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METAL-NITROGEN POLYMER
COMPOSITIONS COMPRISING ORGANIC
ELECTROPHILES

CROSS REFERENCE TO RELATED
APPLICATION

The present application is a continuation-in-part of U.S.
patent application Ser. No. 08/148,044, filed Nov. 5, 1993,
abandoned.

BACKGROUND OF THE INVENTION

Metal-containing polymers have been used extensively in
the past to prepare ceramic objects due to the high ceramic
“char” yields which result when such polymers are heated to
temperatures approaching 1000° C. Such polymers have
thus proven useful when used as ceramic powder binders, as
precursors to ceramic coatings, as ceramic fiber precursors,
and as powder carriers for molding applications. However,
despite the high thermal stability of such polymers, and their
ability to form ceramic compositions upon thermal decom-
position, the mechanical strength of such polymers has
limited their utility in applications which require, for
example, mechanical strength at temperatures below which
conversion to a ceramic occurs.

In contrast, while organic polymers demonstrate marginal
high temperature performance, their strength and durability
at temperatures below their decomposition temperature have
resulted in widespread application where materials such as
metals or wood had previously been used.

Block copolymers have been prepared from a variety of
organic polymer systems. In addition, block copolymers
have been prepared from a variety of inorganic polymer
systems. For example, U.S. Pat. No. 5,229,468, entitled
“Polymer Precursor for Silicon Carbide/Aluminum Nitride
Ceramics” which issued in the name of Jensen on Jul. 20,
1993, discloses recent work relating to novel block copoly-
mers which are ceramic precursors and which incorporate,
alternately, a multiplicity of units comprising Al-N bonded
segments with a multiplicity of units comprising Si-N
bonded segments.

Such block copolymers, whether wholly organic in nature
or wholly inorganic in nature, have been shown to exhibit
certain desirable characteristics inherent in each of their
component compositions.

Recently there has also been some effort in preparing
mixed organic/inorganic polymer compositions by, for
example, the hydrolysis of Si(OR), compounds in which R
is an unsaturated, polymerizable organic group such as vinyl
or allyl, or an acrylate or methacrylate-based group. Efforts
in preparing mixed organic/inorganic polymer compositions
have been motivated by limitations which derive from the
insolubility of many important engineering polymers within
sol-gel solutions. Free-radical curing of such “sol-gel” pro-
cessed monomers results in mixed systems demonstrating
some of the useful properties of the organic components
used in the synthesis of the monomers as well as some of the
desirable properties of the inorganic components. Typically,
such systems comprise semi-interpenetrating networks com-
posed of linear organic polymers and a three-dimensional
Si0, network. Representative of such an approach is work
described by B. M. Novak and C. Davies in Macromol-
ecules, 1991, 24, 5481-5483.

Other work (see, for example, U.S. Pat. No. 4,448,939,
entitled “Polyurethanes Prepared Using Poly(Silyl-
diamines)”’), which issued in the names of Fasolka et al., on
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May 15, 1984), is based on the reaction of —Si—NH—R—
(silyl amine) groups with organic isocyanates. In this work,
polyurethane compositions comprising the reaction product
of an organic polyisocyanate and a poly(silyldiamine) are
described. As shown later herein, these compositions differ
from the concepts taught in the present invention.

Similar work by A. A. Zhdanov et. al. in Polymer Science
U.S.S.R., Vol. 23, No. 11, pp 2687-2696 (1981), describes
the reaction of a nitrogen-hydrogen bond, present in the silyl
amine end groups of linear polysilazasiloxanes, with car-
bonate moieties in mixed polycarbonate silazasiloxane com-
positions. Such silyl amine end groups are formed by the
reaction of hydroxy!l groups in the organic fraction of the
composition with cyclosilazane rings, resulting in ring open-
ing and concurrent formation of the reactive Si—NH,
moiety.

U.S. Pat. No. 4,929,704 entitled “Isocyanate- and Isothio-
cyante-Modified Polysilazane Ceramic Precursors”, which
issued in the name of Schwark, on May 29, 1990; U.S. Pat.
No. 5,001,090 entitled ““Silicon Nitride Ceramics from Iso-
cyanate- and Isothiocyante-Modified Polysilazanes”, which
issued in the name of Schwark, on Mar. 19, 1991; and U.S.
Pat. No. 5,021,533 entitled “Crosslinkable Poly(thio)ureasi-
lazane Composition Containing a Free Radical Generator”,
which issued in the name of Schwark, on Jun. 4, 1991, all
disclose the preparation of partially crosslinked organic
isocyanate-modified silazane polymers by the initial reac-
tion of less than about 30 weight percent of an organic
isocyanate with a polysilazane comprising Si-H bonds so as
to effect reaction of the isocyanate with the silicon-nitrogen
bond followed by a crosslinking reaction in which a by-
product is hydrogen gas. Similarly, U.S. Pat. No. 5,032,649
entitled “Organic Amide-Modified Polysilazane Ceramic
Precursors”, which issued in the name of Schwark, on Jul.
16, 1991, and U.S. Pat. No. 5,155,181 entitled “(Thio)am-
ide-Modified Silazane Polymer Composition Containing a
Free Radical Generator”, which issued in the name of
Schwark, on Oct. 13, 1992, both disclose the preparation of
organic amide-modified silazane polymers by the initial
reaction of, for example, less than about 30 wt % of an
organic amide with a polysilazane comprising Si-H bonds so
as to effect reaction of the isocyanate with the silicon-
nitrogen bond followed by a crosslinking reaction in which
a by-product is hydrogen gas.

U.S. Pat. No. 3,239,489, entitled “Polyurea-silazanes and
Process of Preparation”, which issued in the names of Fink
et al., on Mar. 8, 1966, describes the one-step preparation of
linear as well as crosslinked polymers by the reaction of
certain silazanes comprising no nitrogen to carbon bonds
within the repeat units of the silazane with di- or poly-
functional isocyanates. By reacting such compositions, both
linear and crosslinked polymers can be prepared by reacting
the di- or poly-functional isocyanates with the N-H bond of
the silazane.

To date, no art has disclosed or recognized the importance
of: (1) the synthesis of uncrosslinked, but crosslinkable
inorganic/organic hybrid polymers or ceramers by the reac-
tion of at least one organic electrophile with at least one
metal-nitrogen polymer (e.g., polysilazane, polyalazane,
polyborazine, poly(silazane/alazane), etc.); (2) suitable
crosslink mechanisms for such polymers in a second pro-
cessing step; or (3) the crosslinked compositions obtained
therefrom. For other silicon-nitrogen based polymers, as
well as metal-nitrogen polymers in general, for example,
aluminum-nitrogen polymers, boron-nitrogen polymers, and
copolymers and terpolymers prepared from, for example,
aluminum-nitrogen/boron-nitrogen copolymers, and silicon-
nitrogen/boron-nitrogen copolymers, no systems are known.
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Furthermore, the utility of such inorganic/organic hybrid
polymers or ceramers in applications not involving a pyroly-
sis conversion to a ceramic material has never been con-
templated.

The art is replete with examples of organic polymers
utilized for many different traditional applications. How-
ever, a need exists to expand the use of polymers or
polymer-like materials into some non-traditional areas.

For example, much effort has been focused on enhancing
the elevated temperature properties of organic polymers to
permit such polymers to function effectively in various high
temperature environments. However, the elevated tempera-
ture performance of organic polymers is limited by the
tendency of organic polymers to degrade and/or decompose
into unacceptable or undesirable elements.

Moreover, certain uses of organic polymers are not prac-
tical because such polymers typically lack flame retardant
properties and in some instances even function as fuel to
sustain combustion. Accordingly, the use of combustible
polymers for many applications may not be acceptable or
permissible.

Further, many organic polymers exhibit unacceptable
degradation when exposed to ultraviolet (“UV”) radiation.
The inherent susceptibility of such polymers to UV radiation
is caused by the bonds in the polymer breaking because UV
radiation possesses energy levels corresponding to some of
the bond energies within the polymers. The correspondence
of the bond energies to UV radiation causes organic poly-
mers to degrade via, for example, a bond scission mecha-
nism. Efforts to reduce the susceptibility of organic poly-
mers to UV radiation has included, for example, the
incorporation of expensive ingredients that attempt to absorb
harmful UV radiation. The cost for incorporating these
ingredients can be prohibitive.

Further, many organic polymers have been excluded from
certain applications where the polymers lack adhesive prop-
erties, even though certain other properties of the polymers
may be desirable. Some of the applications which require
polymers to exhibit certain desirable adhesive properties
include those applications where a polymer is placed as a
coating upon a substrate material. If the polymer lacks
adhesive properties, the polymer coating may flake or spall
from the substrate material. Additionally, in certain situa-
tions it may be desirable to form a composite material from
a polymer and another reinforcing material. In this case, it is
desirable for the polymer to bond or adhere to the reinforc-
ing phase in order to form a desirable polymer matrix
composite material.

Accordingly, for these and other reasons, organic poly-
mers have been relegated to applications which do not
expose the polymers to their weakness. Thus, the inherent
weaknesses exhibited by polymers has kept polymers from
realizing even broader applications.

The art also contains certain examples of inorganic poly-
mers, with an emphasis in the art being placed on certain
preceramic polymers. These inorganic polymers have been
developed primarily with an emphasis on their char or
conversion yield. Specifically, a high char yield has been a
primary goal of this type of polymer because the conversion
of polymer to ceramic needed to be maximized. This empha-
sis on optimum conversion has resulted in the use of these
preceramic polymers as precursors to ceramic. Additionally,
any practical use of the preceramic polymers as polymers,
per se, has been discouraged because of their relatively poor
mechanical properties exhibited by preceramic polymers.
Moreover, some preceramic polymers require stringent stor-

10

15

20

30

35

40

50

55

60

65

4

age conditions. For example, some inorganic preceramic
polymers require refrigeration to suppress reactions that
would otherwise occur spontaneously at room temperature
or even below room temperature. Further, processing of
some inorganic preceramic polymers is complicated by their
viscous character. In turn, this viscous character typically
requires expensive pressure processing equipment. Accord-
ingly, due to the aforementioned considerations, the use of
perceramic polymers for anything other than precursors to
ceramic materials has not been considered and/or has been
impractical.

The present invention capitalizes on foresight and the
understanding of the limitations exhibited by wholly organic
or wholly inorganic polymers. To this end, the present
invention recognizes the inherent limitations exhibited by
each class of organic and inorganic polymers. However, it
has been unexpectedly discovered that certain synergistic
effects can be realized by combining organic and inorganic
polymers in a novel manner to achieve a new class of
materials—hybrid polymers or ceramers.

Accordingly, the present invention satisfies a long felt
need by overcoming the above-discussed limitations asso-
ciated with wholly organic polymers by combining syner-
gistically organic polymers and inorganic polymers. Spe-
cifically, the present invention results in, among other things,
polymers which have elevated temperature applicability;
polymers which adhere to various surfaces, especially to
inorganic surfaces, heretofore uncharacteristic of organic
polymers (e.g., not only do the hybrid polymers or ceramers
provide excellent matrices for reinforced composites, but the
hybrid polymers or ceramers facilitate the joining of any
type and/or number of materials to allow the combination of
materials heretofore considered difficult, if not impossible,
to join); polymers which exhibit superior UV radiation
resistance; and polymers which exhibit flame retardant char-
acteristics.

Further, the present invention satisfies a long felt need for
materials possessing characteristics of inorganic polymers
combined with simple processing. The present invention
satisfies this need by providing hybrid polymers or ceramers
from mixtures including, for example, low viscosity liquids
that are inexpensively processed into the most complex of
shapes and then transformed into solids. For these and many
unstated reasons, the novel compositions of the invention,
and materials derived therefrom, satisfy a long felt need for
a new class of materials applicable in ways that transcend
traditional notions applicable to either wholly organic and/or
wholly inorganic polymers.

SUMMARY OF THE INVENTION

Briefly, the present invention relates to novel mixtures and
the novel compositions derived from the mixtures. The
novel mixtures comprise at least one organic electrophile
and at least one metal-containing polymer. The at least one
organic electrophile comprises at least one monomer, oli-
gomer or polymer, and more particularly, the at least one
organic monomer, oligomer or polymer comprising a plu-
rality of organic, electrophilic constituents. The metal-con-
taining polymer comprises at least one monomer, oligomer
or polymer, and more particularly, at least one metal-
nitrogen polymer comprising at least one monomer, oligo-
mer or polymer, where the metal comprises at least one
metal comprising ITUPAC (International Union of Pure and
Applied Chemistry) Groups 1 through 12 metals, the lan-
thanide series metals, and metals and metalloids of IUPAC
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Groups 13 and 14, including boron. For the purposes of the
present invention the term metal-containing polymer is
intended to included, for example, aluminum, silicon, and
boron containing polymers.

The novel compositions of the present invention are
derived from the novel mixtures and comprise hybrid poly-
mer or ceramer compositions. The compositions may be
uncrosslinked,  partially  crosslinked,  substantially
crosslinked or substantially completely crosslinked.

Moreover, the novel compositions may further comprise
at least ome filler or reinforcement. The filler-containing
compositions are derived from novel mixtures of the present
invention that are induced to at least partially embed or
surround at least one filler or reinforcement. As with the
unfilled or unreinforced compositions, the at least partially
filled or reinforced hybrid polymer or ceramer compositions
of the present invention may be uncrosslinked, partially
crosslinked, substantially crosslinked or substantially com-
pletely crosslinked.

The present invention further relates to novel mixtures
and the novel, unfilled or filled, compositions derived from
the mixtures. The mixtures comprise (1) at least one organic
electrophile comprising at least one organic monomer, oli-
gomer, or polymer comprising a plurality of organic, elec-
trophilic substituents, and (2) at least one metal-nitrogen
monomer, oligomer or polymer. Moreover, the novel,
unfilled or filled, hybrid polymer or ceramer compositions
may be uncrosslinked, partially crosslinked, substantially
crosslinked or substantially completely crosslinked.

In a preferred embodiment of the present invention, novel
mixtures comprise, and novel compositions are derived
from, (1) at least one organic electrophile comprising at least
one monomer, oligomer or polymer comprising a plurality
of organic, electrophilic substituents and (2) at least one
metal-containing polymer comprising at least one metal-
nitrogen polymer comprising at least one metal of IUPAC
Groups 1 through 12 metals, the lanthanide series metals and
metals and metalloids of IUPAC Groups 13 and 14, includ-
ing boron. Preferably, the at least one metal of the at least
one metal-nitrogen polymer comprises at least one of
TUPAC Group 2 through 4 metals, the lanthanide series
metals, and metals and metalloids of IUPAC Groups 13 and
14, including boron. More preferably, the at least one metal
of the at least one metal-nitrogen polymer comprises at least
one of the metal and metalloids of IUPAC Groups 13 and 14,
including boron. The novel hybrid polymer or ceramer
compositions derived from novel mixtures may be unfilled
or filled and/or may be uncrosslinked, partially crosslinked,
substantially crosslinked or substantially completely
crosslinked.

In an even more preferred embodiment of the present
invention, novel mixtures comprise and novel compositions
are derived from, reaction mixtures comprising (1) at least
one organic electrophile comprising at least one organic
monomer, oligomer, or polymer comprising a plurality of
organic, electrophilic substituents, and (2) at least one metal-
containing polymer comprising at least one of: (i) at least
one metal-nitrogen polymer comprising at least one of
silicon-nitrogen polymers, aluminum-nitrogen polymers,
and boron-nitrogen polymers comprising a plurality of
sequentially bonded repeat units of the form (a), (b), (c), and
(d), recited below:
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R R" A H

-(—?i—N—C—-N)—,

L

R R (b)
ehon,

R R ()
BN and

R R @
PN

.,

respectively, where R, R', R", and R'=hydrogen, alkyl,
alkenyl, alkynyl or aryl and A=0 or S; (ii) mixtures of two
or more metal-nitrogen polymers comprising two or more of
the structural units (a), (b), (c), and (d); (iii) metal-
crosslinked metal-nitrogen polymers comprising one or
more of the structural units (a), (b), (¢), and (d); and (iv)
metal-nitrogen copolymers comprising two or more of the
structural units (a), (b), (c), and (d). These reaction mixtures
react to form novel, uncrosslinked hybrid polymer or cer-
amer compositions which incorporate at least one organic
electrophile comprising the at least one organic monomer,
oligomer, or polymer into the structure of the one or more
metal-containing polymers and which, in a subsequent step,
may be crosslinked. In a further preferred embodiment, an
uncrosslinked liquid hybrid polymer or ceramer reaction
product of the at least one organic electrophile and the one
or more metal-containing polymers comprises a liquid
which may be cured to a rigid solid by crosslinking after
processing the liquid into a desired shape. The cure may be
accomplished by effecting crosslinking by providing an
energy input using at least one activation means comprising,
for example, thermal activation or radiation induced activa-
tion, to effect crosslinking through an ionic or radical-based
crosslinking mechanism.

In a further preferred embodiment, the hybrid polymer or
ceramer reaction products comprise sites of organounsat-
uration such as alkenyl or alkynyl groups. Thus, when
R=alkenyl or alkyny! groups, these reaction product com-
positions may then be crosslinked by supplying an energy
input in the form of, for example, thermal energy or radia-
tion, such as ultraviolet radiation, microwave radiation or
electron beam radiation, to crosslink, to a desirable extent,
the hybrid polymer or ceramer compositions. In this case,
crosslinking occurs by activating alkenyl-based or alkynyl-
based polymerization of the alkenyl or alkynyl! groups
within these compositions. When the reaction product com-
prises a liquid, such crosslinking provides a mechanism for
curing the liquid to a rigid solid, if desired, after processing
the liquid into a desired shape.

The at least one organic electrophile comprising organic
monomers, oligomers, or polymers comprising a plurality of
electrophilic substituents suitable for the practice of this
invention may be defined as organic monomers, oligomers
or polymers which contain a plurality of one or more
reactive groups which may attack the electron density of the
metal-nitrogen bond (e.g., Si-N bonds, Al-N bonds, B-N
bonds, etc.) of the metal-containing polymer, resulting in the
breaking of these bonds and, subsequently, the formation of
new bonds. Alternatively, when R'=H, the at least one
organic electrophile comprising organic monomers, oligo-
mers, or polymers may preferentially, but not exclusively,
react at the N-H bonds of the metal-containing polymer.
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Either mechanism provides for the incorporation of the at
least one organic electrophile comprising at least one
organic monomer, oligomer or polymer into the structure of
the metal-containing polymers. In a preferred embodiment
of the invention, such organic electrophiles comprise liquids
to increase the probability for reaction of the at least one
organic electrophile comprising at least one organic mono-
mer, oligomer or polymer with the one or more metal-
containing polymers.

Typical examples of electrophilic groups which are suit-
able electrophilic substituents for the multifunctional elec-
trophile include groups containing, for example, the follow-
ing bonding schemes:

(0]

\

—N=C=0; —C

¢ —C—;
Il
[0}

—N=C=S8; and the like.

Typical examples of the at least one organic electrophile
comprising organic monomers, oligomers or polymers suit-
able for the practice of this invention include, for example,
multifunctional organic isocyanates, multifunctional com-
pounds comprising amide linkages such as polyamides,
multifunctional compounds comprising imide linkages such
as polyimides, multifunctional epoxides, multifunctional
compounds comprising ester linkages, such as polyacry-
lates, polycarbonates, polyvinylacetates, or polyesters, or
multifunctional esters such as dimethy! adiptate, quinones
(which can undergo sequential 1,4 addition reactions) and
multifunctional organic acids such as polyacrylic acid.

While a wide variety of such hybrid polymers or ceramers
are possible, in a preferred embodiment of the present
invention those derived from metal-nitrogen polymers, for
example, silicon-nitrogen polymers, aluminum-nitrogen
polymers, or boron-nitrogen polymers comprising a plural-
ity of sequentially bonded repeat units of the form (a), (b),
(c), and (d), recited below:

R R"A H
[
-(—?i—N~C—N)—~,

(a)

R"

Pt
€Al—N-,

T
+B—N-, and

®
()

P
—e?i—N-}—.
R”

where R, R', R", and R"=hydrogen, alkyl, alkenyl, alkynyl
or aryl and A=O or S, have demonstrated remarkable high
temperature as well as ambient temperature performance
characteristics. In a preferred embodiment of the present
invention, liquid metal-containing polymers containing the
units (a), (b), (c), and (d) above and wherein R=alkenyl or
alkynyl are particularly advantageous, due to their tendency
to generate liquid reaction products with the organic elec-
trophiles and their ability to then generate rigid, crosslinked
structures through metal-alkenyl or metal-alkynyl group
crosslinking after the reaction product has been shaped by a
forming process such as suitable molding technologies.
Alternatively, in another preferred embodiment of the
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present invention, hybrid polymer or ceramer compositions
may be heated to temperatures at which thermally-induced
condensation crosslinking occurs (for example, in poly-
ureasilazanes comprising Si-H bonds condensation
crosslinking may occur with the evolution of hydrogen gas)
or by providing to the hybrid polymers or ceramers groups
which enable chemical crosslinking through an ionic mecha-
nism.

Such hybrid polymers or ceramers may be prepared by
reacting metal-containing polymers with at least one organic
electrophile comprising at least one organic monomer, oli-
gomer, or polymer comprising a plurality of organic, elec-
trophilic substituents to prepare an uncrosslinked composi-
tion which may then be crosslinked in a subsequent
processing step. In a preferred embodiment, the at least one
organic electrophile comprising at least one organic mono-
mer, oligomer, or polymer comprising a multiplicity of
organic, electrophilic substituents comprises a liquid.

Furthermore, in a preferred embodiment of the present
invention, the reaction product of the at least one organic
electrophile with a metal-containing polymer comprises a
liquid which may be cured to a rigid solid, if desired, after
processing the liquid into a desired shape. The curing may
be accomplished by providing an energy input using at least
one activation means comprising thermal activation or radia-
tion induced activation to effect crosslinking through an
ionic or radical crosslinking mechanism. In a further pre-
ferred embodiment, it is especially advantageous when the
reaction product of the at least one organic electrophile and
the at least one metal-containing polymer comprises sites of
organounsaturation such as alkenyl or alkynyl groups. In a
subsequent step, alkenyl-based or alkynyl-based crosslink-
ing in the reaction product may be effected by providing an
energy input in the form of, for example, heat or irradiation
which may be used to provide the mechanism for curing the
liquid reaction product to a rigid solid after processing the
liquid into a desired shape. More preferred compositions
wherein R=alkenyl and more preferably wherein the alkenyl
group comprises vinyl may additionally comprise a free
radical initiator, such as, for example, a peroxide or azo
compound which may promote alkeny! crosslinking in the
reaction product at relatively low temperatures. In another
preferred embodiment, compositions wherein R=alkenyl
and more preferably wherein the alkenyl group comprises
allyl may additionally comprise a UV initiator or sensitizer
which promotes crosslinking upon UV irradiation. Suitable
metal-containing polymers may also include: at least one
mixture of two or more metal-nitrogen polymers comprising
two or more of the structural units (a), (b), (c), and (d); at
least one metal-crosslinked metal-nitrogen polymer com-
prising one or more of the structural units (a), (b), (c), and
(d); and at least one metal-nitrogen copolymer comprising
two or more of the structural units (a), (b), (c), and (d).

Representative of metal-containing polymers comprising
the repeat units (a) comprise those polymers disclosed in, for
example, U.S. Pat. No. 4,929,704 entitled “Isocyanate- and
Isothiocyante-Modified Polysilazane Ceramic Precursors”,
which issued in the name of Schwark, on May 29, 1990;
U.S. Pat. No. 5,001,090 entitled “Silicon Nitride Ceramics
from Isocyanate- and Isothiocyante-Modified Polysila-
zanes” which issued in the name of Schwark, on Mar. 19,
1991; and U.S. Pat. No. 5,021,533 entitled “‘Crosslinkable
Poly(thio)ureasilazane Composition Containing a Free
Radical Generator”, which issued in the name of Schwark,
on Jun. 4, 1991; and polymers described in references
contained in these U.S. Patents. The eniire disclosures of
these U.S. Patents are specifically incorporated herein by
reference.
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Representative of metal-containing polymers comprising
the repeat units (b) comprise those polymers described in,
for example, U.S. Pat. No. 3,505,246 entitled “Nitrogen
Aluminum Hydride Polymers and Methods of Making the
Same”, which issued in the names of Ehrlich et al., on Apr.
7, 1970; U.S. Pat. No. 4,687,657 entitled “Fabrication of
SiC-AlN Alloy”, which issued in the names of Clark et al.,
on Aug. 18, 1987; U.S. Pat. No. 4,696,968 entitled “Melt-
Formable Organoaluminum Polymer”, which issued in the
name of Tebbe, on Sep. 29, 1987, and U.S. Pat. No.
5,276,105, entitled “Polymer Precursors for Aluminum
Nitride”, which issued in the name of Jensen, on Jan. 4,
- 1994; and polymers described in references contained in
these U.S. Patents. The entire disclosures of these U.S.
Patents are specifically incorporated herein by reference.

Representative of metal-containing polymers comprising
the repeat units (c) comprise those polymers described in,
for example, U.S. Pat. No. 4,707,556 entitled “Boron Nitride
Polymeric Precursors”, which issued in the names of
Paciorek et al., on Nov. 17, 1987; U.S. Pat. No. 4,581,468
entitled “Boron Nitride Preceramic Polymers”, which issued
in the names of Paciorek et al., on Apr. 8, 1986; U.S. Pat. No.
3,288,726 entitled “B-N Linked Borazane Derivatives and
Their Preparation”, which issued in the name of Wagner, on
Nov. 29, 1966; and in the article by R. T. Paine and C. K.
Narula, Chem. Rev., 90 (1990) 73-91 and polymers
described in references contained therein. The entire disclo-
sures of these U.S. Patents and the article are specifically
incorporated herein by reference.

Representative of metal-containing polymers comprising
the repeat units (d) comprise those polymers described, for
example, in U.S. Pat. No. 4,482,669 entitled “Preceramic
Organosilazane Polymers”, which issued in the names of
Seyferth et al., on Nov. 13, 1984; U.S. Pat. No. 4,774,312
entitled “Polydisilacyclobutasilazanes”, which issued in the
name of Burns, on Sep. 27, 1988; U.S. Pat. No. 4,689,252
entitled “Polysilazane Composition which can Crosslink in
the Presence of a Metal Compound Catalyzing a Hydrosi-
lylation Reaction”, which issued in the names of Lebrun et
al., on Aug. 25, 1987; U.S. Pat. No. 4,612,383 entitled
“Method of Producing Polysilazanes”, which issued in the
names of Laine et al., on Sep. 16, 1986; U.S. Pat. No.
4,675,424 entitled “Method of Making Polysilazanes”,
which issued in the names of King, III, et al., on Jun. 23,
1987; U.S. Pat. No. 4,722,988 entitled “Organopolysilazane
Composition Containing Free Radical Generators and
Capable of Being Crosslinked by an Energy Input”, which
issued in the names of Porte et al., on Feb. 2, 1988; U.S. Pat.
No. 5,155,181 entitled “(Thio)amide-Modified Silazane
Polymer Composition Containing a Free Radical Genera-
tor”, which issued in the name of Schwark, on Oct. 13, 1992;
U.S. Pat. No. 5,032,649 entitled “Organic Amide-Modified
Polysilazane Ceramic Precursors”, which issued in the name
of Schwark, on Jul. 16, 1991; U.S. Pat. No. 4,929,704
entitled “Isocyanate- and Isothiocyante-Modified Polysila-
zane Ceramic Precursors”, which issued in the name of
Schwark, on May 29, 1990; U.S. Pat. No. 5,001,090 entitled
“Silicon Nitride Ceramics from Isocyanate- and Isothiocy-
ante-Modified Polysilazanes”, which issued in the name of
Schwark, on Mar. 19, 1991; U.S. Pat. No. 5,021,533 entitled
“Crosslinkable Poly(thio)ureasilazane Composition Con-
taining a Free Radical Generator”, which issued in the name
of Schwark, on Jun. 4, 1991; U.S. Pat. No. 3,853,567
entitled “Production of Shaped Articles of Homogeneous
Mixtures of Silicon Carbide and Nitride”, which issued in
the name of Verbeck, on Dec. 10, 1974, and polymers
described in references contained therein. The entire disclo-
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sures of these U.S. Patents are specifically incorporated
herein by reference.

Representative of metal-containing polymer mixtures of
polymers comprising the structural units (b) and (c) com-
prise those polymers described, for example, in U.S. Pat.
No. 4,764,489 entitled “Preparation of Mixed Boron and
Aluminum Nitrides”, which issued in the name of Bolt, on
Aug. 16, 1988, and polymers described in references con-
tained therein. The entire disclosure of U.S. Pat. No. 4,764,
489 is specifically incorporated herein by reference.

Representative of polymer mixtures of metal-containing
polymers comprising the structural units (b) and (d) com-
prise those polymers disclosed in, for example, U.S. Pat. No.
5,229,468, entitled “Polymer Precursor for Silicon Carbide/
Aluminum Nitride Ceramics”, which issued in name of
Jensen, on Jul. 20, 1993, and polymers described in refer-
ences contained therein. The entire disclosure of U.S. Pat.
No. 5,229,468 is specifically incorporated herein by refer-
ence.

Representative of polymer mixtures of metal-containing
polymers comprising the structural units (¢) and (d) com-
prise those polymers described, for example, in U.S. Pat.
No. 5,164,344 entitled “Borosilazanes as Binders for the
Preparation of Sintered Silicon Carbide Monoliths”, which
issued in the name of Zank, on Nov. 17, 1992, and polymers
described in references contained therein. The entire disclo-
sures of U.S. Pat. No. 5,164,344 is specifically incorporated
herein by reference.

Important applications include the use as coatings or
molding of these polymeric materials, with or without the
inclusion of fillers or reinforcements to achieve hybrid
polymer or ceramer coatings on substrate materials or
molded the unfilled or filled polymers shaped into a desired
object. Such polymeric materials are, in themselves, desir-
able because they possess a variety of characteristics other-
wise unobtainable using conventional materials. Often such
objects may be heat-treated to temperatures below their
pyrolysis temperatures (e.g. to temperatures within the range
of about 25° C. to about 500° C.) to achieve a desirable
crosslink density without conversion to a ceramic material.
Such processing is often desirable when a coating or molded
object comprising such hybrid polymer or ceramer materials
is exposed to temperatures within this range during its use.
While the metal-containing polymers suitable for the prac-
tice of this invention may comprise any metal, in a preferred
embodiment of the present invention compositions comprise
metal-nitrogen polymers containing, for example, the metals
silicon, aluminum, boron and combinations thereof.
Crosslinking may be effected by providing an energy input
using various activation means including, for example,
thermal activation or radiation induced activation to effect
crosslinking through an ionic or radical-based mechanism.

It has been unexpectedly discovered that crosslinked,
covalently-bonded copolymers comprising: (1) organic seg-
ments derived from organic electrophiles, and (2) inorganic
fractions derived from segments of metal-nitrogen poly-
mers, demonstrate various desirable synergistic combina-
tions of properties. For example, these copolymers exhibit
the high mechanical strengths of their wholly organic coun-
terparts at ambient temperature, as well as the extended high
temperature performance of their wholly inorganic counter-
parts. Such combinations of properties overcome many of
the limitations encountered in wholly organic or wholly
inorganic polymers.

Moreover, it has also been discovered that such
crosslinked, covalently-bonded hybrid copolymers or cer-
amers exhibit certain desirable characteristics (such as, for
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example, extended thermal stability and high thermal char
relative to their wholly organic counterparts) when used in
high temperature applications or applications where char-
forming behavior is important. With regard to char forma-
tion, it is well known that char-forming materials such as
phosphates are used as additives to organic polymers as
flame retardants. The hybrid polymer or ceramer composi-
tions of the present invention which exhibit high char yields
are thus flame retardant compositions.

Moreover, it has also been unexpectedly discovered that
covalently-bonded hybrid polymers or ceramers exhibit cer-
tain desirable characteristics (such as, for example, weath-
erability or UV light resistance relative to their wholly
organic counterparts) when used in outdoor applications as,
for example, molded objects or coatings.

Moreover, it has also been unexpectedly discovered that
the covalently bonded hybrid polymers or ceramers exhibit
certain desirable characteristics (such as, for example, adhe-
sion to, for example, metals, organic polymers, inorganic
polymers, ceramics, metal matrix composites, polymer
matrix composites, ceramic matrix composites, natural
materials, etc., relative to their wholly organic or wholly
inorganic counterparts) when used in, for example, the
joining of similar or dissimilar materials or the formation of
filled or reinforced hybrid or ceramer mairix composites.

Moreover, it has also been unexpectedly discovered that
certain covalently-bonded hybrid polymers or ceramers
exhibit certain desirable characteristics (such as, for
example, superior non-frictional properties or non-stick
properties relative to their wholly organic counterparts)
when used in, for example, cookware applications or room
temperature or high temperature mechanical equipment or
chemical processing equipment.

Moreover, it has also been unexpectedly discovered that
certain of the covalently bonded hybrid polymers or ceram-
ers exhibit certain desirable characteristics (such as, for
example, wear resistance or abrasion resistance relative to
their wholly organic counterparts) when used as coatings at
room temperature and elevated temperatures.

Moreover, it has also been unexpectedly discovered that
certain of the covalently bonded hybrid polymers or ceram-
ers exhibit certain desirable characteristics (such as, for
example, transparency and dimensional stability relative to
their wholly organic counterparts) when used at, for
example, elevated temperatures as transparent objects.

It is expected that any number of combinations of prop-
erties of the hybrid polymers or ceramers may be tailored to
exhibit more desirable room temperature and/or high tem-
perature characteristics relative to their wholly organic and/
or wholly inorganic parts. These characteristics include, for
example, transparency and/or rigidity or stiffness and/or
abrasion resistance and/or weatherability or UV light resis-
tance and/or permeability and/or water repellency and/or
fatigue resistance and/or creep resistance and/or frictional
properties and/or wear resistance and/or flame resistance
and/or temperature resistance and/or electrical insulating
properties (e.g., dielectric properties) and/or low moisture
absorption (e.g., water, steam, eic.) and/or coefficient of
thermal expansion and/or thermal conductivity and/or radia-
tion resistance and/or dimensional stability and/or dimen-
sional tolerance stability and/or adhesion and/or dissipation
factor and/or corrosion resistance and/or erosion resistance,
etc.

The unexpected superior properties of the polymers of the
present invention, that is, the hybrid polymers or ceramers of
the present invention result from the synergism of the
organic and inorganic components disclosed above herein.
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Definitions

“Copolymer”, as used herein, means a polymer made
from two or more monomers, oligomers or polymers cor-
responding to different repeat units, where the different
repeat units are incorporated in the same polymeric mol-
ecule or chain. Copolymers include random copolymers,
di-block copolymers, multiblock copolymers, alternating
copolymers, graft copolymers, organic copolymers, inor-
ganic copolymers, hybrid copolymers (e.g., both organic and
inorganic backbone copolymers), organic graft copolymers,
inorganic graft copolymers, hybrid graft copolymers (e.g.,
both organic and inorganic grafts on the same copolymer),
terpolymers, etc.

“Organic Electrophile”, as used herein, means at least one
organic monomer, oligomer or polymer comprising a plu-
rality of electrophilic substituents wherein each of the at
least one organic monomer, oligomer or polymer contains a
plurality of one or more electrophilic, reactive groups which
may attack the electron density of a metal-containing poly-
mer and in a preferred embodiment a metal-nitrogen bond
(e.g., Si-N bonds, AI-N bonds, B-N bonds, etc.) of the
metal-containing polymer resulting in the breaking of these
bonds and, subsequently, the formation of new bonds. Alter-
natively, when the metal-containing polymer comprises a
metal-nitrogen polymers comprising side groups comprising
hydrogen bonded to nitrogen, the at least one electrophilic
organic comprising organic monomer, oligomer or polymer
may preferentially react at the N-H bonds of the metal-
containing polymer. Examples of electrophilic groups which
are suitable electrophilic substituents for the multifunctional
electrophile include groups containing, for example, the
following bonding schemes:

—N=C=0; —C

—N=C=S; and the like.

Examples of organic electrophiles comprising organic
monomers, oligomers or polymers suitable for the practice
of the present invention include, for example, multifunc-
tional organic isocyanates, multifunctional compounds com-
prising amide linkages (such as polyamides), multifunc-
tional compounds comprising imide linkages (such as
polyimides), multifunctional epoxides, multifunctional
compounds comprising ester linkages (such as polyacry-
lates, polycarbonates, polyvinyl acetates, polyesters, etc.), or
multifunctional esters (such as dimethyladipate), quinones
(which undergo sequential 1,4 addition reactions) and mul-
tifunctional organic acids such as polyacrylic acid.
“Filler” or “Reinforcement”, as used herein, is intended to
include either single constituents or mixtures of constituents
which are either chemically reactive and/or which are sub-
stantially unaffected by and/or of limited solubility in the
polymer matrix and may be single or multiple phase. Fillers
may be provided in a wide variety of forms and sizes, such
as powders, flakes, platelets, microspheres (both hollow and
solid), whiskers, bubbles, etc., and may be either dense or
porous. Filler may also include ceramic fillers, such as
alumina or silicon carbide or boron carbide and zirconium
oxide, as continuous fibers, yarns or tows, chopped fibers,
particulates, whiskers, bubbles, spheres, fiber mats, three-
dimensionally woven structures, or the like, mixtures
thereof, and coated fillers such as ceramic coated fillers such
as carbon fibers coated with alumina or silicon carbide.
Fillers may also include metal fillers, such as fibers, chopped
fibers, particulates, whiskers, bubbles, spheres, fiber mats,
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woven three-dimensional structures, or the like, mixtures
thereof and metal-coated fillers such as organic or inorganic
fibers coated with metal, JUPAC Groups 1 through 12
metals, the lanthanide series metals and metals and metal-
loids of IUPAC Groups 13 and 14, including boron and
alloys and/or combinations thereof. Furthermore, fillers may
also include plastic or polymer fillers, such as olefinics,
vinylics, styrenics, acrylonitrilics, acrylics, cellulosics,
polyamides, polyesters, polyacarbonates, sulfone polymers,
imide polymers, ether-oxide polymers, ketone polymers,
fibropolymers and combinations thereof as fibers, chopped
fibers, particulates, whiskers, bubbles, spheres, fiber mats,
three-dimensionally woven structures, or the like, mixtures
thereof and coated plastic or organic fillers such as nylon
fibers coated with a metal and the like. Furthermore, fillers
or reinforcement in a particulate class may include, but are
not limited to, minerals (e.g., calcium carbonate, silica,
kaolin, talc, alumina trihydrate, feldspar, baryte, calcium
sulfate, etc.), solid or hollow glass spheres, metal oxides
(e.g., oxides and mixed oxides of metals of TUPAC Groups
1 through 12, the lanthanide series metals, metals and
metalloids of IUPAC Groups 13 and 14, including boron,
etc.), metal carbides (e.g., carbides and mixed carbides of
metals of ITUPAC Groups 1 through 12, the lanthanide series
metals, metals and metalloids of IUPAC Groups 13 and 14,
including boron, etc), metal borides (e.g., boride and mixed
borides of metals of IUPAC Groups 1 through 12, the
lanthanide series metals, metals and metalloids of TUPAC
Groups 13 and 14, etc.), metal nitrides (e.g., nitride and
mixed nitrides of metals of ITUPAC Groups 1 through 12, the
lanthanide series metals, metals and metalloids of TUPAC
Groups 13 and 14, including boron, etc.), carbon black, and
the like, as particulates. Fillers or reinforcements in a fiber
class include glass fibers, carbon or graphite fibers, metal
fibers, asbestos, whiskers, polymeric fibers (e.g., polya-
mides, polyesters, alaphatic polyamides, polyethyleneter-
athalates, aramides, aromatic polyamides, polyetherketone,
polyethylene, etc.) and ceramic fibers (e.g., NICALON™
silicon carbide, etc.). Fillers or reinforcements primarily in
the disc or platey class include, for example, mica, glass
flakes, alumina flakes, aluminum, etc.

“Hybrid Polymer” or “Ceramer”, as used herein, means
an oligomer, polymer, copolymer or polymer alloy which is
comprised of a plurality of metal-containing segments and a
plurality of organic segments. The hybrid polymer or cer-
amer may be at least one of copolymeric or polymer alloy.
Hybrid polymers or ceramers may include random copoly-
mers, di-block copolymers, multiblock copolymers, alter-
nating copolymers, graft copolymers, terpolymers, etc.

“Metal-Containing Polymer”, as used herein, means a
metal-containing monomer, oligomer or polymer. In a pre-
ferred embodiment, the metal-containing monomer, oligo-
mer or polymer comprises a metal-nitrogen polymer. Metal,
when used in combination with metal-containing and in
particular with metal-nitrogen polymer means a metal from
IUPAC (International Union of Pure and Applied Chemis-
try) Groups 1 through 12, the lanthanide series metals and
metals and metalloids from IUPAC Groups 13 and 14,
including boron. Preferred metals comprise metals from
TUPAC Groups 2 through 4, the lanthanide series metals, and
metals and metalloids from IUPAC Groups 13 and 14,
including boron. More preferred metals comprise metals
from metals and metalloids from IUPAC Groups 13 and 14,
including boron. Even more preferred metals comprise sili-
con, aluminum and boron.

“Metal Matrix Composite” or “MMC”, as used herein,
means a material comprising two or three-dimensionally
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interconnected alloy or matrix metal which has embedded at
least one reinforcing phase. The matrix metal may include
various alloying elements to provide specifically desired
mechanical and/or physical properties in the resulting com-
posite.

“Metal-Nitrogen Polymer”, as used herein, means mono-
mers, oligomers or polymers comprising repeat units
wherein metal atoms are bonded to at least one nitrogen
atom. In a preferred embodiment, the metal atoms are
bonded to at least two nitrogen atoms. Metal-nitrogen poly-
mers include metal-nitrogen monomers, oligomers or poly-
mers, wherein the metal comprises a metal from IUPAC
(Interpational Union of Pure and Applied Chemistry)
Groups 1 through 12, the lanthanide series metals, metals
and metalioids from TUPAC Groups 13 and 14, including
boron. Preferred metals comprise metals from IUPAC
Groups 2 through 4, the lanthanide series metals, and the
metals and metalloids of IUPAC Groups 13 and 14, includ-
ing boron. More preferred metals comprise metals from
metals and metalloids from IUPAC Groups 13 and 14,
including boron. Even more preferred metals comprise sili-
con, aluminum and boron. Even more preferred, metal-
nitrogen polymers include silicon-nitrogen polymers, alu-
minum-nitrogen polymers, boron-nitrogen polymers,
mixtures of two or more metal-nitrogen polymers, metal-
crosslinked metal-nitrogen polymers and metal-nitrogen
copolymers. The metal-nitrogen polymers can be in the form
of at least one of cyclic oligomers, cage compounds, ring
base polymers, linear polymers, etc.

“Mixture” or “Reaction Mixture”, as used herein, means
the physical combination of at least organic one monomer,
oligomer or polymer and at least one metal-containing
monomer, oligomer or polymer.

“Monomer”, as used herein, means a molecule or chemi-
cal compound comprising one repeat unit with an inherent
capability of forming chemical bonds with the same and/or
other monomers oligomers or polymers in such a manner
that oligomeric and/or polymeric molecules or macromol-
ecules are formed. Monomers include molecules or chemi-
cal compounds which are wholly organic, wholly inorganic
or hybrid (i.e., organic and inorganic).

“Oligomer”, as used herein, means a molecule or chemi-
cal compound which comprises several repeat units, gener-
ally from about 2 to about 10 repeat units. Oligomers have
an inherent capability of forming chemical bonds with the
same and/or other monomers and/or oligomers and/or poly-
mers in such a manner that oligomeric and/or polymeric
molecules or macromolecules are formed including mol-
ecules or chemical compounds which are wholly organic,
wholly inorganic, or hybrid (i.e., organic and inorganic).

“A Plurality or Multiplicity of Electrophilic Substituents”,
as used herein, means at least two reactive groups within the
same monomer, oligomer or polymer which cause metal-
nitrogen bond (e.g., the S-N bond in a silicon-nitrogen
co-reactant polymer) or nitrogen-hydrogen bond (N-H
bond) scission within a metal-nitrogen co-reactant polymer.
Examples of electrophilic groups which are suitable elec-
trophilic substituents for the multifunctional electrophile
include groups containing, for example, the following bond-
ing schemes:

—N=C=S; and the like.






