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PROPERTIES TAILORING IN SILSESQUIOXANES

GOVERNMENT SUPPORT
[0001] This invention was made with government support under CGE
0740108 awarded by the National Science Foundation. The Government has

certain rights in the invention.

CROSS REFERENCE TO RELATED APPLICATIONS

[0002] This application claims priority to U.S. Application No.
12/609,708, filed October 30, 2009, and, U.S. Provisional Application
61/197,774, filed October 30, 2008. The entire disclosures of the above
applications are hereby incorporated by reference.

FIELD

[0003] The present disclosure relates to methods for making and
tailoring silsesquioxanes having desired functionalization applicable to
mechanical, photonic and electronic applications.

BACKGROUND

[0004] Polymer properties are dictated by a combination of monomer
structure, chain length and processing. Monomer structure can often determine
how the polymer coils, crystallizes, forms electrostatic or hydrogen bonds and of
course dissolves. If the monomer unit provides extended conjugation along the
polymer backbone, the polymer may offer conducting, semiconducting, emissive
or light absorptive properties of use in organic electronic and photonic
applications. Rigid monomers lead to polymers with excellent mechanical
properties and/or liquid crystallinity. Finally monomer structure can also dictate
miscibility with other polymers.

[0005] Chain length will normally dictate the glass temperature (Tg),
diffusion rates, viscosities, CTEs, extents of mechanical crosslinking and for
short chains, the melting temperature. Processing provides control of chain-
chain interactions on a molecular scale as a means of controlling global
properties through control of molecular alignment providing for example,
toughness, transparency, conductivity etc. It is well recognized that specific
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polymer properties arise from specific types of monomers, degrees of
polymerization and processing. Simply said, “One size does not fit all.” There are
certain types of polymer (oligomer) systems that may offer much more
tailorability than others such that “One size fits many.” One such system
encompasses the family of compounds called silsesquioxanes (SQ) as illustrated
in Figure 1. Because of the breadth of their properties, silsesquioxanes are of
considerable interest to both the academic and industrial communities, having
been the subject of numerous reviews in the last 25 years.

[0006] To illustrate, random structured silsesquioxanes are often called
T resins and offer a number of useful properties centered about their excellent
adhesion and high temperature stability. In one form, with R as H or CHs, they
are used as interlayer dielectrics processed either by spin-on or vapor deposition
methods. They are also called organic silicates. In other forms they are used to
form molds, as clear coats for a wide variety of substrates and are a major
component of silicone based caulks for example.

[0007] Polyhedral silsesquioxanes, such as the Tg octasilsesquioxane
“cubes” [RSIO1.5]s (Figure 1), represent a versatile class of highly symmetrical
three-dimensional organosilicon compounds with well-defined nanometer size
structures. The combination of a rigid silica core and a more flexible, modifiable
organic shell make these compounds useful as platforms for assembling hybrid
nanocomposite materials with properties intermediate between the properties of
ceramics and organics.

[0008] Silsesquioxanes have been used in recent years to: (1) model
catalytic surfaces, (2} generale new catalysts and {3) novel porous media, and
serve as {4) NMR standards, and (&) encapsulants. The decameric T4 and
dodecameric T, cages are frequently formed alongside the Tg cube, albeit in
lower vyields, and their derivatives often exhibit chemical, thermal, and
mechanical properties parallel to those of Tgderivatives.

[0009] Cubic or Tg silsesquioxanes are typically prepared via acid or
base-catalyzed hydrolytic condensation of trifunctional organosilanes or by
chemical transformation of the pendant groups on pre-existing cages. Since
their initial discovery in 1946, there have been numerous studies on the
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synthesis of polyhedral silsesquioxanes. However, no universal preparative
procedures have been established.

[0010] The R groups are selected from wide variety of aliphatic and
aromatic functional groups, offering considerable potential to control the
properties of any oligomeric, polymeric, and/or organic/inorganic hybrid
nanocomposites that could be made from them.

[0011] In general, most of the work reported for SQs centers on
monofunctional materials with seven inert R groups (typically R = iBu,
cyclopentyl, cyclohexyl and occasionally phenyl) and one reactive group. There
are only a few examples of difunctional octameric or heptameric partial or whole
cages and even fewer examples of polymers (oligomers) that contain the SQ as
part of the main chain. The reason is that isolation of these types of compounds
is very difficult and there are only a few reports on their use in the production of
linear polymers.

SUMMARY

[0012] Silsesquioxane compounds are illustrated in Figure 1. A new
approach to all of these materials (except ladder structures) allows one to
catalytically and selectively interconvert between SQ structures at near ambient
temperatures to introduce novel functionality in very specific ways to create
families of nanobuilding blocks and related nanocomposite materials that offer
highly tailorable properties coupled with exceptional ease of processing. The
range of properties potentially accessible includes materials with excellent
mechanical properties coupled with high thermal stability to materials with 3-D
conducting properties potentially of use for molecular electronics and photonics.

[0013] The current teachings involve a room temperature catalytic
process that allows performing the reactions shown in Schemes 1-3 usually in
good to very good yields.

[0014] First, almost any polymeric silsesquioxane or “T resin” can be
converted into soluble cage compounds (Scheme 1, Figure 2).

[0015] Second, at room temperature we can promote exchange of R
groups between cages to make mixed functional groups (Scheme 2, shown in
Figure 3).
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[0016] Third, we are able to either trap the cage compounds as shown
in Schemes 1 and 2 or return them to their polymeric structures simply by
reducing the solvent contents (Scheme 3, Figure 4). Thus, after making mixed
functional groups we can then make novel resins. All of these systems are
expected to have excellent high temperature stabilities > 400°C depending on
the functionality. Furthermore because we can redissolve the resins, they can
be recycled making them green.

[0017] Finally, we also find that by addition of Si(OR)4 (e.g., Si(OEt)4)
as a silica source (shown in Figure 5), we can make what appear to be
functionalized silica particles whose size is dependent on the relative amounts of
silica and [RSiO1.5]x.

[0018] The versatility of new routes to very well defined materials
offers tremendous import for making materials ranging from high temperature
linear polymers to materials of fundamental importance to both photonic and
electronic applications because it will be possible to tailor dielectric constants,
refractive indices, and possibly ionic conductivity. The materials offer the
potential to tailor mechanical properties of nanocomposites through the
introduction of hard particles of perfectly defined sizes.

[0019] The present methods include reacting at least one
polysilsesquioxane material, for example a T resin or a silsesquioxane cage
compound with a suitable amount — in preferred embodiments a catalytic amount
- of fluoride ion. Exemplary fluoride ion includes organic fluoride such as
tetramethylammonium fluoride (TMAF), tetraalkylammonium fluoride (TAAF) and
tetrabutylammonium fluoride (TBAF). The temperature of reaction ranges from
about -50°C to about 120°C, and reaction is advantageously carried out even at
ambient conditions or at room temperature. Typical reaction temperatures
include 0°C — 100°C, 10°C — 50°C, 15°C — 35°C, 20°C — 30°C, about 20°C,
about 25°C, and so on.

[0020] To isolate a depolymerization reaction product and prevent re-
polymerization, the fluoride ion in the reaction mixture is then quenched with a
suitable quenching agent such as a metal chloride (e.g. CaCl,, KCI, NaCl etc).

Quenching removes fluoride from the reaction mixture, either by precipitation or
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by sequestering it in a form where it is no longer available to catalyze the re-
polymerization reaction. After quenching, the silsesquioxane cage is isolated by
solvent removal or with a compatible precipitating agent, for example an organic
solvent, to isolate the cage structure from the reaction mixture.

[0021] Further areas of applicability will become apparent from the
description provided herein. The description and specific examples in this
summary are intended for purposes of illustration only and are not intended to
limit the scope of the present disclosure.

DRAWINGS

[0022] The drawings described herein are for illustrative purposes only
of selected embodiments and not all possible implementations, and are not
intended to limit the scope of the present disclosure.

[0023] FIG. 1 shows the structures of a family of polysiloxanes called
silsesquioxanes, including random, ladder, partial cage, octa, deca and dodeca
cage structures.

[0024] FIG. 2 shows polymeric silsesquioxane or “T resin” conversion
into soluble cage compounds in accordance with the present technology.

[0025] FIG. 3 shows the reaction scheme for the promotion of
functional R group exchange between any RT,/R'Ty systems.

[0026] FIG. 4 shows the reaction scheme to convert the cage
compounds shown in FIGs. 2 and 3 to their original polymeric structures by
reducing the solvent contents.

[0027] FIG. 5 shows a reaction scheme to synthesize functionalized
colloidal silica from [RSiO; 5]x and Si(OEt)4. Particle size is dependent on the x:y
ratio.

[0028] FIG. 6 shows exemplary octafunctional cage structures where
R = epoxide, methacrylate, propylamine or functionalized phenyls.

[0029] FIG. 7 shows the catalytic polymerization reaction scheme of a
mixed vinyl-phenyl compound using catalytic amounts of tetrabutylammonium
fluoride (TBAF) at ambient temperatures in accordance with the present

technology.
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[0030] FIG. 8 shows a MALDI-TOF spectrochromatogram of TBAF
catalyzed OVS/OPS exchange in the synthesis of octa and deca-cages.

[0031] FIG. 9 shows a gel permeation chromatography (GPC)
chromatogram depicting the separation of a simple mixture of OPS and OVS in
THF giving the bottom GPC trace shown in blue. The elution time for OPS is
approximately 33 min while that for OVS is 34.5 min. However, on
concentration, the system clearly shifts to the left with a large product peak at
about 33 min and other peaks at earlier times.

[0032] FIG. 10 shows a gel permeation chromatography (GPC)
chromatogram depicting the separation of a simple mixture of OPS and OVS
exchange to produce mixed-functionality octa and deca-cages in THF as shown
in FIG. 9 but quenched with CaCls.

[0033] FIG. 11 shows MALDI-TOF spectrochromatogram of TBAF
catalyzed OVS/OPS exchange following quenching produces mixed-functionality
octa and deca-cages as shown in FIG. 10.

[0034] FIG. 12 shows a simplified reaction scheme for the production
of highly cross-linked polymer upon concentration of the mixed-functionality octa
and deca-cages obtained from the reaction scheme of FIG. 7.

[0035] FIG. 13 shows the dissolution of polyvinylsilsesquioxane (PVS)
into deca and dodeca cage compounds obtained from the reaction scheme of
FIG. 12 by quenching with CaCl, and catalyzed with TBAF.

[0036] FIG. 14 shows MALDI-TOF spectrochromatogram of TBAF
catalyzed dissolution of PVS after quenching with CaCl, and catalyzed with
TBAF.

[0037] FIG. 15A shows the synthesis reaction scheme for the
production of functionalized octavinylsilsesquioxane from
octavinylsilsesquioxane (OVS) as a starting material.

[0038] FIG. 15B shows a plot of UV-Vis absorption of the p-NH:
compound from FIG. 15A is red-shifted 30 nm from the parent vinyl-stilbene but
its emission is red-shifted as much as 120 nm from the parent compound and is

strongly affected by polar solvents.
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[0039] FIG. 16 shows a reaction scheme to synthesize BrsOPS,
BrieOPS and Bro324OPS. Each compound is easily prepared by control of Br;
concentrations and the use of catalysts in accordance with the present
technology. Bromination of OPS to introduce 8, 16 and 24 points of attachement
for functional groups. Included are the crystal structures of the Bryg and Brogoq
compounds.

[0040] FIG. 17 shows the structure of
Octadiphenylalkynesilsesquioxane in the form of a line drawing and single
crystal structure.

[0041] FIG. 18 shows a MALDI-TOF spectrochromatogram of TBAF
catalyzed synthesis of phenylwinylgoxT1o from phenylsTs and vinylgTs in
accordance with the present technology.

[0042] FIG. 19 shows a gel permeation chromatography (GPC)
chromatogram depicting the rearrangement of BrigOPS by tetrabutylammonium
fluoride illustrating the formation of both polymer and higher cages based on the
changes in retention time as expected from the first examples.

[0043] FIG. 20 shows a gel permeation chromatography (GPC)
chromatogram depicting the elution profile of the synthesis products of the
reaction between OPS and 3-mercaptopropyltrimethoxysilane catalyzed by
0.1mL of 1.0M tetrabutylammonium fluoride in THF and quenched with CaCls.

[0044] FIG. 21 shows a MALDI-TOF spectrochromatogram of TBAF
catalyzed synthesis of the products formed in FIG. 20.

[0045] FIG. 22 shows a gel permeation chromatography (GPC)
chromatogram depicting the elution profile of the vinyliotio and vinylistyz
synthesized from polyvinylsilsesquioxane (PVS) with tetrabutylammonium
fluoride in toluene.

[0046] FIG. 23 shows a MALDI-TOF spectrochromatogram of TBAF
catalyzed synthesis of the products formed in FIG. 22.

[0047] FIG. 24 shows a gel permeation chromatography (GPC)
chromatogram depicting the elution of the synthesis products phenyl,styrenylo-

wlio and phenylystyrenyl1ztiz from phenylyvinyl1o-tio and phenylyvinyl1axtiz.
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[0048] FIG. 25 shows a MALDI-TOF spectrochromatogram of the
phenylystyrenylo-xtio and phenylystyrenyl 1ot mixtures formed in FIG. 24.

[0049] FIG. 26 shows a MALDI-TOF spectrochromatogram of
methylwvinyly Ty (X+y = 8,10,12) synthesized from polymethylsiloxane and
polyvinyl-siloxane catalyzed with TBAF and treated with CaCl, at room
temperature.

[0050] FIG. 27 shows a spectrogram of a Fourier transform-infra red
(FT-IR) in KBr analysis of methylwvinyl,Tx.yy (x+y = 8,10,12) mixtures obtained
from FIG. 26.

[0051] FIG. 28 shows a MALDI-TOF spectrochromatogram of
methylwvinyly Ty (X+y = 8,10,12) synthesized from polymethylsiloxane and
polyvinyl-siloxane catalyzed with TBAF under reflux and treated with and CaCl..

[0052] FIG. 29 shows a spectrogram of a Fourier transform-infra red
(FT-IR) in KBr analysis of methylvinyl,Tx.,) (x+y = 8,10,12) mixtures obtained
from FIG. 28.

[0053] FIG. 30 shows a MALDI-TOF spectrochromatogram of
methylvinyly Ty (X+y = 8,10,12) synthesized from polymethylsiloxane and
Octavinyl-siloxane (OVS) catalyzed with TBAF at room temperature and
subsequently treated with and CaCl..

[0054] FIG. 31 shows a spectrogram of a Fourier transform-infra red
(FT-IR) in KBr analysis of methylvinyl,Tx.,) (x+y = 8,10,12) mixtures obtained
from FIG. 30.

[0055] FIG. 32 shows a spectrogram of a fourier transform-infra red in
KBr analysis of the rearrangement of polyvinylsiloxane and tetraethylorthosilicate
(TEOS) catalyzed by tetrabutylammonium fluoride (TBAF) and subsequently
treated with CaCl..

[0056] FIG. 33 shows a trace gas analyzer chromatogram performed
in air of the reaction products derived by the rearrangement of polyvinylsiloxane
and tetraethylorthosilicate (TEOS) catalyzed by tetrabutylammonium fluoride
(TBAF) and subsequently treated with CaCl..

[0057] FIG. 34 shows a trace gas analyzer chromatogram performed

in nitrogen (N2) of the reaction products derived by the rearrangement of



10

15

20

25

30

WO 2010/062695 PCT/US2009/062815

polyvinylsiloxane  and  tetraethylorthosilicate = (TEOS) catalyzed by
tetrabutylammonium fluoride (TBAF) and subsequently treated with CaCl..

[0058] FIG. 35 shows a MALDI-TOF of 10:1 PVS:PPS reaction with
TBAF (RT/48 h).

[0059] FIG. 36 shows a MALDI-TOF spectrum of 10:1 PPS:PVS
reaction with TBAF (RT/48 h).

[0060] FIG. 37 shows a MALDI-TOF spectrum of 4.4:1 PPS:PVS
reaction with TBAF (RT/48 h) after purification by column chromatography.

[0061] FIG. 38 shows an alkene metathesis of vinyl,Phy (x =8, 10) T1o
and T1> SQs with 4-bromostyrene.

[0062] FIG. 39 shows a MALDI-TOF spectrum of metathesis reaction
of vinyloPhy (x = 8, 10) T1o and Ti, silsesquioxanes and 4-bromostyrene after
column chromatography.

[0063] FIG. 40 shows an attempted olefin self-metathesis of vinyl.Phy
(x=8,10) Tyoand T+ SQs.

[0064] FIG. 41 shows a Heck coupling vinyloPhy T10/T12 SQs with
BrStyr.Ph, T10/T+1>, SQs (x = 8, 10).

[0065] FIG. 42 shows a general concept of BoC structure of Heck
coupling product.

[0066] FIG. 43 shows a MALDI-TOF spectrum after Heck reaction of
BrStyroPhy (x = 8, 10) T4 and T4, silsesquioxanes and vinyl,Phy (x = 8, 10) T1o
and T4, silsesquioxanes.

[0067] FIG. 44 shows a GPC trace of Heck, model and metathesis
compounds, vinyloPhg T1o and vinyl,Phio T12, and OPS/OVS (for comparison).
Shaded areas represent amounts of unreacted starting materials in divinyl,
metathesis and Heck compounds (~5%, ~4%, and ~10%, respectively).

[0068] FIG. 45 shows a TGA of Heck, model and metathesis
compounds, vinyloPhg T1o and vinyloPh4e T12 SQs (air, 10°C/min to 1000°C). Ph
Tg and Ph T4, are included for comparison.

[0069] FIG. 46 shows a TGA of Heck, model and metathesis
compounds, vinylaPhs T1o and vinyloPh4o T12 SQs (N2, 10°C/min to 1000°C). Ph
Ts and Ph T+, are included for comparison.
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DETAILED DESCRIPTION

[0070] Fluoride-mediated rearrangement reactions of silsesquioxanes
are described. The reactions allow direct access to a potential new class of
multifunctional cage compounds, offering unique and viable possibilities to build
ordered, nanometer structures through simple control of the beginning materials
ratio. The F- rearrangement of polymeric phenyl- and vinylsilsesquioxanes, in
particular, is exciting because the reactants are “useless” polymeric by-products
in common silsesquioxane syntheses and lead opportunely to product mixtures
of discreet polyhedral silsesquioxane cages. Silsesquioxane cages with ~2
reactive functionalities may be further modified and tailored to synthesize high
molecular weight linear polymers with silsesquioxanes directly incorporated
along the chain backbone. These polymers could offer unique and tunable
properties, such as high thermal stability, improved mechanical properties, liquid
crystalline behavior, etc. We illustrate the potential of these compounds here in
the synthesis of novel, fluorescent “beads on a chain” oligomers with high
solubility and thermal stability (up to 325 °C). The highly red-shifted (=120 nm)
luminescence behavior of these compounds is unique in its own right, as it
suggests extensive electron delocalization and may involve conjugation through
the silsesquioxane cores. The chemistries explored here are representative of
many diverse structures of varying complexity that can be created using these
simple cages as molecular scaffolds.

[0071] In one aspect, the present technology provides simplified
methods for the catalytic polymerization and depolymerization of a wide variety
of polysilsesquioxanes [RSIO; s]x where x=8, 10, 12, 14 or polymer. The present
methods are also provided to catalytically and selectively interconvert between
the above structures at near ambient temperatures to introduce novel
functionality in very specific ways to create families of nanobuilding blocks and
related nanocomposite materials that offer highly tailorable properties coupled
with exceptional ease of processing. The range of properties potentially

accessible includes materials with excellent mechanical properties coupled with

10
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high thermal stability to materials with 3-D conducting properties potentially of
use for molecular electronics and photonics.

[0072] It has now been discovered that catalytic amounts of fluoride
ion can catalyze several useful reactions that result in the conversion of various
forms of polysilsesquioxanes into one another. In various embodiments, the
fluoride ion catalyzes the depolymerization of polymeric silsesquioxanes;
catalyzes the polymerization of Ts, T1o, T12, and T14 cage compounds into the
polymeric silsesquioxanes; catalyzes the exchange of R groups among Ts, T+1o,
T4, and T4 cage compounds; and so on. Various aspects of the invention are
based on the further discovery that unwanted side reactions and products can be
avoided by providing a quenching agent for the catalytic fluoride ion at suitable
times during the synthetic schemes. Thus, for example, removal of fluoride ion
after a depolymerization reaction is carried out allows the isolation of the
resulting Ts, Tqo, T12, and/or T4 cage compounds without reversion to the
polymeric product as a result of a recovery by solvent concentration. Further
aspects of the invention will now be described.

[0073] In one embodiment, a method for making a silsesquioxane
cage compound by depolymerization of a polysilsesquioxane is provided. The
method comprises reacting at least one polysilsesquioxane with a catalytic
amount of an organic cationic fluoride at a temperature ranging from about -50°C
to about 120°C in an organic solvent, thereby forming a liquid reaction mixture.
After reaction, the method involves adding a quenching agent to the liquid
reaction mixture to remove the fluoride ion from the reaction mixture and then
isolating the silsesquioxane cage compound or compounds from the reaction
mixture, for example by precipitation or by solvent removal.

[0074] In another embodiment, a method is provided for synthesizing
a random structure polysilsesquioxane T resin from a single or mixed polymeric
silsesquioxane cage compound. In one aspect, this involves the reverse
reaction from the depolymerization reaction described above (as an aside, this is
the reason fluoride ion catalyst is removed in situations where the polymerization
or re-polymerization is undesirable). The method of synthesis involves

combining one or more silsesquioxane cage compounds with an organic solvent
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and a catalytic amount of a source of organic fluoride ion, thereby forming a first
mixture. The method further involves mixing the first mixture for a time and at a
temperature suitable to make a reaction mixture comprising the T resin, and
finally isolating the T resin polymer by removal of the organic solvent. In this and
other embodiments, the terms “T resin® and “random structure
polysilsesquioxane” are intended to refer to the same polymeric product.

[0075] In another embodiment, the invention provides a process for
interchanging R groups on a mixture of Ts, T+o, T12, Or T14 Silsesquioxane mixed
cage compounds. The reaction product (i.e. the silsesquioxane mixed cage
compounds) is represented by the structure [R%R",xSiO1 s]n wherein n is 8, 10,
12, or 14, x is 1-13, R is a first organic group, and R? is a second organic group.
The process of interchanging or interconversion involves first combining a
catalytic amount of organic fluoride ion with a mixture of starting cage structures
[R?,SiO1 5], and [R'nSiO; 5], to make a first mixture. The mixture of starting cage
compounds is reacted in the presence of fluoride ion to form a reaction mixture
comprising the mixed cage compounds. The relative proportion of the groups R?
and R' in the reaction product is determined by the value of x and n-x. In
various embodiments, the process involves providing [R%SiO1 5],
and[R'nSiO1 5], in the first mixture in a molar ratio such that x is predominantly 1,
2, or 3 in the reaction product. In some embodiments, the molar ratios are
adjusted such that x is 2 in a reaction product.

[0076] In another embodiment, the invention provides a method of
making a functionalized colloidal silica particle from a T resin and a silicon
containing compound. First, a T resin having at least one functional group is
combined with water and in addition with a silicon compound (SiX)s; and a
catalytic amount of an organic fluoride ion in an organic solvent to form a first
mixture, where X is independently selected from halide, hydroxyl, and alkoxy.
The first mixture is then mixed at an exemplary temperature of 10°C - 50°C to
form a reaction mixture. A quenching agent is then added to the reaction
mixture to remove fluoride. Finally, the functionalized colloidal silica is then
isolated from the reaction mixture. In a preferred embodiment, the silicon

containing compound is Si(OEt)a.
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[0077] In various embodiments, the groups R, R', and R? take on the
values of “functional” groups or “inert” groups as required for the contemplated
application. Examples of reactive functional groups include, without limitation,
olefins (including acrylate esters), mercaptans, epoxides, alcohols, amines,
carboxylates, and so on. In various embodiments, the groups are selected from
hydrocarbon groups including alkyl, alkenyl, alkynyl, aryl, alkenylaryl, alkylaryl,
arylalkyl, and arylalkenyl. An exemplary alkenyl group is vinyl, while an
exemplary aryl group is phenyl. These and other are further discussed and
exemplified below

[0078] Advantageously, catalytic reaction with fluoride ion as described
herein can be carried out at mild temperatures, including ambient temperatures
or room temperature. In various embodiments, the temperature of reaction
ranges from  -50°C to 120°C. In other embodiments, the temperature of
reaction is 0—100°C, 10-50°C, 20-30°C, and so on. In most cases, the reaction
proceeds at a satisfactory rate even at room temperature, such as 20°C or 25°C.

[0079] The reaction is completed in a matter of minutes or hours,
depending upon other reaction conditions such as temperature, concentration of
the reagents, steric factors involved in the reaction, and so on. Normally,
reaction has proceeded sufficiently toward completion when mixed for a period
of about 60 min to about 48 hours at temperatures ranging from -50°C to 120°C.
Exemplary times and temperatures of reaction are illustrated in the working
examples.

[0080] The reactions proceed in the presence of fluoride ion, which
acts as a catalyst. Advantageously, the fluoride ion can be provided in catalytic
amounts, that is to say in an amount less than the stoichiometric equivalent of
the silsesquioxane undergoing reaction. The level of catalyst is described herein
in terms of mole% fluoride based on moles of silsesquioxane. The moles of
fluoride in the reaction are calculated in the standard way by considering the
molecular weight of the organic fluoride ion containing compound to determine
the number of moles of fluoride. The moles of silsesquioxane in turn are
calculated from the equivalent weight of the group [R SiO45] that is the basic
building block of the polysilsesquioxanes described herein, and weighting the
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calculation as needed when the silsesquioxane in question has a number of
different R groups. Given that means for calculating the mole% fluoride, a
catalytic amount of fluoride is any amount less than 100 mole%. In particular, a
suitable catalytic amount is any amount less than 50 mole%, for example 0.1 to
50% by weight. Advantageously, the reaction can be run with considerably less
than 50 mole% fluoride, such as 0.1-10 mole%, 0.1-5 mole%, 0.1-2 mole%,
0.2-5 mole%, 0.2-2 mole%, 0.5-5 mole%, 0.5-2 mole%, and so on. Catalytic
fluoride levels of 1 mole% have been found satisfactory. Suitable levels of
catalysts are further illustrated in the working examples.

[0081] The fluoride ion is preferably added in the form of an organic
fluoride ion containing compound. In general, any fluoride containing compound
can be used as long as it is soluble in the reaction medium, which normally
includes an organic solvent. A preferred catalyst illustrated in the working
examples herein is the family of tetraalkylammonium fluoride such as
tetrabutylammonium fluoride, tetrapropylammonium fluoride,
tetraethylammonium fluoride, and tetramethylammonium fluoride. These and
other organic fluorides can be used in the methods described herein as a source
of organic fluoride ion.

[0082] As described herein, a so-called quenching agent is added to
the reaction mixture at certain times. The quenching agent is one that will react
in some way with the fluoride ion to render it no longer available for reaction. In
this way, the catalytic effect of fluoride ion can be nullified at certain points in the
reaction to avoid catalysis or promotion of unwanted side reactions. In various
embodiments, fluoride ion is removed from a reaction mixture containing Ts, T1o,
T4z, and/or Tq4 cage compounds to prevent their re-polymerization upon workup
and isolation.

[0083] In a preferred embodiment, the quenching agent is one that will
react with the fluoride ion to precipitate it from solution or tie it up in some way to
eliminate its availability for further catalytic reaction. In a preferred embodiment,
the catalytic fluoride ion is quenched by adding an inorganic salt that forms in
insoluble fluoride species that precipitates as a solid from the reaction mixture.
Calcium salts are suitable for this purpose. Calcium chloride is a preferred
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guenching agent for its availability and low cost. Thus, adding calcium chloride to
a reaction mixture to quench the fluoride ion involves precipitation of calcium
fluoride. Similarly, chloride reacts with tetrabutylammonium fluoride to form
insoluble or unreactive tetrabutylammonium chloride.

[0084] Suitable solvents for the reaction include those that dissolve all
of the reactants and provide the desired reaction products. As is typical of
synthesis in general, it may be necessary in certain situations to vary the solvent
system or use other solvents in order to get certain desired reactions to go.
Suitable solvent systems are illustrated in the working examples.

[0085] PolyphenylSQ (PPS) and polyvinylSQ (PVS) are suitable
precursors in fluoride-mediated rearrangement reactions, as they provide access
to functionalized SQ cages originating from generally “useless” polymeric
starting materials. PPS is a by-product in the synthesis of OPS, which is formed
in 5-20% vyield from the 60 h reaction of phenyltriethoxysilane, 7.5 wt% KOH, and
10 wt% H>O in refluxing toluene. It has the general formula (CeHsSiO15), and is
reported to contain a mixture of linear chain, open-caged, and/or ladder-like
structures. In these studies, “n” is about 15 for PPS (determined by GPC
analysis).

[0086] Similarly, PVS is formed as a by-product in the synthesis of
QVS, attained from the hydrolysis of vinyltriethoxysilane in ethanol/H20 solution.
PVS is formed as a methanol-soluble byproduct in 60-70% yields. While the
structure of PVS has not yet been studied in detail, it has the fully condensed
general formula (C2H3SiO15)n. In these studies, “n” is about 16 for PVS
(determined by GPC analysis).

[0087] In various embodiments, mixed cage silsesquioxanes are
produced by fluoride rearrangement reactions carried out on a mixture of
polysilsesquioxane precursors. Each precursor is characterized by its R group in
the empirical formula [R SiO+5]n. The R groups of the precursors wind up in the
reaction products in a ratio that depends on a variety of reaction conditions. For
any particular combination of R groups R' and R? in precursors [R'SiO+s], and
[R?SiO1.5]n, the relative proportion of R' and R? in the resulting Ts, T+o, or T12 (Or

T14) cages can be arrived at by varying the proportion of the precursors and
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observing the distribution of groups R' and R? in the cage products. The relative
proportion in the products can be deduced from mass spec, NMR, molecular
weight, or other measurements.

[0088] In a preferred embodiment, the R groups of the precursors and
the relative reaction ratios of the precursors are selected so as to give reaction
products with a high fraction of cage compounds having 2 of an R group that
carries a reactive functional group. The two reactive functional groups then
provide a divalent monomer that can be incorporated into other polymers by
copolymerization. Examples of reactive functional groups include, without
limitation, olefins (including acrylate esters), mercaptans, epoxides, alcohols,
amines, carboxylates, and so on. In various embodiments, the reactive
functional groups of the cage compounds as synthesized can be converted to
other useful functional groups as desired by known synthetic methods. This
aspect is illustrated by the olefin metathesis, and Heck coupling elaboration of
olefin functional groups described herein.

[0089] In a specific illustrative embodiment, in efforts to synthesize
cages having ~2 phenyl groups (with vinyl groups as the remaining moieties), a
10:1 mole ratio of PVS:PPS is reacted with 1 mol% TBAF in THF at room
temperature for about 48 hours. A minimum amount of TBAF is used to reduce
the chance of residual F- catalyzing unwanted side products during workup. An
8-10 fold molar excess (relative to TBAF) of CaCl, is used to trap F after
completion of the reaction. Ca* reacts with F~ to form the insoluble CaF, salt,
allowing for easy removal of fluoride ion from the products. Similarly, CI" reacts
to form insoluble or unreactive tetrabutylammonium chloride. The successful
trapping of fluoride ion by CaCl, workup is confirmed by an absence of peaks in
the ®F NMR spectrum. The products are non-crystalline as XRD powder
patterns exhibited only amorphous scattering.

[0090] The MALDI-TOF spectrum of the products of a 10:1 PVS:PPS
reaction is shown in Figure 35 and the most common isotopes are listed in Table
1. Small discrepancies (<1 Da) between “found” and “calculated” values listed in
Table 1 may be due to ionization potential differences in the experimental
situation or possibly errors in calibration. The Figure 35 MALDI spectrum shows
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that the reaction does not give single cube products as anticipated, but rather a
mixture of T and Ty, cages with the dominant ionizable species being the
unsubstituted deca- and dodecavinylsilsesquioxanes and monophenyl
compounds. While MALDI indicates the presence of the intended diphenyl T1o
and T4, compounds, no Tg cubes are observed under these reaction conditions,
perhaps indicating a preferential, thermodynamically-controlled reaction pathway
to T+ and T+2 cages. Unlabeled peaks in Figure 35 correspond to fragments
generated by the MALDI laser, mainly from loss of 1-2 vinyl (-CH=CH>) groups
from the T, cages.

[0091] The absolute quantities of Ts, T, and T2 in the product
mixture cannot be determined by MALDI alone because the distribution patterns
are not perfectly quantitative. It is well-known that the peak heights in MALDI-
TOF MS correspond to the ionization efficiencies of the species and are not
necessarily representative of the amounts of each in the sample. According to
experience, the SQ monomers are readily ionizable and so the MALDI peak
heights provide a relative (qualitative) measure of the amounts of each species
in the monomeric sample.

Table 1. MALDI-TOF data (Ag” Adduct) for 10:1 PVS:PPS reaction with TBAF

Most Common Isotope Found (Da) | Calculated (Da) Tﬁ::g;’ﬁypgz;(
(CH2=CH)10(SiO1 5)10 898.8 899.2 77
(CH2=CH)¢(CeHs5)1(SiO4 5)10 948.8 949.2 73
(CH,=CH)8(C6H5)2(Si01.5)10 9986.8 999.3 28
(CH,=CH)12(SiO1.5)12 1056.9 1057.4 100
(CH2=CH)11(CgHs)1(SiO1 5)12 1106.9 1107.5 97
(CH2=CH)10(CgHs)2(SiO1 5)12 1156.9 1157.5 49

Synthesis of Vinyl-Ph, (x = 8, 10) T1o and T+» Silsesquioxanes

[0092] In another experiment, a 10:1 mole ratio of PPS:PVS is reacted
with 1 mol% TBAF in THF (RT/48 h). The results are analogous to the 10:1
PVS:PPS reaction, with monovinyl compounds being the major products
according to MALDI-TOF MS (see Figure 36 and Table 2). MALDI also detects
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the presence of Ts cube in addition to the T10 and Ti2 species. The MALDI
spectrum of Figure 36 also shows the presence of OPS, decaphenyl- and
dodecaphenylsilsesquioxane (DPS) species as by-products of the synthesis.
Divinyl compounds of the T1oand T12 cages are also observed.

Table 2. MALDI-TOF data (Ag+ Adduct) for 10:1 PPS:PVS reaction with

TBAF
Most Common Isotope Found (Da) | Calculated (Da) | Relative Peak
Intensity (%)
(CeH5)s(SiO1 5)8 1141 1 1141.4 60
(CH2=CH)5(CgHeg)s(SiO1 5)10 1299.2 1299.6 80
(CHo=CH)(CeH5)s(SiO1 5)10 1349.2 1349.7 100
(CsH5)10(SiO1 5)10 1399.2 1399.8 897
(CH»=CH)5(CgHsg)15(SiO1 )12 1557.2 1558.0 68
(CH»=CH)(C6H5)11(SiO; )12 1607.3 1608.1 81
(CsHs)12(SiO1 5)12 1658.3 1658.1 55

[0093] Reaction of a 4.4:1 mole ratio of PPS:PVS with TBAF in THF
gives predominantly the T4 and T4 divinyl compounds as shown by the MALDI
spectrum in Figure 37. Divinyl compounds are particularly important because
further reaction of the two vinyl moieties can lead to BoC oligomers/polymers as
explained below.

[0094] The 4.4:1 PPS:PVS reaction MALDI-TOF spectrum shows
reaction products corresponding to Ag* adducts of T4, and T+, cages; see Table
3. A small amount of phenyl Tg cube formed as a by-product and is easily
removed by column chromatography for reasons discussed below.

[0095] MALDI indicates the presence of mono- and divinylphenyl T
and T12 as well as small amounts of tri- and tetravinyl T1o and T12. The structures
of the T4o and T4, products are supported by FTIR, '"H NMR, and *C NMR data
as listed below. XRD powder patterns exhibit only amorphous scattering.

[0096] The dominant ionizable species according to the MALDI-TOF
spectrum of Figure 37 is the vinylo,Phg T1o species as anticipated. Separation
(and thus quantification) of the cage species resulting from the reaction of 4.4:1
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PPS:PVS by column chromatography is not trivial due to similarities in the
chemical structures and properties (e.g. solubility, polarity, etc.) of the products.
Table 3. MALDI-TOF data (Ag+ Adduct) for 4.4:1 PPS:PVS reaction with TBAF.

Most Common Isotope Found (Da) Calculated (Da) Relative Peak

Intensity (%)
(CH2=CH)4(CeH5)s(SiO1 5) 10 11991 1199.5 12
(CH2=CH)3(CeH5)7(SiO1 5) 10 1249.4 1249.6 49
(CH2=CH)2(CeH5)s(SiO1 5) 10 1299.8 1299.6 100
(CH2=CH)1(CeHs5)o(SiO1 5)10 1349.3 1349.7 93
(CsH5)10(SiO4 5)10 1399.8 1399.8 27
(CH2=CH)4(Ce¢H5)s(SiO1 5)12 1458.0 1457.9 17
(CH2=CH)3(CeH5)o(SiO1 5)12 1507.8 1508.0 23
(CH2=CH)2(CeH5)10(SiO1 5) 12 1557.9 1558.0 23

Examples of Synthesis of Polysiloxanes

[0097] The present methods can include the catalysis and the
formation of such materials and even exchanged compounds like those shown in
FIG. 7 simply by using TBAF as a catalyst at ambient temperatures. In an
illustrative embodiment as shown in FIG. 7, two polysiloxanes (vinyl-phenyl
mixtures) can be added to a catalytic amount of tetrabutylammonium fluoride in
amounts ranging from about 0.1 mol% to about 10 mol% and stirring the mixture
at ambient temperature for a period of about 60 minutes to about 48 hours. FIG.
7 shows the resultant exchange of OVS/OPS produces octa and deca-cages.
Starting initially at 10 mol % TBAF but moving to 2 mol % using THF as solvent
and running the reaction at ambient can produce a mixture of species as shown
in the MALDI pattern of FIG. 8.

[0098] The catalytically produced polymerized polysiloxanes can
optionally be further isolated and concentrated. In some embodiments, mixed
isomers can be further isolated using organic precipitation. 15A and 15B. The
mixed isomers can be concentrated first prior to precipitating them with addition
of methanol. Unexpectedly, on concentration, the mixed isomers formed first
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tractable and then intractable polymers. FIG. 9, reveals their behavior on
concentration. A simple mixture of OPS and OVS in THF gives the bottom GPC
trace. The elution time for OPS is approximately 33 min while that for OVS is
34.5 min. However, on concentration, the system clearly shifts to the left with a
large product peak at about 33 min and other peaks at earlier times. Following
precipitation in methanol, the product looks to have a considerable polymeric
component. Indeed, on further concentration the product gels to a transparent
material.

[0099] In some embodiments, it is desirable and often necessary to
eliminate the presence of fluoride from the polymerized polysiloxane cages
formed in accordance with the present technology. A chlorine salt such as
calcium chloride (CaCly) can be used to quench with the fluoridated mixed
cages. This process works quite well as shown in FIG. 10. After quenching, the
cage compounds can be recovered, as they no longer are converted to polymer.
The actual compositions of the mixtures of cages as determined by MALDI TOF
are shown in FIGs. 11 and 13.

[0100]  Surprisingly, the addition of THF to the polymer gel regenerates
the initial starting solution. That is the polymer redissolves and regenerates the
intermediate cage compounds. In essence this is a “T resin” system that can be
redissolved to monomers. As a proof of this, a polymer byproduct of the OVS
synthesis which is insoluble in THF is selected and reacted it with 2 mol %
TBAF. This insoluble material became soluble after stirring overnight at ambient.
As seen in FIG. 13, the material derived from (reaction (4) illustrated in FIG. 12,
is originally highly crosslinked and insoluble in THF but which becomes soluble
after depolymerization in accordance with the present methods and forms a
product that looks to be mostly cages with some oligomers. However, on
precipitation much higher molecular weight species form. However, quenching
with CaCl, gives mostly the deca and dodeca cage compounds per FIG. 14.

[0101] The present technology provides methods for a simplified
catalytic polymerization and depolymerization of polyfunctional polysiloxanes
such as silsesquioxanes. The various approaches described herein provide for
essentially perfect tuning of the polysiloxane properties for mechanical, photonic
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and electronic applications. Furthermore, the present methods provide for
simplistic recycling strategies, thus making their manufacture a green process.
The methods provided herein provide for the synthesis of large families of
oligomers, polymers and even functionalized particles at room temperature with

detailed control of composition properties and with ease of purification.

Applications

[0102] In some embodiments, the ability to assemble SQs nm x nm
offers the potential to tailor at nanometer length scales. Tailoring at such length
scales should permit full optimization of global properties on an application-by-
application basis and at low cost (see below). It will also aid in obtaining high
reproducibility, predictability and therefore effective materials design. For
example, we have developed epoxy resins that offer: 1. CTEs tailored over an
order of magnitude, 25-250 ppm/°C,27; 2. oxygen (O,) barrier properties equal to
commercial films but with >100 °C higher stability; 3. low, room temperature
viscosities (< 1000 MPa-s); 4. potential to be applied with minimal or no solvents
to surfaces; 5. good adhesion to glass, metal and carbon surfaces including
fibers; 6. superior resistance to moisture uptake and degradation (0.5 wt %
uptake after 7 d immersion); 7. to hydraulic fluids, jet fuel and other organics; 8.
high strength (E=2.4 GPa), fracture toughness (K1C=1.8), hardness (= 4H) and
Tgs = 200 °C; and 9. the Q8 epoxy, tetraethylcyclohexenyl (TCHS) and octa—
and tetra-(triethoxysilyl-ethyl) (TTSE) SQs shown below form excellent coatings

with controlled CTEs, high compressive moduli, and low water pickup.

Synthesis and Elaboration Of Conjugated Octavinylsilsesquioxane

[0103] In some embodiments, the present methods provide for the
synthesis of sets of silsesquioxanes that offer 3-D conjugation in the excited
state. In  some  embodiments, the synthesis of  conjugated
octavinylsilsesquioxane is illustratively shown in FIG. 15A. During efforts to
elaborate these conjugated octavinylsilsesquioxane (OVS), a set of vinyl
stilbenes including the p-NHx-system shown below can be used to examine the
photophysical properties of the OVS.
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[0104] The UV-Vis absorption of the p-NH, compound is red-shifted 30
nm from the parent vinyl-stilbene but its emission is red-shifted as much as 120
nm from the parent compound and is strongly affected by polar solvents (shown
in FIG. 15B). Furthermore, its two photon absorption cross-section is quite high
with a GM value of 810 at 780 nm. This behavior is associated with charge
transfer behavior in the excited state. Multiple theoretical studies suggest that
the lowest unoccupied molecular orbital (LUMO) for these types of molecules
lies in the center of the cage and involves all the Si's, O’s and whatever is
bonded to the Si. Without wishing to be bound by any particular theory, it is
believed that the charge transfer (CT) behavior is mediated by the electron
transfer to this symmetrical 3-D LUMO which may indicate that all of the p-NH;
vinylstilbene moieties are interacting with this LUMO in the excited state. It is
possible that these compounds may be exhibiting delocalization in three
dimensions, which may have implications for single molecule transistors or novel
organic photovoltaics.

[0105] In some embodiments, the design and construction of 3-D
molecular scaffolds is currently an area of extreme interest for a variety of
reasons including hydrogen storage, gas separation and molecular sieving. As
shown in FIG. 6, octahedral silsesquioxanes, [RSiO1s]s, represent a class of
unusually robust, nanometer size molecules with cubic symmetry that places
each functional group in a different octant in Cartesian space. This 3-D array of
functional groups offers the potential to design nanobuilding blocks to construct
multi-functional, nanocomposite materials including molecular scaffolds, novel
cores for dendrimers and hyperbranched molecules and related materials.

[0106] FIG. 16 illustratively shows a method for bromination of
silsesquioxanes, illustratively shown using octahedral silsesquioxanes, [RSiO; s5]s
in accordance with the present technology. The method provides for the
synthesis of BrsOPS, BrisOPS and Brys2sOPS. Each compound is easily
prepared by controlling the Br, concentrations and the use of catalysts. The final
compound can be easily recovered by recrystallization. The Br functionality

allows for catalytic coupling to introduce unsaturated functional groups.
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[0107] FIG. 17 illustratively shows the octaalkynyl compound capable
of synthesis in accordance with the present technology.

[0108] The foregoing description of the embodiments has been
provided for purposes of illustration and description. It is not intended to be
exhaustive or to limit the invention. Individual elements or features of a
particular embodiment are generally not limited to that particular embodiment,
but, where applicable, are interchangeable and can be used in a selected
embodiment, even if not specifically shown or described. The same may also be
varied in many ways. Such variations are not to be regarded as a departure from
the invention, and all such modifications are intended to be included within the
scope of the invention.

[0109] Beads on a chain (BoC) structures are prepared especially from
cage compounds with two reactive functional groups by elaboration of the
functional groups where required before coupling the functional cage compounds
with known coupling reactions to make an extended structure. The BoC
structure has “beads” made of difunctional Ts — T4> cage compounds connected
by “chains” of organic connecting groups. The concept will now be illustrated in
non-limiting fashion with metathesis reactions elaborations on a vinyl reactive
group followed by alkylation under Heck coupling conditions.

Metathesis Reaction of Vinyl,Phx (x = 8, 10) T and Ti» SQs and 4-
Bromostyrene

[0110] Vinyl,Phx (x = 8, 10) Ty and Ty (from reaction of 4.4:1
PPS:PVS with TBAF) were reacted with 4-bromostyrene per Figure 38. MALDI
MS of the crude metathesis products initially showed the presence of BrStyrsT1o
and Tq> as well as BrStyry T1o and T1> compounds, indicating reaction of the
trivinyl and tetravinyl cages present in the starting material (Figure 37).
However, the bromostyrenyl compounds are more easily purified by column
chromatography than their corresponding vinyl precursors, as the BrStyrs and
BrStyr, derivatives are much more soluble than the BrStyr; and BrStyr,
derivatives. However, it proved difficult to completely remove phenyl Tio even

after column chromatography because of its high solubility.
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[0111]  Thus, after column chromatography, MALDI ToF of the purified
metathesis products indicated that all of the vinyl groups react to give ~2 aryl
bromides per T1o and T4, as sites for further functionalization, see Figure 39 and
Table 4. Low intensity signals from the mono bromostyrenyl (BrStyry) T1o and

T2 were also present in the spectrum.

Table 4. MALDI-TOF data (Ag+ Adduct) for metathesis reaction of vinyPhy (x =
8,10) T1oand T4z and 4-bromostyrene.

Most Common Isotope Found (Da) Calculated (Da) | Relative Peak
Intensity (%)
(CeHs)10(SiO15)10 1399.1 1399.8 100
(CngBr)1(CgH5)9(S|O15)10 1503.5 1504.7 18
(CgHeBI)o(CeHs)e(SiO1 5)10 1610.0 1609.6 74
(CgHeBr)1(CeHs)11(SiO1 5)10 1763.1 1763.1 19
(CgHgBr)o(CeHs)10(SiO4 )12 1867.0 1868.0 50

[0112] A self-metathesis reaction of the divinyl cages using the same
reaction conditions was attempted (Figure 40) in efforts to directly synthesize
cage oligomers/polymers. This resulted only in recovery of the starting materials
(as determined by GPC, MALDI TOF, and TGA), likely due to the steric effects of
the bulky phenyl groups and/or cages impeding formation of the intermediate
four-member ring in the cross metathesis mechanism. This suggests that cages
with longer, more flexible vinyl-terminated tethers and/or less bulky non-reactive
moieties may be more facile to self-metathesis. Furthermore, a molecular diluent
with two reactive vinyl groups could be used to link the bulky cages together, for
example.

[0113] The 'H NMR spectrum was complex and the broad peaks
corresponding to the vinyl and phenyl protons from varying amounts of different
compounds were not useful for determining the structures of the products. *C
NMR, however, shows distinct peaks for the vinyl carbons at ~130.8 (-Si-
CH=CH-) and ~136.0 (-Si-CH=CH-) ppm. Peaks were assigned by comparison

to *C NMR spectra of vinyltriethoxysilane and phenyltriethoxysilane. A peak at
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~122 ppm is characteristic of bromine bonded to an aryl carbon, associated with
the bromostyrenyl moieties of the expected product. The generally weak carbon-
bromine bond stretch (~1028-1073 cm™) was not observed in the FTIR possibly
due to overlap with the very intense and broad Si-O-Si stretching peak (~1130
cm’™') characteristically associated with SQ cages. As above, the TGA and GPC
data are discussed below.

Heck Reaction of BrStyroPhy (x = 8, 10) T+10/T12 SQs and VinyloPhy (x = 8, 10)
T10/T12 SQs

[0114] BrStyroPhy (x = 8, 10) T4 and T4, silsesquioxanes were reacted
with vinyl,Ph, (x = 8, 10) T4 and T4 under Heck coupling conditions (Figure 41)
in efforts to form linear oligomers. The isolated products are soluble in typical
organic solvents (THF, ethyl acetate, and acetone) with proposed structures
shown schematically in Figure 42.

[0115] Figure 43 shows the MALDI spectrum after Heck coupling (see
also Table 5). Unreacted mono-bromostyrenyl species are present in the
spectrum, as are unreactive phenyl T4o, which could not be completely separated
from the starting materials by column chromatography. Higher molecular weight
species (from dimers, trimers, etc.) are not readily detected by MALDI, because
of the difficulties in ionizing SQ oligomers/polymers. ESI MS was also attempted,
but gave results similar to MALDI and did not show the presence of high

molecular weight species.

Table 5. MALDI-TOF data (Ag+ Adduct) for Heck reaction of BrStyraPhx (x = 8,
10) T1oand T12and vinylzPhx (x = 8, 10) T1oand Tiz.

Most Common Isotope Found (Da) Calculated Relative Peak Intensity (%)
(C6H5)10(Si0O1.5)10 1400.0 1399.8 100
(C8HB6BI)1(C6H5)9(SiO15)10  1505.1 1504.7 20
(C8HB6BI)1(C6H5)11(SiO15)12 1763.2 1763.1 39
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[0116] Figure 44 records the GPC traces for [vinylSiOqs]s (OVS),
[PhSiO45]s (PPS) as well as the F equilibrated products, the metathesis
products, the model compounds (see below) and finally the BoC Heck coupling
products. The OVS and OPS as standard for comparison of separation and
retention times. Table 6 compiles the pertinent information gleaned from the
Figure 44 data. The GPC data provide a wealth of information. For example, the
amount of [PhSiOs]10 in the product mixture can be estimated to be < 5% by
GPC. This is calculated by comparing the area of overlap between the divinyl T+
and Ty, peak and phenyl Tg peak. As previously suggested, GPC cannot
adequately resolve phenyl Tg, T1o, Or T2 due to similarities in their hydrodynamic
volumes. Comparing the area of overlap with phenyl Ts gives a rough estimate of
the amount of unreacted phenyl T+, in the product mixture.

[0117] The GPC trace of the metathesis products shows a single,
narrow peak (PDI = 1.04; see Table 6) confirming the absence of polymeric side
products and retention of intact silica cores. There is a small difference in the
retention times of the peaks corresponding to the metathesis compounds and
vinyl,Ph T4 and T4, owing to only a slight increase in the hydrodynamic
volumes after metathesis with 4-bromostyrene. A slight shoulder in the GPC at
tR ca. 31 min. most likely indicates formation of dimer. Unreacted BrStyr1 T+, and
T12 also appear as a small peak (tR ca. 32 min). The total amount of unreacted
BrStyr1T1o and T42 and phenyl T4¢ is ca.10% by GPC.

[0118] The GPC peaks of the BoC Heck coupling products appear at
26-31 min. with a PDI of 1.25. The MW of these materials suggests that the
degree of polymerization runs from 2-5. However, Figure 42 portrays an
idealized BoC structure. It is likely that these structures are not like linear
polymers and likely to be branched or highly branched leading to an
underestimation of the true MWs. Thus, to be on the conservative side we

suggest that at most these molecules are trimeric or tetrameric in nature.

Table 6. GPC mass data for Heck, model and metathesis compounds, vinyl,Phg
T1o0 and vinyl,Ph4 T2, and OPS/OVS (for comparison).
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Compound Name tR (mins) | Mn Mw | PDI
Heck Compoundst 29.7 2973 | 3716 | 1.25
Model Compounds 32.3 1441 | 1527 | 1.06
Metathesis Compounds 32.6 1383 | 1437 | 1.04
Divinyl Ph T10 & T12 33.1 986 | 1005 | 1.02
OPS 33.7 -- -- --
OVS 34.6 -- -- --

T Area under curve measured from tR = 26.4 - 31.9 mins.

[0119] The TGAs of the various products in air and N2 are shown in
Figures 45 and 46, respectively. The TGAs of the vinyl,Phx (x = 8, 10) T4, and
T42 compounds indicate that they are very stable in air (Td5% = 460°C), as
expected of SQ cages containing rigid, thermally-stable phenyl groups. The
mass loss before 500 °C is likely due to sublimation of phenyl Tio (~5 wit%)

corroborating the GPC estimated amount of this compound.

EXAMPLES
Experimental
Analytical

[0120] NMR analyses. 'H and C-NMR are performed in CDCls or
DMSO and recorded on a Varian INOVA 400 spectrometer. 'H-NMR spectra
are collected at 400 MHz using a 6000 Hz spectral width, a relaxation delay of
3.5s, a pulse width of 38°, 30 k data points, and CDCI; (7.27 ppm) or DMSO-de
(2.50 ppm) as an internal reference. ®C-NMR spectra were collected at 100

MHz using a 25000 Hz spectra width, a relaxation delay of 1.5s, 75k data points,
a pulse width of 40°, and CDCls (77.23 ppm) or DMSO-ds (39.5 ppm) as the
internal reference.

[0121] Thermal Gravimetric Analyses (TGA). Thermal stabilities of

materials under Ny or air were examined using a 2960 simultaneous DTA-TGA
(TA Instruments, Inc., New Castle, DE). Samples (5-10 mg) were loaded in
alumina pans and ramped to 1000 °C while heating at 10 °C/min. The N2 or air

flow rate was 60 mL/min.

27



10

15

20

25

30

WO 2010/062695 PCT/US2009/062815

[0122] Differential _Scanning Calorimetry (DSC). Calorimetry was

performed on materials using a DSC 2910 (TA Instruments, Inc., New Castle,
DE). The N2 flow rate was 60 mL/min. Samples (10-15 mg) were placed in a pan
and ramped to 400°C (5 °C/min/N2) without capping.

[0123] Melting Points. Melting point determinations were performed on

samples using a Mel-Temp 3.0 (Laboratory Devices, Inc. Dubuque, IA) with a
ramp rate of 5 °C/min.
[0124] Fourier-Transform Infrared Spectroscopy (FTIR). Diffuse

reflectance Fourier transform (DRIFT) spectra were recorded on a Nicolet 6700
Series FTIR spectrometer (Thermo Fisher Scientific, Inc., Madison, WI). Optical
grade, random cuttings of KBr (International Crystal Laboratories, Garfield, NJ)
were ground, with 1.0 wt% of the sample to be analyzed. For DRIFT analysis,
samples were packed firmly and leveled off at the upper edge to provide a
smooth surface. The FTIR sample chamber was flushed continuously with N2
prior to data acquisition in the range 4000-400 cm-1.

[0125] Gel Permeation Chromatography. GPC analyses were done on

a Waters 440 system equipped with Waters Styragel columns (7.8 x 300, HT 0.5,
2, 3, 4) with RI detection using Opti-lab DSP interferometric refractometer and
THF as solvent. The system was calibrated using polystyrene standards and
toluene as reference. Analyses were performed using PL Caliber 7.04 software
(Polymer Labs, Shropshire UK).

[0126] Matrix-Assisted Laser-Desorption/Time-of-Flight Spectrometry.

MALDI-TOF was performed on a Micromass TofSpec-2E equipped with a 337 nm
nitrogen laser in positive ion re8flection mode using poly(ethylene glycol) as the
calibration standard, 1,8,9-anthracenetriol (dithranol) as the matrix, and AgNO; as
the ion source. Samples were prepared by mixing solutions of five parts dithranol
(10 mg/mL in THF), five parts sample (1 mg/mL in THF) and one part AgNOs (10
mg/mL in water) and blotting the mixture on the target plate.
[0127] X-Ray Diffraction Analysis (XRD). XRD was performed on a
Rigaku Rotating Anode Goniometer (Rigaku Denki., LTD., Tokyo, Japan). The

powder sample was packed on a glass specimen holder. XRD scans were
made from 10°to 60° 28, using a scan rate of 2° min™ in 0.05° increments and
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Cu Ka radiation (1.542 A) operating at 40 kV and 100 mA. The Jade program
(Version 3.1 from Materials Data, Inc., Livermore CA) was used to determine the

presence of any crystallographic phases.

Materials

[0128] Polyphenyisilsesquioxane (PPS) and polyvinylsilsesquioxane

(PVS) were synthesized using previously described methods.34,39 A first
generation Grubbs catalyst [RuCl2(=CHPh)(PCvy3)2], 1.0 M tetrabutylammonium
fluoride (TBAF, ~5 wt% H20) in THF, and vinyltriethoxysilane were purchased

from Aldrich and used as received. All other solvents were purchased from

Fisher or Aldrich and used as received. All work was performed under N2.

Example 1. Synthesis Of Phenylyinyli1oxyT10 And Phenylywinylaz.xT12 From
PhenylsTs And VinylgTs

[0129] To a dry 250mL round-bottomed flask under N, was added 5g
(4.8 mmol) PhenylsTs and 3g (4.8 mmol) VinylgTs. Dry THF (100mL) was added
via a syringe followed by 0.2mL of 1.0M tetrabutylammonium fluoride (TBAF)
solution in tetrahydrofuran (THF) (0.2 mmol, 2 mol%). The reaction mixture was
stirred at room temperature overnight. 0.3g (2.25 mmol) CaCl, was then added
and the mixture continued to stir for 3hr. The solid was filtered out and the
solution was concentrated to 25mL and then precipitated into 500mL of
methanol. The product was then collected by filtration and dried under vacuum.
The characterization of the products of this reaction is shown in FIGs. 8-11.

Example 2. Synthesis Of VinylioT10 And Vinyl12T12 From Polyvinylsilsesquioxane
(PVS) With Tetrabutylammonium Fluoride

[0130] To a dry 100mL round-bottomed flask under N, was added 5g
(43.1 mmol =Si) PVS. Dry THF (50mL) was added via a syringe followed by
0.4mL of 1.0M tetrabutylammonium fluoride solution in THF (0.4 mmol, 1 mol%).
The reaction mixture was stirred at room temperature overnight and then 0.1g
(0.75 mmol) CaCl, was added to the solution. The solid was filtered out and the
solution was concentrated to 10mL and then precipitated into 250mL of
methanol. The product was collected by filtration and dried under vacuum. The
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characterization data of the products of this reaction are shown in reaction (4),
and FIGs. 11 and 13. Here the FIG. 11 shows that TBAF and THF favor the 10

and 12 cages over the T8 cage.

Example 3. Synthesis Of VinylioT10 And Vinyl12T12 From Polyvinylsilsesquioxane
(PVS) With Tetramethylammonium Fluoride (TMAF)

[0131] To adry 100mL round-bottomed flask under N, was added 5 g
(43.1 mmol =Si) of PVS and 5mg (0.03 mmol, 7 mol%) of tetramethylammonium
fluoride tetrahydrate. Dry toluene (50 mL) was added via a syringe. The
reaction mixture was stirred at room temperature overnight and then 0.1 g (0.75
mmol) CaCl, was added to the solution. The solid was filtered out and the
solution was concentrated to 10mL and then precipitated into 250 mL of
methanol. The product was collected by filtration and dried under vacuum. The
MALDI-ToF data of the products of this reaction are shown in FIG. 18 indicating
formation of cage species from the polymer. The use of TMAF in toluene favors
the smaller cages of 8 and 10 compared with TBAF.

Example 4. Rearrangement Of BrigOPS By Tetrabutylammonium Fluoride

[0132] To a dry 100mL round-bottomed flask under N, was added 1g
(0.44 mmol) BrieOPS. Dry THF (10mL) was added via a syringe followed by
9mL of 1.0M tetrabutylammonium fluoride solution in THF (0.009 mmol, 2 mol%).
The reaction mixture was stirred at room temperature overnight and then 0.1g
(0.75 mmol) CaCl, was added to the solution. The solid was filtered out and the
solution was concentrated to 5mL and then precipitated into 100mL of methanol.
The product was collected by filtration and dried under vacuum. The GPC data
of the products of this reaction are shown in FIG. 19. Here we observe the
formation of both polymer and higher cages based on the changes in retention
time as expected from the first examples.

Example 5. Synthesis Of (3-Mercaptopropyl)X(Pheny!)Ytx.v) (X+Y =8, 10, 12)

[0133] To adry 50mL round-bottomed flask under N, was added 0.33g
(0.32 mmol) OPS. Dry THF (10mL) was added via a syringe followed by
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0.475mL (2.55 mmol) of 3-mercaptopropyltrimethoxysilane, 0.1mL of 1.0M
tetrabutylammonium fluoride solution in THF (0.1 mmol, 2 mol%), and 0.14mL
(7.635 mmol) of deionized water. The reaction mixture was stirred at room
temperature overnight and then 0.1g (0.75mmol) CaCl, was added to the
solution. The solid was filtered out and the solution was concentrated to 5mL
and then precipitated into 100mL of methanol. The product was collected by
filtration and dried under vacuum. The GPC and MALDI-ToF data of the products
of this reaction are shown in FIGs. 20 and 21 respectively.

Example 6. Synthesis Of VinylioT10 And Vinyl12T12 From Polyvinylsilsesquioxane
(PVS) With Tetrabutylammonium Fluoride In Toluene

[0134] To a dry 100mL round-bottomed flask under N> was added 5g
(43.1 mmol =Si) PVS. Dry toluene (50mL) was added via a syringe followed by
0.4mL of 1.0M tetrabutylammonium fluoride solution in THF (0.4 mmol, 1 mol%).
The reaction mixture was stirred at room temperature overnight and then 0.1g
(0.75 mmol) CaCl, was added to the solution. The solid was filtered out and the
solution was concentrated to 10mL and then precipitated into 250mL of
methanol. The product was collected by filtration and dried under vacuum. The
GPC and MALDI-ToF data of the products of this reaction are shown in FIGs. 22
and 23 respectively.

Example 7. Solution Casting Of VinylioT1o And Vinyly2T12  From
Polyvinylsilsesquioxane (PVS) Treated With Tetrabutylammonium Fluoride
[0135] A solution of VinylioT1o and Vinyly2T12 mixture in THF (see
Example 2) was placed in a circular Teflon mold having the following
dimensions: 49mm diameter, 8mm height. The mold was then placed in an oven

at 40°C overnight to remove the solvent and obtain a brittle, glassy disk.

Example 8. Synthesis Of Phenylistyrenyli1o.x)T1o And Phenylstyrenylo.xT12
From Phenylyvinylqo-x)T1o And Phenylywvinyl1o.x)T12

[0136] To a dry 50mL round-bottomed flask under N> was added 1g
(4.4 mmol —SiCH=CH,, assumed 5.5 —SiCH=CH, groups on average) of the
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mixture of PhenylVinyl1oxT1o and PhenylVinylq2.T12 (see Example 1.) and
18mg (2.2 x 10 mmol) of Grubbs’ 1 catalyst. Dry CH,Cl, (10mL) was added via
a syringe followed by 0.76mL (6.6mmol) styrene. The reaction mixture was
stirred at room temperature for 48h and then quenched by precipitation into
100mL of methanol. The product was collected by filtration and dried under
vacuum. The GPC and MALDI-ToF data of the products of this reaction are

shown in FIGs. 24 and 25 respectively.

Example 9. Synthesis Of Methylyinylytx.yy (X+Y = 8,10,12) From
Polymethylsiloxane And Polyvinyl-Siloxane At Room Temperature

[0137] To a stirring 15 ml THF solution of polymethylsiloxane (1 g, 9.6
mmol) and polyvinylsiloxane (1,27 g, 9.6 mmol) a 1.0 M tetrabuthylammonium
fluoride solution in THF (0.03 ml, 0.09 mmol) was added. The solution was
stirred for 1 day and treated with 500 mg of CaCl,, the solid was filtered off and
the solvent was removed in vacuum to give a whitish solid characterized by
MALDI-ToF and FT-IR shown in FIGs. 26 and 27 respectively.

Example 10. Synthesis Of Methylwinylytx.yy (X+Y = 8,10,12) From
Polymethylsiloxane And Polyvinyl-Siloxane Under Reflux

[0138] To a stirring 15 ml THF solution of polymethylsiloxane (1 g, 9.6
mmol) and polyvinylsiloxane (1,27 g, 9.6 mmol) a 1.0 M tetrabuthylammonium
fluoride solution in THF (0.03 ml, 0.09 mmol) was added. The solution was
refluxed for 6 h and treated with 500 mg of CaCly, the solid was filtered off and
the solvent was removed in vacuum to give a whitish solid characterized by
MALDI-ToF and FT-IR shown in FIGs. 28 and 29 respectively.

Example 11. Synthesis Of Methylvinyltx.yy (X+Y = 8,10,12) From
Polymethylsiloxane And Octavinyl-Siloxane (OVS) At Room Temperature

[0139] To a stirring 15 ml THF solution of polymethylsiloxane (1 g, 9.6
mmol) and OVS (0.76 g, 1.2 mmol) a 1.0 M tetrabuthylammonium fluoride
solution in THF (0.03 ml, 0.09 mmol) was added. The solution was stirred for 1
day and treated with 500 mg of CaCls, the solid was filtered off and the solvent
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was removed in vacuum to give a whitish solid characterized by MALDI-TOF and
FT-IR shown in FIGs. 30 and 31 respectively.

Example 12. Rearrangement Of Polyvinylsiloxane And Tetraethylorthosilicate
(TEOS) By Tetrabutylammonium Fluoride

[0140] To a stirring suspension of polyvinylsiloxane (1 g, 7.5 mmol) in
THF (15 ml) a 1.0 M tetrabuthylammonium fluoride solution in THF (0.02 ml, 0.07
mmol) was added. After 10 minutes 0.75ml of tetraethyl orthosilicate and 3 drops
of water were added and stirred for 3 days. The solution was treated with 500
mg of CaCl,, the solid was filtered off and the solvent was removed in vacuum, a
white powder was collected and characterized by FT-IR and TGA under air and
N2 shown in FIGs. 32, 33 and 34 respectively.

Example 13. Fluoride catalyzed rearrangements of polysilsesquioxanes, mixed

Me, vinyl Tg, T1o, and T, cages.

Insoluble mixtures of polyvinylsilsesquioxane -(vinylSiO1s)s- (‘PVS”) and
polymethylsilsesquioxanes -(MeSiO1s5)s- (“PMS”) in THF at ambient when
treated with catalytic amounts (1-5 mole %) of fluoride ion introduced as tBusNF
will depolymerize and dissolve. The resulting soluble species consist of
[vinylxMesx(SiO1.5)]s, [VinylxMes«(SiO15)]10, and [vinylyMeg«(SiO15)]12. 1:1 ratios
of PVS:PMS greatly favor formation of vinyl rich cages. Only at ratios of 1:5 is
the proportion of vinyl:Me in the cages approximately equal. Of the Tg, T10 and
T42 species produced, all conditions tried including changing the solvent to EtOH
or toluene or at reflux (THF) favor the formation of the larger cages sometimes
completely excluding formation of the Ts materials.

Efforts to isolate the cage compounds by removal of solvent regenerate
polymeric silsesquioxanes albeit those containing mixtures of Me and vinyl
groups. Introduction of CaCl, sufficient to form CaF, prior to workup prevents
the formation of the cage materials allowing recovery of the mixed cage systems.
The approach developed here provides a novel way to form mixed functional
group silsesquioxane cages. The fact that T4, and T4, cage formation is favored
appears to suggest that these cages are more stable than the traditional

produced Tg cages.
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Materials

Polyvinylsilsesquioxane (PVS) was prepared using literature methods,12
tetrahydrofuran, toluene, methanol and ethanol were purchased from Fisher
Scientific and used as received. Tetrabutylammonium fluoride and diethylether
were purchased from Sigma-Aldrich and used as received. Yields are calculated
based on the polyvinylsilsesquioxane used.

Analytical Methods

FTIR Spectra. Diffuse reflectance Fourier transform (DRIFT) spectra
were recorded on a Mattson Galaxy Series FTIR 3000 spectrometer (Mattson
Instruments, Inc., Madison, WI). Optical grade, random cuttings of KBr
(International Crystal Laboratories, Garfield, NJ) were ground, with 1.0 wt% of
the sample to be analyzed. For DRIFT analysis, samples were packed firmly
and leveled off at the upper edge to provide a smooth surface. The FTIR sample
chamber was flushed continuously with N prior (10 min) to data acquisition in
the range 4000-400 cm™.

Gel Permeation Chromatography (GPC) analyses were run on a Waters
440 system equipped with Waters Styragel columns (7.8 x 300, HT 0.5, 2, 3, 4)
with RI detection using Waters refractometer and THF as solvent. The system
was calibrated using polystyrene standards and toluene as reference.

Matrix-Assisted Laser Desorption/Time-of-Flight Spectrometry (MALDI-
ToF) was run on a Micromass TofSpec-2E equipped with a 337 nm nitrogen
laser in positive-ion reflectron mode using poly(ethylene glycol) as calibration
standard, dithranol as matrix, and AgNOs; as ion source. Samples were
prepared by mixing solutions of 5 parts matrix (10 mg/mL in THF), 5 parts
sample (1 mg/mL in THF), and 1 part AgNO; (2.5 mg/mL in water) and blotting
the mixture on target plate.

Synthetic Studies
Synthesis of Polymethylsilsesquioxane (PMS). In a 100 ml 1 necked
round bottom flask 10 ml of HClI 37% were added to a solution of

Methyltrimethoxysilane (20 ml, 0.14 mol) in 40 ml of ethanol. The solution was
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stirred for 3 days forming a white solid which was filtered off and washed with
Ether (3x10 ml) to gave 8.6 g of PMS, a 90% vyield. IR (KBr): ve.y (2971, 1408
cm™), vsic (1271 cm-1), vsiosi (1121, 1035 cm™).

General Synthesis of Ts, T1o and T4> cages from Polyvinylsilsesquioxane
and Polymethylsilsesquioxane. To a mixture of PVS and solvent,
tetrabutylammonium fluoride was added. After the complete dissolution,
polymethylsilsesquioxane was added and the suspension was stirred for 2 d at
room temperature or refluxed for 6 h. Unreacted material was filtered off from
the solution and CaCl, (0.3 g) was added to quench the F" catalyst. The solution
was stirred for 3-4 h, the solid was removed by filtration and the product was
obtained by removing the solvent in vacuo or/and by precipitation into methanol.

Experiment 13-1. [ViSiO45], (1 g, 12.6 mmol), [MeSiO4s]n (0.87 g, 12.6 mmol)
and tBusNF (0.4 ml, 0.38 mmol) in THF (20 ml). Yield (80 %). IR (KBr): Me: vcn

(2959, 1408 cm™), Vi: vey (3061, 1487 cm™), ve_c (1602 cm™), vsic (1273 cm’
Y, vsiosi (1120 cm™). GPC (THF): Mn: 779, Mw: 789, PDI: 1,013. MALDI-ToF:

m/iz  (Ag® adduct) = 691  [SigO12(CHs)4(CH=CHy)d], 703
[SisO12(CHa)s(CH=CH2)s], 715 [SigO12(CHa)2(CH=CH2)g, 852
[Si10015(CHa)s(CH=CH2)s], 864  [Si10015(CHs)s(CH=CH2)7], 876
[Si1015(CHa)2(CH=CH2)s], ~ 998  [Si1201s(CHa)s(CH=CH»)-], 1010
[Si12018(CHa)4(CH=CHy)s], 1022 [Si1204s(CHa)s(CH=CHy,)s], 1024
[Si12018(CHs3)2(CH=CH2)1o].

Experiment 13-2. [ViSiO45]n (1 g, 12.6 mmol), [MeSiO4 5], (1.74 g, 25 mmol) and
tBusNF (0.4 ml, 0.38 mmol) in THF (20 ml). Yield (75 %). IR (KBr): Me: vc.H
(2959, 1409 cm™), Vi: vey (3061, 3023 cm™), voc (1602 cm™), vsic (1273 cm’

), vSi-O-Si (1122, 1044 cm™). GPC (THF): Mn: 721, Mw: 739, PDI: 1.025.

MALDI-ToF: m/z (Ag® adduct) = 729 [SisOss(CHs)(CH=CH,);], 739
[SigO12(CH=CH)s], 793 [Si16015(CH3)e(CH=CH>)], 861
[Si10015(CHs)s(CH=CH2)7], 899 [Si10015(CH=CH2)10], 997
[Si12018(CHs)s(CH=CH2)7], 1009  [Si12018(CHs)a(CH=CH>)g], 1021

[Si12018(CHa)s(CH=CH>)s], 1057 [Si12018(CH=CH2)12].
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Experiment 13-3. [ViSiO4 5]n (1 g, 12.6 mmol), [MeSiO1 5], (4.36 g, 63 mmol) and
tBusNF (0.4 ml, 0.38 mmol) in THF (30 ml). Yield (87 %). IR (KBr): Me: vc.n
(2969, 1408 cm™), Vi: ve_y (3061 cm™), veoc (1602 cm™), vsic (1272 cm™), vg;.
o.si (1118 cm™). GPC (THF): Mn: 760, Mw: 770, PDI: 1,013. MALDI-ToF: m/z
(Ag™ adduct) = 679 [SigO12(CH3)s(CH=CH,)s], 691 [SigO12(CHs)4(CH=CH,)4], 703

[SisO12(CHa)s(CH=CH2)s], 715 [SiaO12(CHs3)2(CH=CH>)g], 827
[Si10015(CHa)s(CH=CH3)d], 837 [Si10015(CHa)s(CH=CHa)s], 848
[Si1015(CHa)a(CH=CH2)s], 972  [Si1201s(CHs)7(CH=CH.)s], 984
[Si12018(CHa)s(CH=CH2)g], 997 [Si1201s(CHa)s(CH=CHa)-].

Experiment 13-4. [ViSiO45]n (1 g, 12.6 mmol), [MeSiO4 5], (1.74 g, 25 mmol) and
tBusNF (0.4 ml, 0.38 mmol) in Toluene (15 ml). Yield (39 %). IR (KBr): Me: vo_y
(2958, 1409 cm™), Vi: von (3061 cm™), veoe (1602 ecm™), vsic (1274 ecm™), vg;.
o-si (1120, 1049 cm™). GPC (THF): Mn: 739, Mw: 753, PDI: 1,019. MALDI-ToF:
m/z (Ag® adduct) = 741 [SigO12(CH=CHy)s], 899 [Si10O15(CH=CHy)10), 1057
[Si12018(CH=CHy)12], 1689 [Si2O30(CH=CH2)20], 1848 [Siz2O22(CH=CH>)22].

Experiment 13-5. [ViSiO45]n (1 g, 12.6 mmol), [MeSiO+ 5], (4.36 g, 63 mmol) and
tBusNF (0.4 ml, 0.38 mmol) in Toluene (30 ml). Yield (30 %). IR (KBr): Me: vo_y
(2958, 1409 cm-1), Vi: veoy (3061, 3023 cm-1), vg_g (1602 cm-1), vsic (1274
cm-1), vsi.o-si (1126, 1047 cm-1). GPC (THF): Mn: 762, Mw: 773, PDI: 1,014.
MALDI-ToF: m/z (Ag+ adduct) = 741 [SigO12(CH=CH.)g], 899
[Si10015(CH=CHz)10], 1057 [Si12015(CH=CH2)12], 1690 [Si20Oz0(CH=CH2)20].

Experiment 13-6. [ViSiO45]n (1 g, 12.6 mmol), [MeSiO1 5], (1.74 g, 25 mmol) and
tBusNF (0.4 ml, 0.38 mmol) in THF (20 ml) and Ethanol (20 ml). Yield (50 %). IR
(KBr): GPC (THF): Mn: 835, Mw: 847, PDI: 1,015. MALDI-ToF: m/z (Ag* adduct)
= 739 [SigO12(CH=CHy>)g], 899 [Si10015(CH=CH>)10], 1057 [Si1201s(CH=CH3)12],
1690 [Si20O30(CH=CH2)20].

Experiment 13-7. [ViSiO4 5], (1 g, 12.6 mmol), [MeSiO 5], (1.74 g, 25 mmol) and
tBusNF (0.4 ml, 0.38 mmol) in THF (25 ml) and Ethanol (6.3 ml). Yield (52 %). IR
(KBr): Me: vey (2972, 1409 cm™), Vi: ve.y (3061 cm™), vec (1602 cm™), vsic
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(1272 cm™), vsio.si (1133, 1036 cm™). MALDI-ToF: m/z (Ag* adduct) = 828

[Si10015(CH3)e(CH=CH>)4], 850 [Si10015(CH3)4(CH=CHy)g], 862
[Si10015(CH3)s(CH=CH>)], 874 [Si10015(CH3)2(CH=CHy)g], 996
[Si12018(CH3)s(CH=CH>)], 1009 [Si10015(CH3)4(CH=CHy)g], 1020
[Si12018(CH3)3(CH=CH>)g].

Experiment 13-8. [ViSiO4 5], (1 g, 12.6 mmol), [MeSiO 5], (1.74 g, 25 mmol) and
tBusNF 0.4 ml, 0.38 mmol) in THF (6.25 ml) and Ethanol (25 ml). Yield (33 %).
MALDI-ToF: m/z (Ag®™ adduct) = 793 [SisO12(CHs)e(CH=CH.)], 899
[Si10015(CH=CH2)10], 973 [Si12018(CH3)7(CH=CH>)s], 1057 [Si12018(CH=CH3)12].

Experiment 13-9. [MeSiO1 5], (1 g, 14.4 mmol) and tBusNF (0.4 ml, 0.43 mmol) in
THF (20 ml). Yield (25 %).

Experiment 13-10. [ViSiO1s]n (1 g, 12.6 mmol), [MeSiO4 5], (0.87 g, 12.6 mmol)
and tBusNF (0.4 ml, 0.38 mmol) in THF (20 ml). Yield (62 %). IR (KBr): Me: vcy

(2959, 1409 cm™), Vi: ve.n (3061cm™), vo_c (1602 cm™), vsic (1274 cm™), vsi.o.
si (1121 em™). GPC (THF): Mn: 776, Mw: 791, PDI: 1,020. MALDI-ToF: m/z (Ag*
adduct) = 679 [SisO12(CH3)3(CH=CH2)5], 692 [SisO12(CH3)4(CH=CH2)4], 817

[Si10015(CHa)7(CH=CHa)s], 861 [Si10015(CHs)s(CH=CHazy7, 875
[Si10015(CHa)2(CH=CHy)s], 887 [Si1o015(CHa)(CH=CHy)s], 963
[Si12018(CHs3)s(CH=CH>)a], 1021 [Si12015(CHa)3(CH=CHa)s], 1033
[Si12018(CHa)2(CH=CH2)10], 1045 [Si1201s(CHs)(CH=CHz)11].

Experiment 13-11. [ViSiOq5], (1 g, 12.6 mmol), [MeSiO1 5], (1.74 g, 25 mmol)
and tBusNF (0.4 ml, 0.38 mmol) in THF (20 ml). Yield (65 %). IR (KBr): Me: vc.H
(2958, 1409 cm™), Vi: vey (3062 cm™), ve_c (1602 cm™), vsic (1274 cm™), vsi.o.
si (1121 cm™). GPC (THF): Mn: 780, Mw: 794, PDI: 1,018. MALDI-ToF: m/z (Ag*
adduct) = 715 [SigO12(CHa3)2(CH=CHa)e], 727 [SisO12(CH3z)(CH=CHa)7], 740

[SigO12(CH=CHy)g], 817 [Si10015(CHs)7(CH=CH>)s], 851
[Si10015(CHz)4(CH=CH>)s], 861 [Si10015(CHa)s(CH=CH>)7], 875
[Si10015(CH3)2(CH=CH>)s], 887 [Si10015(CHz)(CH=CHz)d], 899
[Si10015(CH=CHz)10], 963 [Si12018(CHs)s(CH=CH>)4], 1009
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[Si12015(CH3)4(CH=CH,)g], 1021 [Si12018(CH3)3(CH=CHy)q], 1033
[Si12018(CH3)2(CH=CHy)10], 1045 [Si12015(CH3)(CH=CHy)11].

Experiment 13-12. [ViSiO15]n (1 g, 12.6 mmol), [MeSiO1 5], (4.36 g, 63 mmol)
and tBu,NF (0.4 ml, 0.38 mmol) in THF (25 ml). Yield (70 %). IR (KBr): Me: vy
(2959, 1408 cm™), Vi: vey (3061, 3023 cm™), voc (1602 cm™), vsic (1273 cm’
Y, vsiosi (1119 cm™). GPC (THF): Mn: 764, Mw: 778, PDI: 1,018. MALDI-ToF:
m/z (Ag* adduct) = 679 [SigO12(CH3)s(CH=CH,)s], 691 [SigO12(CHs)4(CH=CH>)4],
837  [Si10QO15(CHs)s(CH=CH,)s], 849  [Si10O15(CHas)4s(CH=CH,)s], 861
[Si10015(CHs)3(CH=CH>)], 875 [Si10015(CHs)2(CH=CH>)g], 984
[Si12018(CHs)s(CH=CH>)s], 996 [Si12018(CHs)s(CH=CH>)], 1009
[Si12018(CHs)4(CH=CH,)g], 1021 [Si1201s(CHs)s(CH=CH,)q].

Synthesis of mixed vinyl phenyl silsesquioxanes

Example 14. Synthesis of VinylxPh1 (x =9, 11) Tio.and T, Silsesquioxanes.
PPS (1.00 g, 7.7 mmol) and PVS (7.0 g, 88.5 mmol) were placed in a dry 250
mL round bottom flask equipped with magnetic stirrer and condenser. The flask
was evacuated and flushed three times with N2. THF (100 mL) and 0.96 mL (1.0
M in THF, 0.96 mmol) of 95% TBAF were added via syringe. The reaction
mixture was stirred at room temperature for 48 h. CaCl2 (0.8 g, 7.2 mmol) was

added to the reaction mixture and stirred an additional 2 h. The insolubles (~1 g)
were then gravity filtered and the filtrate was removed under reduced pressure.
The solid residue was dissolved in ~15 mL of THF and precipitated into 300 mL
MeOH. The precipitated products were collected and dried in vacuo to give a
white powder (7.05 g, 88% with respect to total initial mass of reactants).
Characterization data: 'H NMR (400 MHz, CDsCl): 5.6-6.2 (br, -CH=CH,), 6.9
(or, Ar-H); 7.4 (br, Ar-H); 7.6 (br, Ar-H). *C NMR: 126.9 (Ar-C), 130.2 (-Si-
CH=CH>), 130.7 (Ar-C), 139.8 (Ar-C), 136.0 (CH=CH) ppm. MALDI-TOF: m/z
(Ag" adduct) = 899 [AgSi10015(C2H3)10], 949 [AgSi10O15-(C2H3)e(CsHs)4], 999
[AgSi10015(C2H3)s(CeHs)2] 1057 [AgSi12015(CoH3)12], 1107
[AgSi12018(C2H3)11(C6H5)1], 1157 [AgSi12018-(C2H3)10(C6H5)2] amu.
GPC (found): Mn 1026; Mw 1077; PDI 1.05 (see also Table 6).
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Example 15. Synthesis of Vinyl{Phx (x =9, 11) T4 and T;, Silsesquioxanes.
PPS (15.0 g, 116 mmol) and PVS (1.0 g, 12.6 mmol) were placed in a dry 250
mL round bottom flask equipped with magnetic stirrer and condenser. The flask
was evacuated and flushed three times with N,. THF (100 mL) and 1.29 mL (1.0
M in THF, 1.29 mmol) of 95% TBAF were added via syringe. The reaction
mixture was stirred at room temperature for 48 h. CaCl, (0.8 g, 7.2 mmol) was
added to the reaction mixture and stirred an additional 2 h. The insolubles (~5 @)
were then gravity filtered and the filtrate was removed under reduced pressure.
The solid residue was dissolved in ~15 mL of THF and precipitated into 300 mL
MeOH. The precipitated products were collected and dried in vacuo to give a
white powder (11.52 g, 72% with respect to total initial mass of reactants).
Characterization data: 1H NMR (400 MHz, CD3Cl): 5.8-6.1 (br, -CH=CH2), 7.1-
7.8 (br, Ar-H). *C NMR: 127.0 (Ar-C), 130.0 (-Si-CH=CH>), 130.6 (Ar-C), 134.0
(Ar-C), 136.1 (-CH=CH) ppm. MALDI-TOF: m/z (Ag" adduct) = 1141
[AgSisO12(CeHs)s], 1299 [AgSi10015-(C2oHs)2(CeHs)s], 1349
[AgSi10015(C2H3)1(CeHs)s], 1399 [AgSi10015(CeHs)10], 1557
[AgSi12018(C2H3)2(CeHs)10], 1607 [AgSi12015(C2H3)1(CeHs)11], 1658 [AgSi1201s-
(CeHs)12] amu. GPC (found): Mn 725; Mw 754; PDI 1.04 (see also Table 6).

Example 16. Synthesis of Vinyl,Phy (x = 8, 10) T1o and T4, Silsesquioxanes. PPS
(7.24 g, 56.0 mmol) and PVS (1.0 g, 12.6 mmol) were placed in a dry 250 mL r/b
flask equipped with magnetic stirrer and condenser. The flask was evacuated

and flushed three times with N,. THF (100 mL) and 0.69 mL (1.0 M in THF, 0.69

mmol) of 95% TBAF were added via syringe. The reaction mixture was stirred at

room temperature for 48 h. CaCl, (0.8 g, 7.2 mmol) was added to the reaction
mixture and stirred an additional 2 h. Insolubles (~3 g) were gravity filtered and
the filtrate removed under reduced pressure. The solid residue was dissolved in
~15 mL of THF and precipitated into 300 mL MeOH. The precipitated products
were collected and dried in vacuo to give a white powder (6.67 g, 81% with
respect to total initial mass of reactants). The products were further purified by
column chromatography (silica, 1:10 THF:hexane) and followed by TLC.
Characterization data: 'H NMR (400 MHz, CDsCl): 5.2-6.3 (br, -CH=CH.), 6.6-
8.1 (br, Ar-H). 13C NMR: 127.0 (Ar-C), 130.0 (-Si-CH=CH,), 130.7 (Ar-C), 133.8
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(Ar-C), 136.3 (-CH=CH>) ppm. IR: vC=H (3066-2917), vC=C (Ar ring, 1591),
vC=C (Ar ring, 1429), vSi-O (1132), vSi-C (729) cm-1. MALDI-TOF: m/z (Ag®
adduct) = 1199 [AgSi10015(C2H3)4(CsHs)e], 1249 10 [AgSi10015(C2Hs)s(CeHs)7],
1299 [AgSi10015-(C2H3)2(CeHs)s], 1349 [AgSi10015-(C2Ha)1(CeHs)e], 1399
[AgSi10015(CsHs)10], 1458 [AgSi12018(C2H3)4(CeHs)s], 1507
[AgSi12018(C2H3)3(CeHs)e], 1557 [AgSi12015-(C2H3s)2(CeHs)10] amu. GPC (found):
Mn 986; Mw 1005; PDI 1.02 (see also Table 6). TGA (air, 1000 °C): found
49.4%; Td5% = 459 °C (see also Table 7).

Example 17. Metathesis Reaction of Vinyl,Ph, (x =8, 10) Tigand T4,

Silsesquioxanes and 4-Bromostyrene. Vinyl,Ph, (x = 8, 10) Tyo and T1> SQs

(1.00 g) and 52 mg of first generation Grubb’s catalyst (0.13 mmol) were added
to a dry 50 mL Schlenk flask under No. Dry CHCl, (20 mL) was added by
syringe followed by 4-bromostyrene (2.48 mL, 19.0 mmol). The mixture was
stirred at ambient for 72 h and then quenched by precipitation into 300 mL
MeOH. The solution was filtered and the products (0.98 g) were purified by
column chromatography (silica, 1.5:8.5 THF:hexane), followed by TLC.
Characterization data: 'H NMR (400 MHz, CDsCl): 5.2-6.1 (br, -CH=CH), 6.5-8.0
(br, Ar-H). *C NMR: 121.9 (-C-Br), 126.5 (Ar-C), 127.0 (Ar-C), 130.8 (-Si-
CH=CH-), 131.9 (Ar-C), 132.0 (Ar-C), 134.0 (Ar-C), 136.0 (-Si-CH=CH-) ppm. IR:
vC=H (3079-2958), vC=C (Ar ring, 1593), vC=C (Ar ring, 1429), vSi-O (1132),
vSi-C (731) cm™. MALDI-TOF: m/z (Ag* adduct)=1399 [AgSi1cO15(CsHs)10], 1505
[AgSi10015(CsHeBr)1(CsHs)g], 1610 [AgSi10015(CsHeBr)2-(CeHs)g], 1763
[AgSi12015-(CsHeBr)1(CeHs)11], 1867 [AgSi1201s(CsHeBr)2(CsHs)10] amu. GPC
(found): Mn 1383; Mw 1437; PDI 1.04 (see Table 6). TGA (air, 1000 °C): found
40.1%; Td5% = 303°C (see also Table 7).

Example 18. Self-Metathesis Reaction of Vinyl,Ph, (x =8, 10) Tio and T1, SQs.
VinyloPhy (x = 8, 10) T1o and T2 silsesquioxanes (1.00 g) and 52 mg of first

generation Grubb’s catalyst (0.13 mmol) were added to a dry 50 mL Schlenk
flask under N». Dry CH,CI, (20 mL) was added by syringe. The mixture was
stirred at room temperature for 72 h and then quenched by precipitation into 300

mL of MeOH. The solution was filtered and the recovered solid was analyzed by
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GPC, TGA, and MALDI, which confirmed only the presence of unreacted starting
materials [vinyl.Phy (x = 8, 10) Tioand T4 SQs].

Example 19. Heck Reaction of BrStyroPhy (x =8, 10) Tig.and T4, SQs and
VinyloPh, (x =8, 10) T1o and T, Silsesquioxanes. To a dry 50 mL Schlenk flask
under N> was added 0.50 g of BrStyroPhy (x =8, 10) Tyo and T2, 19 mg (0.04
mmol) of PA[P(#Bus)]2, and 18 mg (0.02 mmol) of Pdy(dba)s. 1,4-dioxane (10
mL) was then added by syringe, followed by NCy-Me (2.11 mmol, 0.45 mL) and

0.40 g of vinyloPhy (x = 8, 10) T4 and T12. The mixture was stirred at room
temperature for 72 h and then filtered through 1 cm celite, which was washed
with 5 mL of THF. The solution 11 was then quenched by precipitation into 300
mL of methanol and filtered and the solid redissolved in 10 mL of THF. This
solution was then filtered again through a 1 cm celite column to remove any
remaining Pd particles and reprecipitated into 200 mL of methanol. The
products were further purified by column chromatography (silica, 1:10
THF:hexane) and followed by TLC, collected, and dried in vacuo to give a white
powder (0.72 g). Characterization data: '"H NMR (400 MHz, CD3Cl): 5.1-6.3 (br, -
CH=CH), 6.5-7.9 (br, Ar-H). '3C NMR: 127.3 (Ar-C), 129.0-132.0 (Ar-C), 134.0
(Ar-C) ppm. IR: vo_y (3077-2979), vec (Arring, 1591), ve_c (Arring, 1429), vsi.o
(1132), vsic (731) cm™. MALDI-TOF: m/z (Ag* adduct) = 1399
[AgSi10015(CsHs)10], 1505 [AgSi10015(CsHeBr)1(CeHs)s], 1763
[AgSi12015CsHeBr)2-(CeHs)10],

2593, 2697, 2797, 2849, 3003 amu. GPC (found): M, 2973; My, 3716; PDI 1.25
(see also Table 6). TGA (air, 1000 °C): found 45.0%; Td5% = 325 °C (see also
Table 7).

Example 20. Heck Reaction of BrStyroPhy (x =8, 10) T1o and T12 SQs and
Vinyltriethoxysilane. To a dry 50 mL Schlenk flask under N, was added 0.50 g of
BrStyroPhy (x =8, 10) T1o and T42, 19 mg (0.04 mmol) of Pd[P(#-Bus)]2, and 18
mg (0.02 mmol) of Pdo(dba)s. 1,4-dioxane (10 mL) was then added by syringe,
followed by NCy,Me (2.11 mmol, 0.45 mL) and 0.38 mL (2 mmol) of
vinyltriethoxysilane. The mixture was stirred at room temperature for 72 h and
then filtered through 1 cm celite, which was washed with 5 mL of THF. The

41



10

15

WO 2010/062695 PCT/US2009/062815

solution was then quenched by precipitation into 300 mL of methanol and filtered
and the solid redissolved in 10 mL of THF. This solution was then filtered again
through a 1 cm celite column to remove any remaining Pd particles and
reprecipitated into 200 mL of methanol. The products were further purified by
column chromatography (silica, 1:10 THF:hexane) and followed by TLC,
collected, and dried in vacuo to give a white powder (0.58 g). Characterization
data: "H NMR (400 MHz, CD3Cl): 1.2 (s, 3.6 H, -CH3), 1.3 (s, 5.4 H, -CH3), 3.8
(s, 2.4 H, -OCH>CHj3), 3.9 (s, 3.6 H, -OCH.CH3), 5.1-6.3 (br, 4 H, -CH=CH), 6.4-
7.9 (br, 68 H, Ar-H). 13C NMR: 18.0 (-CHs), 58.8 (-OCH>CHjs), 127.3 (Ar-C),
129.0-132.0 (Ar-C), 134.1 (Ar-C), 136.1 (-CH=CH) ppm. IR: vC=H (3087- 2985),
ve-H (2981-2811), ve—c (Ar ring, 1591), vc_c (Ar ring, 1431), vSi-O (1132), vsic
(737) cm™. MALDI-TOF: m/z (Ag* adduct) = 1399 [AgSi10O15(CeHs)10], 1614
[AgSi10015(CeHs)o(C16H2303Si)1], 1828 [AgSi10015-(CeHs)s(C16H2303Si)2], 1872
[AgSi10015(CeHs)11(C16H2303Si)1], 2086 [AgSi10015-(CeHs)10(C16H2303Si)2] amu.
GPC (found): M, 1441; My, 1527; PDI 1.06 (see also Table 6). TGA (air,
1000°C): found 40.5%; Td5% = 351°C (see also Table 7).
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CLAIMS
What is claimed is:

1. A method for making a silsesquioxane cage compound by
depolymerization of a polysilsesquioxane method comprising:

5 a) reacting at least one polysilsesquioxane with a catalytic amount of an
organic cationic fluoride at a temperature ranging from about -50°C to
about 120°C in an organic solvent thereby forming a liquid reaction
mixture;

b) adding a quenching agent to the liquid reaction mixture to remove fluoride

10 from the reaction mixture; and

c) isolating a silsesquioxane cage compound from the reaction mixture by

precipitation or by solvent removal.

2. A method according to claim 1, wherein the fluoride is provided in
the liquid reaction mixture at a level of 0.1-10 mole%, based on moles of

15  silsesquioxane.

3. A method according to claim 2, wherein the amount of fluoride is
0.5-10 mole%.

4. A method according to claim 2, wherein the level of fluoride is 0.5-5

mole%.

20 5. A method according to claim 1, comprising reacting at a
temperature of 0-100°C.

6. A method according to claim 1, comprising reacting at a
temperature of 10-50°C.

7. A method according to claim 1, wherein the quenching agent

25 comprises a calcium salt.

8. A method according to claim 7, wherein the quenching agent

comprises calcium chloride.
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9. A method for synthesizing a random structure polysilsesquioxane T
resin from a single or mixed polymeric silsesquioxane cage compound, the
method comprising:

a) combining one or more silsesquioxane cage compounds with an organic
solvent and a catalytic amount of a source of organic fluoride ion, thereby
forming a first mixture;

b) mixing the first mixture for a time and at a temperature to make a reaction
mixture comprising the T resin; and

c) isolating the T resin polymer by removal of said organic solvent.

10. A method according to claim 9, wherein the catalytic amount of a
source of organic fluoride ion comprises 0.1-10 mole% of fluoride, based on total

moles of silsesquioxane.

11. A method according to claim 10, wherein the catalytic amount is
0.5-10 mole%.

12. A method according to claim 10, wherein the catalytic amount is
0.5 -5 mole%.

13. A method according to claim 1, comprising mixing at a temperature
of 10-50°C.

14. A method according to claim 9, comprising mixing at a temperature
of 20-30°C.

15. A method according to claim 9, wherein the one or more cage
compound is selected from the group consisting of Tg, Tyo, Or T4 structures
characterized by formula [RSiO1s]n, where n = 8, 10, or 12 and wherein the R
groups are independently selected from the group consisting of alkyl, alkenyl,

alkynyl, aryl, alkenylaryl, alkylaryl, arylalkyl, and arylalkenyl.
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16. A process for making a Ts, T1o, T12, Or T4 Silsesquioxane mixed
cage compound with a structure represented by [R%R".xSiO1 5], wherein n is 8,
10, 12, or 14 and x is 1-13, R' is a first organic group, and R? is a second
organic group, the process comprising,

a. adding a catalytic amount of organic fluoride ion to a mixture
of starting cage structures [R%,SiO1 5], and [R',SiO1 5], to make a first mixture;
and

b. reacting the starting cage structures in the presence of

fluoride ion to form a reaction mixture comprising the mixed cage compounds.

17. A method of process according to claim 16, comprising providing
[R%,SiO15]n and [R':SiO15]n in the first mixture in a molar ratio such that x is
predominantly 1, 2, or 3 in the reaction product [R%R"1xSiO1.5]n.

18. A process according to claim 16, comprising reacting at a
temperature of 10-50°C.

19. A process according to claim 16, comprising reacting at a
temperature of 20-30°C.

20. A process according to claim 16, comprising reacting in the
presence of 0.1-10 mole% fluoride ion, based on moles of silsesquioxane.

21. A process according to claim 20, comprising reacting in the
presence of 0.5-5 mole% fluoride ion.

22. A process according to claim 20, comprising reacting in the

presence of 0.1-2 mole% fluoride ion in the form of tetraalkylammonium fluoride.

23. A process according to claim 16, further comprising quenching the
reaction mixture to remove fluoride, then isolating the Ts, T1o, Or T12 and/or T14

cage compounds by precipitation or solvent removal.

24. A process according to claim 23, comprising quenching with a

molar excess of quenching agent that preferentially reacts with fluoride ion.
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25. A process according to claim 24, wherein the quenching agent is a

calcium salt.

26. A process according to claim 24, wherein the quenching agent is

calcium chloride.
5 27. A process according to claim 17, wherein one of R' and R? is vinyl.

28. A method for making a functionalized colloidal silica particle from a
T resin and a silicon containing compound, the method comprising:

a) combining a T resin having at least one functional group with water; a

silicon containing compound Si(X)s where X is independently selected
10 from halide, hydroxyl, and alkoxy; and a catalytic amount of an organic

fluoride ion in an organic solvent thereby forming a first mixture;

b) mixing the first mixture at a temperature of 10-50°C to form a reaction
mixture;

c) adding a quenching agent to the reaction mixture to remove fluoride; and

15 d) isolating the functionalized colloidal silica from the reaction mixture.

29. A method according to claim 28 wherein the silicon containing
compound is Si(OEt),.

30. A method according to claim 28, comprising reacting in the
presence of 0.1-10 mole% fluoride ion in the form of tetraalkylammonium
20  fluoride.

31. A method according to claim 30, wherein the fluoride is in the form

of tetrabutylammonium fluoride.

32. A method according to claim 30, comprising reacting in the
presence of 0.1-5 mole% fluoride ion.

25 33. A method according to claim 30, comprising reacting in the
presence of 0.1-2 mole% fluoride ion.
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34. A method according to claim 28, comprising reacting at a
temperature of 20-30°C.
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