled in the art will recognize that the disclosure is also
thereby described in terms of any individual member or subgroup of members of the Markush
group.

[0066] As will be understood by one skilled in the art, for any and all purposes,
such as in terms of providing a written description, all ranges disclosed herein also
encompass any and all possible subranges and combinations of subranges thereof. Any listed
range can be easily recognized as sufficiently describing and enabling the same range being
broken down into at least equal halves, thirds, quarters, fifths, tenths, etc. As a non-limiting
example, each range discussed herein can be readily broken down into a lower third, middle
third and upper third, etc. As will also be understood by one skilled in the art all language

29 <

such as “up to,” “at least,” and the like include the number recited and refer to ranges which
can be subsequently broken down into subranges as discussed above. Finally, as will be
understood by one skilled in the art, a range includes each individual member. Thus, for

example, a group having 1-3 cells refers to groups having 1, 2, or 3 cells. Similarly, a group

having 1-5 cells refers to groups having 1, 2, 3, 4, or 5 cells, and so forth.
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[0067] Various of the above-disclosed and other features and functions, or
alternatives thereof, may be combined into many other different systems or applications.
Various presently unforeseen or unanticipated alternatives, modifications, variations or
improvements therein may be subsequently made by those skilled in the art, each of which is

also intended to be encompassed by the disclosed embodiments.
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CLAIMS

What is Claimed is:

1. A compound of formula I:

A1 A3 A4 A5 A6

@ © e e

° o || |

o ©
N[(CF,)q-CF;],0—Si—0——8i—0——Si—0 Si—0 NI(CF»)q-CF3]4

@

wherein q is an integer from 1 to 3;

r is an integer from 1 to 10000;

cach A', A%, A®, A*, A®, AS A7, A® A°, A", A'! and A" independently is, -
CHj3, substituted -CH3s, -CH,-C(=0)-H, substituted -CH,-C(=0)-H,-CgHs, substituted
-C¢Hs, -CH=CH,;, substituted -CH=CH,, -CH,-CH=CH,, substituted -CH,-CH=CH,,
a metal-aza crown complex, a metal-thio crown complex, or a metal-acrylic acid
complex, and wherein at least one of Al, Az, A3, A4, AS, A6, A7, Ag, A9, Alo, A“, and
A'? is a metal-aza crown complex or a metal-thio crown complex; and

cach A”, A" A" and A" independently is -CH;- or -CF,- .

2. The compound of claim 1, wherein when any one of A' to A'? is a metal-aza
crown complex, the metal-aza crown complex comprises a metallic nanoparticle in contact

with an aza crown molecule, and the aza crown molecule is selected from formula Ila or IIb:
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NH-CHZ—CH—CHZTNH—CH2—CH-CH2
S

R! R
\
fi

wherein s is an integer from 3 to 12;

each R is independently, -O-, -CF;-, -C(=0)-O-, -C(=0)-NH-, or -NH- ; and

each R! is independently, -H, -F, -CF3, -OH, -CF,Cl, -NH,, a bivalent -O-
linked to the siloxane polymer of formula I, a bivalent -CF»- linked to the siloxane

polymer of formula I, or a bivalent -NH- linked to the siloxane polymer of formula I.

3. The compound of claim 1, wherein when any one of A' to A'? is a metal-thio
crown complex, the metal-thio crown complex comprises a metallic nanoparticle in contact
with a thio-crown molecule, and the thio-crown molecule is selected from formula Illa or

[Ib:

Ai'S-CHz-CH-CHz‘—]‘S-CHz-CH-CHZ—
\ o\
R? R
X
N (IlTa)
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S—CHZ-CH—ITS-CHZ—CH

R R

5\:‘\5 (I1Ib),

wherein t is an integer from 3 to 12;

each R is, independently, -O-, -CF,-, -C(=0)-O-, -C(=0)-NH-, or -NH-; and
cach R' is independently, -H, -F, -CF;, -OH, -CF,Cl, -NH,, a bivalent -O-
linked to the siloxane polymer of formula I, a bivalent -CF»- linked to the siloxane
polymer of formula I, or a bivalent -NH- linked to the siloxane polymer of formula I.

4.

The compound of claim 2 or 3, wherein the metallic nanoparticle is a ZrO,

nanoparticle, a TiO, nanoparticle, a ZnS nanoparticle, a ZnO nanoparticle, or any
combination thereof.

5. The compound of claim 1, wherein the metal-aza crown complex is selected
from:
R']
H
R' N R'
\
i
R / : HN-<._  } __.-NH
HN_ HN BV
‘\ /' R’ 7N
\ ’ / \
~ 7 4 \
’M\ III \\
HN NH
HN "NH R’
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wherein M is ZrO, nanoparticle, TiO, nanoparticle, ZnS nanoparticle, or ZnO

nanoparticle;

Ris -O-, -CF;-, -C(=0)-0-, -C(=0)-NH-, or -NH-; and

cach R! is independently, -H, -F, -CF;, -OH, -CF,Cl, -NH,, a bivalent -O-
linked to the siloxane polymer of formula I, a bivalent -CF»- linked to the siloxane

polymer of formula I, or a bivalent -NH- linked to the siloxane polymer of formula I.

-34-



WO 2015/163890 PCT/US2014/035316

6. The compound of claim 1, wherein the metal-thio crown complex is selected

from:
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wherein M is ZrO, nanoparticle, TiO> nanoparticle, ZnS nanoparticle, or ZnO
nanoparticle;

R is, independently, -O-, -CF,-, -C(=0)-0O-, -C(=0)-NH-, or -NH-; and

cach R! is independently, -H, -F, -CF;, -OH, -CF,Cl, -NH,, a bivalent -O-
linked to the siloxane polymer of formula I, a bivalent -CF»- linked to the siloxane

polymer of formula I, or a bivalent -NH- linked to the siloxane polymer of formula I.
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7. A compound of formula IV:

CF, CF, CF, CF,

HO Si 0 Si o) Si 0 Si 0] H

A17 A18 A19 A20

av),
wherein n is an integer from 1 to 100;
17 . )
A" is a metal-aza crown complex or a metal-thio crown complex;
18 . . )
A" is a metal-aza crown complex or a metal-thio crown complex;
A" is a metal-aza crown complex or a metal-thio crown complex; and

A’ is a metal-aza crown complex or a metal-thio crown complex.

. . 17 A18 19 20 .
8. The compound of claim 7, wherein when any one of A™', A™°, A”, or A is a
metal-aza crown complex, the metal-aza crown complex comprises a metallic nanoparticle in

contact with an aza crown molecule, and the aza crown molecule is selected from formula Ilc

or I1d:

—rNH—CHZ—CH—CHZTNH-CHZ—CH-CHZ—
| s |
R? R
X
N (e

NH—CHZ—CH-];NH-CHZ-CH

R2 R

5\5{f (11d)

-36-



WO 2015/163890 PCT/US2014/035316

wherein s is an integer from 3 to 12;
cach R is independently, -O-, -CF»-, -C(=0)-O-, -C(=0)-NH-, or -NH-; and

each R? is independently, -H, -F, -CF;, -OH, -CF,Cl, or -NH,.

9. The compound of claim 7, wherein when any one of A7 A AY orA%isa
metal-thio crown complex, the metal-thio crown complex comprises a metallic nanoparticle

in contact with a thio-crown molecule, and the thio-crown molecule is sclected from formula

IIIc or I11d:

S-CHZ-CH—]?S—CHZ-CH

R? R

J}{ (I11d),

wherein t is an integer from 3 to 12;
each R is, independently, -O-, -CF»-, -C(=0)-O-, -C(=0)-NH-, or -NH-; and

each R? is independently, -H, -F, -CF;, -OH, -CF,Cl, or -NH,.

10. The compound of claim 8 or 9, wherein the metallic nanoparticle is a ZrO,
nanoparticle, a TiO, nanoparticle, a ZnS nanoparticle, a ZnO nanoparticle, or any

combination thereof.

11. A compound of formula V:
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wherein X is -NH- or -S-;
u is an integer from 4 to 12; and

each R® is, independently, -H, -F, -Cl, -CF3, -OH, -CF,Cl, -CH,Cl, -COClI, or -

NHo,.
12.  The compound of claim 11, wherein the compound is
R3
S S
S S
R3
and each R® is, independently, -H, -F, -CF3, -OH, -CF,Cl, or -NH,.
13. The compound of claim 11, wherein the compound is
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R3

B

and each R® is, independently, -H, -F, -CF3, -OH, -CF,Cl, or -NH,.

14. A compound of formula VI:

R? (VD),
wherein X is -NH- or -S-;
v is an integer from 4 to 12; and
each R is, independently, -H, -F, -CI, -CF3, -OH, -CF,Cl, CH,Cl, -COClI, or -

NH..

15. The compound of claim 14, wherein the compound is
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R3

R3

R3

R3

B

and each R® is, independently, -H, -F, -CF3, -OH, -CF,Cl, or -NH,.

16. The compound of claim 14, wherein the compound is

R3
N R?
H
NH HN
R3
R3
NH HN
H
N

R3

and each R’ is, independently, -H, -F, -CF3, -OH, -CF,Cl, or -NH,.
17.  An article comprising one or more compounds of any one of claims 1 to 16.

18. The article of claim 17, wherein the article is an optical waveguide, a tire, a

mechanical part of a vehicle, a coupling socket, a switch, or a printed wiring board pin.

19. A polymer comprising one or more compounds of any one of claims 1 to 16.
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20.  An optical waveguide structure comprising a light transmitting core material
having a first refractive index, and a cladding material partially contacting or entirely
surrounding the core material, wherein the cladding material has a second refractive index
lower than the first refractive index of the core material, and wherein the core material

comprises one or more compounds of any one of claims 1 to 16.

21. A method of making a siloxane compound of formula I, the method

comprising:

contacting a metal- crown complex with trifluorochloromethane and a silicon
metal to form a dichlorosilane- trifluoromethyl-metal-crown complex;

hydrolyzing the dichlorosilane- trifluoromethyl-metal-crown complex to form
a fluorinated siloxane polymer compound of formula I'V; and

contacting the polymer compound of formula IV with a bis-siloxane D4

compound and an anionic catalyst to form the siloxane compound of formula I.

22. The method of claim 21, wherein the metal-crown complex is formed by
contacting a crown macromolecule with a metallic nanoparticle, the crown macromolecule

represented by the formula V or VI:

X-CH,-CH

(V) or R® (VD
wherein each X is -NH- or -S-;
u is an integer from 4 to 12;

v is an integer from 4 to 12; and
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each R is, independently, -F, -Cl, -CF3, -OH, -CF,Cl, -CH,Cl, -COClI, or -

NH..

23. The method of claim 22, wherein the metallic nanoparticle is a ZrO,
nanoparticle, a TiO, nanoparticle, a ZnS nanoparticle, a ZnO nanoparticle, or any

combination thereof.

24, The method of claim 21, wherein hydrolyzing the dichlorosilane-
trifluoromethyl-crown compound comprises controlled hydrolysis of the dichlorosilane-

trifluoromethyl-crown compound.

25. The method of claim 21, wherein the compound of formula IV is

CF; CF, CF, CF;

HO Si 0] Si 0] Si 0] Si 0] H
P|\1 7 ,.!\18 ,!“1 9 lZO
- v

wherein n is an integer from 1 to 100;
17 . )
A" 'is a metal-aza crown complex or a metal-thio crown complex;
18 . . )
A" is a metal-aza crown complex or a metal-thio crown complex;
A" is a metal-aza crown complex or a metal-thio crown complex and

A is a metal-aza crown complex or a metal-thio crown complex.

26. The method of claim 21, wherein the bis-siloxane D4 compound is
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CFs
FsC CFs o o
3
. oF
Si F3C | / 3
/ \O N Si
0 Fs /SI N
c C | CF3
Fea| | ¢ |
NG si 2 5 o
Si NG ~.
-~ | CF Si
F3C | S 3 / \
o FaC CF
\Si < 3 3
F3C/ CF;
27. The method of claim 21, wherein the anionic catalyst is
C4Fg CF3 CF3 C4Fg
@ e | e e ®
C4Fg N——C4,Fg O——Si—O—Si—0C C4;Fg ——N——C,F,
| CFs3 C4F
C4Fg | CF3 dr3 419
28. The method of claim 21, wherein the metal-crown complex and the trifluoro-

chloromethane are contacted in a molar ratio of about 1:1 to about 1:4.

29. The method of claim 21, wherein the compound of formula IV and the bis-

siloxane D4 compound are contacted in a molar ratio of about 1:0.1 to about 1:0.5.
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