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EPOXY COMPOSITIONS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This application claims priority to U.S. Provisional 
No. 61/947,900 entitled “Epoxy Compositions' filed Mar. 4, 
2014, which is hereby incorporated by reference in its 
entirety. 

GOVERNMENT INTERESTS 

0002. Not applicable 

PARTIES TO AJOINT RESEARCH AGREEMENT 

0003) Not applicable 

INCORPORATION BY REFERENCE OF 
MATERIAL SUBMITTED ON A COMPACT DISC 

0004) Not applicable 

BACKGROUND 

0005 Epoxy resins are among the most important indus 
trial polymers in the world and are used in large quantities in 
the production of adhesives, paints and coatings, and matrix 
resins. The core substrate in the production of epoxy resins is 
typically 2.2-bis(4-hydroxyphenyl)isopropylidiene (bisphe 
nol A). The main monomer used in the epoxy resin industry is 
the diglycidyl ether of bisphenol A, (2.2-Bis(4-glycidylox 
yphenyl)propane), which represents more than 75% of the 
resin used in industrial applications. This monomer is usually 
prepared from 2.2-Bis(4-hydroxyphenyl)isopropylidiene 
(bisphenol A) and epichlorohydrin using a strong base Such as 
sodium hydroxide. Alternative synthetic methods have been 
developed such as allylating bisphenol A followed by epoxi 
dization. 
0006. One significant application for epoxy resins derived 
from the diglycidyl ether of bisphenol A is in glass fiber 
reinforced laminates as rigid or flexible circuit board sub 
strates used in a variety of industrial and consumer electronic 
products and electronic components. These materials must be 
fire resistant to meet safety requirements. The approach to 
render these materials fire resistant has been to use a variety of 
additives such as brominated compounds, phosphorous con 
taining compounds, aluminum derivatives, melamine cyanu 
rate, metal phosphinates and combinations thereof. Due to 
environmental considerations, some of the more commonly 
used halogenated flame retardants are being banned from use 
because they can leach out into the environment and are toxic. 
As is the case with most additives for polymers, the other 
flame retardants suffer from the same problem, it is just that 
they have not received the attention that the halogenated 
systems have, but many of them are toxic and they all are 
subject to leach out of the host resin. Thus there is a need to 
render epoxy derived resins fire resistant in a way that is 
practical, cost effective and environmentally friendly. 
0007 Processes for preparing flame retardant epoxy resins 
disclosed thus far are focused on the reaction of an epoxy 
resin with a flame-retardant additive oracuring agent or chain 
extender. An approach that produces an inherently flame 
retardant epoxy based monomer, oligomer, polymer, or co 
polymer would be ideal. Phosphonate polymers, copolymers, 
oligomers and co-oligomers having a wide variety of chemi 
cal structures which may contain reactive end groups such as 
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hydroxyl groups are known. However, prior art, which has 
disclosed the reaction of bisphenol A and epichlorohydrin 
with sodium hydroxide base is not applicable to phosphonate 
monomers or polymers, copolymers, oligomers or co-oligo 
mers because the use of a strong base to conduct the synthesis 
causes hydrolysis of the phosphonate groups leading to chain 
cleavage (and thus reduction of molecular weight) and phos 
phonic acid groups as well as other unwanted reactions lead 
ing to a complex mixture of by-products. 

SUMMARY OF THE INVENTION 

0008 Various embodiments of the invention are directed 
to compositions including an epoxy resin, one or more oligo 
meric phosphonates, and one or more carbodiimides. In some 
embodiments, the epoxy resin may be selected from the group 
consisting of novolac-type epoxy resin, cresol-novolac epoxy 
resin, triphenolalkane-type epoxy resin, aralkyl-type epoxy 
resin, aralkyl-type epoxy resin having a biphenyl skeleton, 
biphenyl-type epoxy resin, dicyclopentadiene-type epoxy 
resin, heterocyclic-type epoxy resin, epoxy resin containing a 
naphthalene ring, a bisphenol-A type epoxy compound, a 
bisphenol-F type epoxy compound, stilbene-type epoxy 
resin, trimethylol-propane type epoxy resin, terpene-modi 
fied epoxy resin, linear aliphatic epoxy resin obtained by 
oxidizing olefin bonds with peracetic acid or a similar per 
acid, alicyclic epoxy resin, Sulfur-containing epoxy resin, 
phenolic novolac type epoxy containing benzoxazines such 
as bisphenol-A based benzoxazines, bisphenol-F based ben 
Zoxazines, dicyclopentadiene based benzoxazines, phe 
nolpthalein based benzoxazines, polyphenol-A type benzox 
azines and combinations thereof. 
0009. In some embodiments, the one or more oligomeric 
phosphonates may be selected from the group consisting of 
linear oligomeric phosphonates, branched oligomeric phos 
phonates, and hyperbranched oligomeric phosphonates. In 
particular embodiments, the one or more oligomeric phos 
phonates may have about 60% to about 100% reactive end 
groups based on a total number of termini, and in some 
embodiments, the reactive end groups may be selected from 
the group consisting of hydroxyl, carboxylic acid, epoxy, 
glycidyl ether, vinyl, vinyl ester, isopropenyl, isocyanate, and 
combinations thereof. In certain embodiments, the reactive 
end groups may be hydroxyl. 
0010 Invarious embodiments, the one or more oligomeric 
phosphonates may be a random or block co-oligo(phospho 
nate ester) or a random or block co-oligo(phosphonate car 
bonate). In particular embodiments, the one or more oligo 
meric phosphonates comprise a compound of formula (I): 

to-x-o- o-x-o- OH 
R R pi 

wherein R is a C to Co alkyl or, optionally Substituted, aryl 
group, X is an aromatic, cycloalkyl, or aliphatic group, and in 
is an integer of from 1 to about 10. In some embodiments, the 
one or more oligomeric phosphonates may have a weight 
average molecular weight as determined by gel permeation 
chromatography based on polystyrene standards of about 500 
g/mole to about 18,000 g/mole. In certain embodiments, the 
one or more oligomeric phosphonates have a phosphorous 
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content of about 2% to about 12% by weight. In particular 
embodiments, the compositions may include about 5 wt.% to 
about 60 wt.% of the one or more oligomeric phosphonates. 
0011. In certain embodiments, the one or more carbodi 
imides may be selected from the group consisting N,N'-dicy 
clohexylcarbodiimide, N-cyclohexyl-N'-(2-morpholinoet 
hyl)carbodiimide metho-p-toluenesulfonate, bis 
(trimethylsilyl)carbodiimide, N-(3-dimethylaminopropyl)- 
N'-ethylcarbodiimide, N-(3-dimethylaminopropyl)-N'- 
ethylcarbodiimide hydrochloride, 1,3-di-p- 
tolylcarbodiimide, N,N'-bis(2-methylphenyl)carbodiimide, 
N-(tert-butyl)-N'-1-(2-chlorophenyl)-1-methylethylcarbo 
diimide, N-(tert-butyl)-N'-(2,6-dichlorophenyl)carbodiim 
ide, N-butyl-N'-1-(2-chlorophenyl)-1-methyl ethylcarbodi 
imide, N,N'-diisopropylcarbodiimide, 
dicyclohexylcarbodiimide, N-benzyl-N'-cyclohexylcarbodi 
imide, and combinations thereof. In certain embodiments, the 
compositions may include about 0.01 wt.% to about 4.0 wt. 
% of the one or more carbodiimides. 

0012. In particular embodiments, the compositions may 
further include one or more antioxidants, and in some 
embodiments, the antioxidants may be selected from hin 
dered phenolic antioxidants or a phosphite antioxidants, and 
combinations thereof. 

0013. In some embodiments, the compositions may fur 
ther include one or more additional components selected 
from the group consisting of chopped or continuous glass 
fiber, metal fibers, aramid fibers, carbon fibers, or ceramic 
fibers, Surfactants, organic binders, polymeric binders, 
crosslinking agents, diluents, coupling agents, flame retar 
dant agents, anti-dripping agents, fluorinated polyolefins, 
silicones, lubricants, mould release agents, pentaerythritol 
tetrastearate, nucleating agents, anti-static agents, conductive 
blacks, carbon nanotubes, graphite, graphene, oxidized 
graphene, organic antistatics, polyalkylene ethers, alkylsul 
fonates, perfluor Sulfonic acid, perfluorbutane, Sulfonic acid 
potassium salt, polyamide-containing polymers, catalysts, 
colorants, inks, dyes, antioxidants, stabilizers, and combina 
tions thereof. In Such embodiments, the compositions may 
include about 0.001 wt.% to about 1 wt.% of each individual 
additional component. 
0014. Some embodiments are directed to methods for 
making an epoxy formulation including combining an epoxy 
resin, reactive phosphonate oligomer, carbodiimide, and a 
catalyst in a solvent to form a mixture; and heating the mix 
ture. In certain embodiments, heating may be carried out to a 
temperature of about 20°C. to about 250° C., and in particular 
embodiments, heating may be carried out for 60 minutes to 
300 minutes. In some embodiments, heating may be carried 
out at a pressure of about 3x103 Pa to about 1x10-1 Pa. In 
various embodiments, the catalyst may be selected from the 
group consisting of transition metal catalysts, tertiary amines, 
imidazole containing compounds, and combinations thereof. 
In some embodiments, the solvent may be selected from the 
group consisting of perfluorohexane, a.a.a-trifluorotoluene, 
pentane, hexane, cyclohexane, methylcyclohexane, decalin 
c+t, dioxane, carbon tetrachloride, freon-11, benzene, tolu 
ene, triethyl amine, carbon disulfide, diisopropyl ether, 
diethyl ether (ether), t-butyl methyl ether (MTBE), chloro 
form, ethyl acetate, 1,2-dimethoxyethane (glyme), 2-meth 
oxyethyl ether (diglyme), tetrahydrofuran (THF), methylene 
chloride, pyridine (Py), methyl ethyl ketone (MEK), acetone, 
hexamethylphosphoramide, N-methylpyrrolidinone, 
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nitromethane, dimethylformamide, acetonitrile, Sulfolane, 
dimethyl Sulfoxide, and propylene carbonate. 
0015. Further embodiments are directed to articles of 
manufacture including an epoxy resin, one or more reactive 
oligomeric phosphonates, and one or more carbodiimides. In 
various embodiments, the article may be a prepreg or lami 
nate, and in other embodiments, the article may be selected 
from the group consisting of televisions, computers, laptop 
computers, tablet computers, printers, cell phones, video 
games, DVD players, stereos, big data servers, and consumer 
electronics. 
0016 Other embodiments are directed to compositions 
containing an epoxy resin, one or more oligomeric phospho 
nates, and one or more hindered phenolic antioxidant, a phos 
phite antioxidant, or combinations thereof. In some embodi 
ments, the one or more oligomeric phosphonates have a 
relative viscosity (mrel) as determined by dissolving the 
sample in dichloromethane at 25°C. at a concentration of 0.5 
g polymer/liter and measuring the Solution with a viscometer 
of about 1.01 to about 1.10. In various embodiments, the one 
or more oligomeric phosphonates may have reactive end 
groups selected from the group consisting of hydroxyl, car 
boxylic acid, epoxy, glycidyl ether, vinyl, vinyl ester, isopro 
penyl, isocyanate, and combinations thereof. In particular 
embodiments, the one or more oligomeric phosphonates 
comprise a compound of formula (I): 

to-x-o- o-x-o- OH 
R R pi 

wherein R is a C to Co alkyl or, optionally Substituted, aryl 
group, X is an aromatic, cycloalkyl, or aliphatic group, and in 
is an integer of from 1 to about 10. In certain embodiments, 
the one or more oligomeric phosphonates have a phosphorous 
content of about 2% to about 12% by weight. In particular 
embodiments, the compositions may include about 5 wt.% to 
about 60 wt.% of the one or more oligomeric phosphonates. 
0017. In particular embodiments, the one or more hin 
dered phenolic antioxidant, a phosphite antioxidant, or com 
binations thereof may be selected from the group consisting 
of sterically hindered phenolic antioxidants, hydrolytically 
stable organophosphites, organophosphite antioxidants, 
sterically hindered lactone antioxidants, octadecyl-3-(3,5-di 
tert-butyl-4-hydroxyphenyl)propionate, N,N'-hexane-1,6- 
diylbis(3-(3,5-di-tert-butyl-4-hydroxyphenylpropiona 
mide)), 3.3',3',5.5',5'-hexa-tert-butyl-a,a'a'-(mesitylene-2,4, 
6-triyl)tri-p-cresol. 4,6-bis (octylthiomethyl)-o-cresol, bis(2. 
4-ditert-butylphenyl)pentaerytritol diphosphite, tris(2,4- 
ditert-butylphenyl)phosphite, and combinations thereof. In 
Some embodiments, the one or more hindered phenolic anti 
oxidant, a phosphite antioxidant, or combinations thereof 
may be about 0.01 wt.% to about 1.0 wt.% of the composi 
tion. 

DESCRIPTION OF DRAWINGS 

(0018 Not applicable 

DETAILED DESCRIPTION 

0019. Before the present compositions and methods are 
described, it is to be understood that they are not limited to the 
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particular compositions, methodologies or protocols 
described, as these may vary. It is also to be understood that 
the terminology used in the description is for the purpose of 
describing the particular versions or embodiments only, and 
is not intended to limit their scope which will be limited only 
by the appended claims. 
0020. It must also be noted that as used herein and in the 
appended claims, the singular forms “a,” “an and “the 
include plural reference unless the context clearly dictates 
otherwise. Unless defined otherwise, all technical and scien 
tific terms used herein have the same meanings as commonly 
understood by one of ordinary skill in the art. Although any 
methods and materials similar or equivalent to those 
described herein can be used in the practice or testing of 
embodiments disclosed, the preferred methods, devices, and 
materials are now described. 
0021 “Optional or “optionally’ means that the subse 
quently described event or circumstance may or may not 
occur, and that the description includes instances where the 
event occurs and instances where it does not. 
0022 "Substantially no” means that the subsequently 
described event may occurat most about less than 10% of the 
time or the Subsequently described component may be at 
most about less than 10% of the total composition, in some 
embodiments, and in others, at most about less than 5%, and 
in still others at most about less than 1%. 
0023 The term “carbonate” as used herein is given its 
customary meaning, e.g., a salt of carbonic acid containing 
the divalent, negative radical CO or an uncharged ester of this 
acid. A “diaryl carbonate' is a carbonate with at least two aryl 
groups associated with the CO radical, the most predominant 
example of a diaryl carbonate is diphenyl carbonate; however, 
the definition of diaryl carbonate is not limited to this specific 
example. 
0024. The term “aromatic dihydroxide’ is meant to 
encompass any aromatic compound with at least two associ 
ated hydroxyl substitutions. Examples of “aromatic hydrox 
ides' include but are not limited to benzene diols such as 
hydroquinone and any bisphenol or bisphenol containing 
compounds. 
0025. The term “alkyl or “alkyl group” refers to a 
branched or unbranched hydrocarbon or group of 1 to 20 
carbon atoms, such as but not limited to methyl, ethyl, n-pro 
pyl, isopropyl. n-butyl, isobutyl, t-butyl, octyl, decyl, tetrade 
cyl, hexadecyl, eicosyl, tetracosyland the like. “Cycloalkyl 
or “cycloalkyl groups' are branched or unbranched hydrocar 
bons in which all or some of the carbons are arranged in a ring 
Such as but not limited to cyclopentyl, cyclohexyl, methylcy 
clohexyl and the like. The term “lower alkyl includes an 
alkyl group of 1 to 10 carbon atoms. 
0026. The term “aryl' or “aryl group' refers to monova 
lent aromatic hydrocarbon radicals or groups consisting of 
one or more fused rings in which at least one ring is aromatic 
in nature. Aryls may include but are not limited to phenyl, 
napthyl, biphenyl ring systems and the like. The aryl group 
may be unsubstituted or substituted with a variety of substitu 
ents including but not limited to alkyl, alkenyl, halide, ben 
Zylic, alkyl or aromatic ether, nitro, cyano and the like and 
combinations thereof. 
0027 “Substituent” refers to a molecular group that 
replaces a hydrogen in a compound and may include but are 
not limited to trifluoromethyl, nitro, cyano, C-C alkyl, 
aromatic or aryl, halide (F, Cl, Br, I), C-C alkyl ether, 
C-C alkyl ester, benzyl halide, benzyl ether, aromatic or 
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aryl ether, hydroxy, alkoxy, amino, alkylamino (-NHR), 
dialkylamino ( NR'R") or other groups which do not inter 
fere with the formation of the diaryl alkylphosphonate. 
0028. As defined herein, an “arylol oran “arylol group' is 
an aryl group with a hydroxyl, OH, group Substituent on the 
aryl ring. Non-limiting examples of an arylol are phenol, 
naphthol, and the like. A wide variety of arylols may be used 
in the embodiments of the invention and are commercially 
available. 
(0029. The term “alkanol” or “alkanol group” refers to a 
compound including an alkyl of 1 to 20 carbonatoms or more 
having at least one hydroxyl group Substituent. Examples of 
alkanols include but are not limited to methanol, ethanol, 1 
and 2-propanol. 1,1-dimethylethanol, hexanol, octanol and 
the like. Alkanol groups may be optionally substituted with 
substituents as described above. 
0030. The term “alkenol” or “alkenol group” refers to a 
compound including an alkene 2 to 20 carbon atoms or more 
having at least one hydroxyl group Substituent. The hydroxyl 
may be arranged in either isomeric configuration (cis or 
trans). Alkenols may be further substituted with one or more 
substituents as described above and may be used in place of 
alkanols in Some embodiments of the invention. Alkenols are 
known to those skilled in the art and many are readily avail 
able commercially. 
0031. The terms “flame retardant, “flame resistant,” “fire 
resistant” or “fire resistance, as used herein, means that the 
composition exhibits a limiting oxygen index (LOI) of at least 
27. “Flame retardant,” “flame resistant,” “fire resistant” or 
“fire resistance.” may also be tested by measuring the after 
burning time in accordance with the UL test (Subject 94). In 
this test, the tested materials are given classifications of 
UL-94 V-0, UL-94 V-1 and UL-94 V-2 on the basis of the 
results obtained with the ten test specimens. Briefly, the cri 
teria for each of these UL-94-V-classifications areas follows: 

0032 UL-94 V-0: the total flaming combustion for each 
specimen after removal of the ignition flame should not 
exceed 10 seconds and the total flaming combustion for 5 
specimens should not exceed 50 seconds. None of the test 
specimens should release and drips which ignite absorbent 
cotton wool. 

0033 UL-94 V-1: the total flaming combustion for each 
specimen after removal of the ignition flame should not 
exceed 30 seconds and the total flaming combustion for 5 
specimens should not exceed 250 seconds. None of the test 
specimens should release any drips which ignite absorbent 
cotton wool. 
0034 UL-94 V-2: the total flaming combustion for each 
specimen after removal of the ignition flame should not 
exceed 30 seconds and the total flaming combustion for 5 
specimens should not exceed 250 seconds. Test specimens 
may release flaming particles, which ignite absorbent cotton 
wool. 
0035 Fire resistance may also be tested by measuring 
after-burning time. These test methods provide a laboratory 
test procedure for measuring and comparing the Surface flam 
mability of materials when exposed to a prescribed level of 
radiant heat energy to measure the Surface flammability of 
materials when exposed to fire. The test is conducted using 
Small specimens that are representative, to the extent pos 
sible, of the material or assembly being evaluated. The rate at 
which flames travel along Surfaces depends upon the physical 
and thermal properties of the material, product or assembly 
under test, the specimen mounting method and orientation, 
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the type and level of fire or heat exposure, the availability of 
air, and properties of the Surrounding enclosure. If different 
test conditions are Substituted or the end-use conditions are 
changed, it may not always be possible by or from this test to 
predict changes in the fire-test-response characteristics mea 
sured. Therefore, the results are valid only for the fire test 
exposure conditions described in this procedure. 
0036. The state-of-the-art approach to rendering polymers 
flame retardant is to use additives Such as brominated com 
pounds or compounds containing aluminum and/orphospho 
rus. Use of the additives with polymer can have a deleterious 
effect on the processing characteristics and/or the mechanical 
performance of articles produced from them. In addition, 
Some of these compounds are toxic, and can leach into the 
environment over time making their use less desirable. In 
Some countries, certain brominated additives are being 
phased-out of use because of environmental concerns. 
0037 “Molecular weight,” as used herein, can be deter 
mined by relative viscosity (m) and/or gel permeation chro 
matography (GPC). “Relative viscosity’ of a polymer is mea 
Sured by dissolving a known quantity of polymer in a solvent 
and comparing the time it takes for this solution and the neat 
Solvent to travel through a specially designed capillary (vis 
cometer) at a constant temperature. Relative viscosity is a 
measurement that is indicative of the molecular weight of a 
polymer. It is also well known that a reduction in relative 
Viscosity is indicative of a reduction in molecular weight, and 
reduction in molecular weight causes loss of mechanical 
properties such as strength and toughness. GPC provides 
information about the molecular weight and molecular 
weight distribution of a polymer. It is known that the molecu 
lar weight distribution of a polymer is important to properties 
such as thermo-oxidative stability (due to different amount of 
end groups), toughness, melt flow, and fire resistance, for 
example, low molecular weight polymers drip more when 
burned. 
0038. The term “toughness,” as used herein, is meant to 
imply that the material is resistant to breaking or fracturing 
when stressed or impacted. There are a variety of standard 
ized tests available to determine the toughness of a material. 
Generally, toughness is determined qualitatively using a film 
or a molded specimen. 
0039. The phrase “low viscosity when sheared,” “shear 
thinning.” or similar phrases, as used herein, is meant to imply 
that when the material is melted and Subjected to a shearing 
force. Such as that encountered with certain types of mixers or 
when the melt is forced with pressure through a die or body 
having similar orifice, the Viscosity is reduced. Shearthinning 
behavior may be transferred to blends of materials. Thus, the 
blend of for example, the hyperbranched oligophosphonates 
or co-oligo(phosphonate carbonate)s and a thermoplastic, 
may exhibit shearthinning, while the thermoplastic alone or 
a blend of a thermoplastic and a linear or lightly branched 
oligophosphonate or co-oligo(phosphonate carbonate) do 
not. Shear thinning can be measured using standardized 
methods such as the Shear Thinning Index (STI). STI repre 
sents the ratio of the viscosity at a low rpm shear to the 
Viscosity at a high rpm, generally, about ten times the low 
rotational speed. For example, low shear may be 1 rpm and 
high shear can be 10 rpm. The higher the STI value, the more 
shearthinning the material exhibits. 
0040 Some embodiments of the invention are directed to 
compositions including an epoxy resin, oligomeric phospho 
nates such as reactive oligophosphonates, random or block 
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co-oligo(phosphonate ester)S, and random or block co-oligo 
(phosphonate carbonate)s; and one or more carbodiimides. In 
Some embodiments, such compositions may further include 
additional stabilizers such as one or more phenolic antioxi 
dants, one or more phosphite antioxidants, or a combination 
of phenolic antioxidants, and one or more phosphite antioxi 
dants. The compositions of Such embodiments may further 
include, for example, catalysts and solvents or other compo 
nents known in the art. The compositions of Such embodi 
ments exhibit improved glass transition temperature, 
improved heat resistance, and improved flame retardancy 
over similar compositions lacking oligomeric phosphonates, 
carbodiimides, carbodiimides and phenolic antioxidants or 
phosphite antioxidants, oligomeric phosphonates and carbo 
diimides, or oligomeric phosphonates, carbodiimides, and 
phenolic antioxidants or phosphite antioxidants. Other 
embodiments are directed to methods for making Such com 
positions and articles of manufacture composed of or incor 
porating such compositions. 
0041. Other embodiments of the invention are directed to 
compositions including an epoxy resin, oligomeric phospho 
nates such as reactive oligophosphonates, random or block 
co-oligo(phosphonate ester)S, and random or block co-oligo 
(phosphonate carbonate)s; and one or more phenolic antioxi 
dants, one or more phosphite antioxidants, or a combination 
of phenolic antioxidants, and one or more phosphite antioxi 
dants. In some embodiments, such compositions may further 
include one or more carbodiimides. The compositions of such 
embodiments may further include, for example, catalysts and 
Solvents or other components known in the art. The compo 
sitions of Such embodiments exhibit improved glass transi 
tion temperature, improved heat resistance, and improved 
flame retardancy over similar compositions lacking oligo 
meric phosphonates, carbodiimides, carbodiimides and phe 
nolic antioxidants or phosphite antioxidants, oligomeric 
phosphonates and carbodiimides, or oligomeric phospho 
nates, carbodiimides, and phenolic antioxidants or phosphite 
antioxidants. Other embodiments are directed to methods for 
making Such compositions and articles of manufacture com 
posed of or incorporating Such compositions. 
0042 Antioxidants such as the antioxidants described 
above are typically incorporated into polymer systems to 
improve heat stability and/or hydrolytic stability of the final 
compound without changing, for example, the mechanical 
properties or glass transition temperature of the base polymer. 
Surprisingly, the addition of antioxidants in the presence of 
reactive phosphonate oligomers in thermoset systems like 
epoxies was found to significantly enhance the glass transi 
tion temperature of the resulting cured formulation. Thus, 
compositions including epoxy resin, oligomeric phospho 
nates, and one or more phenolic antioxidants, one or more 
phosphite antioxidants, or a combination thereof may exhibit 
improved glass transition temperature, i.e., higher Tg, than 
epoxy resin compositions containing oligomeric phospho 
nates alone. For example, in Some embodiments, epoxy com 
positions containing oligomeric phosphonates and one or 
more antioxidant may exhibit a Tg as determined by DSC of 
greater than 130° C., 135° C., or 140°C., or from about 130° 
C. to about 180° C., about 135° C. to about 170° C., or any 
range or individual value encompassed by these example 
ranges. 

0043. The oligomeric phosphonates of such embodiments 
may be linear, branched, or hyperbranched. In general, the 
concentration of reactive end groups based on the total num 
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ber of termini for the oligomeric phosphonates may be high. 
For example, oligomeric phosphonates may have a percent 
age of the total number of termini having reactive end groups 
of from about 80% to 100%, about 85% to about 99%, or 
about 90% to about 98%. In other embodiments, greater than 
90% of the total termini of the oligomeric phosphonate may 
have a reactive end group. For branched or hyperbranched 
oligomeric phosphonates of other embodiments, the percent 
age of the total number of termini having reactive end groups 
may be from about 50% to 100%, about 75% to about 95%, or 
about 80% to about 90%, and in certain embodiments, greater 
than 80% of the total termini for a branched or hyperbranched 
oligomeric phosphonate may have a reactive end group. The 
term “reactive end groups' is used to describe any chemical 
moiety at a branch termination that is capable of reacting with 
another chemical moiety. A large number of reactive func 
tional groups are known in the art and encompassed by the 
invention. In particular embodiments, the reactive end groups 
may be hydroxyl, epoxy, vinyl, or isocyanate groups. 
0044) For simplicity, throughout this disclosure, the terms, 
"oligomeric phosphonates.” “phosphonate oligomers.” “oli 
gophosphonates, and the like are to be construed as referring 
to any type of oligomer having phosphonate containing 
repeating units including oligophosphonates, random or 
block co-oligo(phosphonate ester)s, and random or block 
co-oligo(phosphonate carbonate)S. Such oligomers encom 
passed by these terms can be linear, lightly branched, indi 
cating a relatively Small number of branches, for example, 1 
to about 5 branches per oligomer, or hyperbranched, indicat 
ing a relatively high number of branches, for example, greater 
than 5. While individual types of oligomers may be called out 
in specific exemplary embodiments, any oligomeric phos 
phonate described herein can be used in Such exemplary 
embodiments. For example, an exemplary stating that an 
oligomeric phosphonate is used can be carried out with a 
linear, lightly branched, or hyperbranched oligomeric phos 
phonate that can be an oligophosphonate, random or block 
co-oligo(phosphonate ester), and random or block co-oligo 
(phosphonate carbonate) type oligomeric phosphonate. 
0045. The oligomeric phosphonates of various embodi 
ments may be of low molecular weight. For example, in some 
embodiments, the molecular weight (weight average molecu 
lar weight as determined by gel permeation chromatography 
based on polystyrene calibration) range of the oligophospho 
nates may be from about 500 g/mole to about 18,000 g/mole 
or any value within this range. In other embodiments, the 
molecular weight range may be from about 1500 g/mole to 
about 15,000 g/mole, about 3000 g/mole to about 10,000 
g/mole, or any value within these ranges. In still other 
embodiments, the molecular weight range may be from about 
700 g/mole to about 9000 g/mole, about 1000 g/mole to about 
8000 g/mole, about 3000 g/mole to about 4000 g/mole, or any 
value within these ranges. Low molecular weight may also be 
established based on the relative viscosity (m) as be deter 
mined by dissolving the sample in dichloromethane at 25°C. 
at a concentration of 0.5g polymer/liter and measuring the 
solution with an Ubbelohde viscometer of from about 1.01 to 
about 1.20, or in some embodiments, the mrel can be from 
about 1.01 to about 1.14, about 1.01 to about 1.10, about 1.02 
to about 1.08, or any individual value or range encompassed 
by these example ranges. In certain embodiments, the oligo 
meric phosphonates included in the compositions of the 
invention may exhibit an mrel of about 1.03 to about 1.05 or 
about 1.04 to about 1.07, or about 1.07 to about 1.14. 
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0046. In various embodiments, the oligomeric phospho 
nates may react with the epoxy. For example, a chemical 
reaction may occur between the phosphonate groups of the 
oligomeric phosphonates and the epoxy ring and secondary 
hydroxyl groups of the epoxy resin. This reaction occurs 
during the curing cycle (attemperatures >150°C.), producing 
a crosslinked epoxy system with high glass transition tem 
perature, typically greater than 160° C. 
0047 Embodiments of the invention are not limited by the 
type of oligophosphonate, co-oligo(phosphonate ester), or 
co-oligo(phosphonate carbonate), and in certain embodi 
ments, the oligophosphonate, co-oligo(phosphonate ester), or 
co-oligo(phosphonate carbonate) may have the structures 
described and claimed in U.S. Pat. Nos. 6,861,499, 7,816, 
486, 7,645,850, and 7,838,604 and U.S. Publication No. 
2009/0032770, each of which are hereby incorporated by 
reference in their entireties. Briefly, such oligomers may 
include repeating units derived from diaryl alkylphospho 
nates or diary1 arylphosphonates. For example, in some 
embodiments, such phosphonate oligomers include structural 
units illustrated by Formula I: 

O-Air-O-P 

where Ar is an aromatic group and —O—Ar—O— may be 
derived from a dihydroxy compound having one or more, 
optionally substituted, aryl rings such as, but not limited to, 
resorcinols, hydroquinones, and bisphenols, such as bisphe 
nol A, bisphenol F. and 4,4'-biphenol, phenolphthalein, 4,4'- 
thiodiphenol, 4,4'-sulfonyldiphenol. 3,3,5-trimethylcyclo 
hexyldiphenol, or combinations of these, R is a Co alkyl, 
C2-20 alkene, C2-20 alkyne, C5-20 cycloalkyl, or Co-20 aryl, and 
n is an integer from 1 to about 20, 1 to about 10, or 2 to about 
5, or any integer between these ranges. 
0048. In other embodiments, the co-oligo(phosphonate 
carbonate), or co-oligo(phosphonate ester), may have struc 
tures such as, but not limited to, those structures of Formulae 
II and III, respectively: 

II 

O O 

----H---- l iii. 
III 

O O O 

---H---- p 

and combinations thereof, where Ar, Ar", and Art are each, 
independently, an aromatic group and —O—Ar—O— may 
be derived from a dihydroxy compound having one or more, 
optionally substituted aryl rings Such as, but not limited to, 
resorcinols, hydroquinones, and bisphenols, such as bisphe 
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nol A, bisphenol F. and 4,4'-biphenol, phenolphthalein, 4,4'- 
thiodiphenol, 4,4'-sulfonyldiphenol. 3,3,5-trimethylcyclo 
hexyldiphenol, or combinations of these, R is a Co alkyl, 
C2-20 alkene, C2-20 alkyne. CS-20 cycloalkyl, or C-20 aryl, R' 
and Rare aliphatic or aromatic hydrocarbons, and each m, n, 
and p can be the same or different and can, independently, be 
an integer from 1 to about 20, 1 to about 10, or 2 to about 5, or 
any integer between these ranges. In certain embodiments, 
each m, n and pare about equal and generally greater than 5 
or less than 15. 
0049. As indicated by the term “random the monomers of 
the "random co-oligo(phosphonate carbonate)s' or "random 
co-oligo(phosphonate ester)s of various embodiments are 
incorporated into polymer chain randomly, Such that the oli 
gomeric phosphonate chain can include alternating phospho 
nate and carbonate or ester monomers or short segments in 
which several phosphonate or carbonate or ester monomers 
are linked by an aromatic dihydroxide. The length of such 
segments may vary within individual random co-oligo(phos 
phonate carbonate)S or co-oligo(phosphonate ester). 
I0050. In particular embodiments, the Ar, Ar", and Ar may 
be bisphenol A and R may be a methyl group providing 
oligomeric phosphonates having reactive end-groups includ 
ing random and block co-oligo(phosphonate carbonate)s and 
co-oligo(phosphonate ester)S. Such compounds may have 
structures such as, but not limited to, structures of Formulae 
IV, V, and IV: 

Sep. 10, 2015 

bonate)S, without wishing to be bound by theory, oligomers 
containing carbonate components, whether as carbonate 
blocks or randomly arranged carbonate monomers, may pro 
vide improved toughness over oligomers derived solely from 
phosphonates. Such co-oligomers may also provide higher 
glass transition temperature, T., and better heat stability over 
phosphonate oligomers. 
0.052 The co-oligo(phosphonate carbonate)s of certain 
embodiments may be synthesized from at least 20 mole % 
diarylalkylphosphonate or optionally substituted diarylalky 
lphosphonate, one or more diaryl carbonate, and one or more 
aromatic dihydroxide, wherein the mole percent of the high 
purity diarylalkylphosphonate is based on the total amount of 
transesterification components, i.e., total diaryl alkylphos 
phonate and total diaryl carbonate. Likewise, co-oligo(phos 
phonate ester)s of certain embodiments may be synthesized 
from at least 20 mole% diarylalkylphosphonate or optionally 
Substituted diarylalkylphosphonate, one or more diaryl ester, 
and one or more aromatic dihydroxide, wherein the mole 
percent of the high purity diarylalkylphosphonate is based on 
the total amount of transesterification components. 
0053. The phosphonate and carbonate content of the oli 
gomeric phosphonates, random or block co-oligo(phospho 
nate carbonate)s and co-oligo(phosphonate ester)S may vary 
among embodiments, and embodiments are not limited by the 
phosphonate and/or carbonate content or range of phospho 
nate and/or carbonate content. For example, in Some embodi 

CH O 

O ( ) ( ) - 
CH3 CH3 

pi 

O 

CH O 

-()--K)-- O o 
CH3 CH3 

CH3 O 

-( ) ()-- O o 
CH3 CH3 

and combinations thereof, where each of m, n, p, and R' and 
Rare defined as described above. Such co-oligo(phospho 
nate ester), or co-oligo(phosphonate carbonate) may be block 
co-oligo(phosphonate ester), block co-oligo(phosphonate 
carbonate) in which each m, n, and p is greater than about 1, 
and the copolymers contain distinct repeating phosphonate 
and carbonate blocks or phosphonate and ester blocks. In 
other embodiments, the oligomeric co-oligo(phosphonate 
ester) or co-oligo(phosphonate carbonate) can be random 
copolymers in which each m, n, and p can vary and may be 
from n is an integer from 1 to about 20, 1 to about 10, or 2 to 
about 5, where the total of m, n, and p is an integer from 1 to 
about 20, 1 to about 10, or 2 to about 5 or any integer between 
these ranges. 
0051. With particular regard to co-oligo(phosphonate 
ester)S, co-oligo(phosphonate carbonate)S. block co-oligo 
(phosphonate ester)s, and block co-oligo(phosphonate car 

O 

pi 

O 

pi 

IV 

V 

CH O 

CH3 
iii. 

VI 
O O 

ments, the co-oligo(phosphonate carbonate)S or co-oligo 
(phosphonate ester)S may have a phosphorus content, of from 
about 1% to about 12% by weight of the total oligomer, and in 
other embodiments, the phosphorous content may be from 
about 2% to about 10% by weight of the total oligomer. 
0054 Hyperbranched oligomers of various embodiments 
have a highly branched structure and a high degree of func 
tionality (i.e., chemical reactivity). The branched structure of 
Such hyperbranched oligomers creates a high concentration 
of terminal groups, one at the end of nearly every branch that 
can include a reactive functional group Such as hydroxyl end 
groups, epoxy end groups, vinyl end groups, vinyl ester end 
groups, isopropenyl end groups, isocyanate end groups, and 
the like. In some embodiments, the hyperbranched oligomers 
may have a unique combination of chemical and physical 
properties when compared to linear oligomeric phospho 
nates. For example, the high degree of branching can prevent 
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crystallization and can render chainentanglement unlikely, so 
the hyperbranched oligomers can exhibit solubility in organic 
Solvents and low solution viscosity and melt viscosity espe 
cially when sheared. 
0055. In some embodiments, the hyperbranched oligo 
mers can contain branches that are not perfectly (i.e., abso 
lutely regular) arranged. For example, various branches on a 
single hyperbranched oligomer may have different lengths, 
functional group composition, and the like and combinations 
thereof. Consequently, in Some embodiments, the hyper 
branched oligomers of the invention can have a broad 
molecular weight distribution. In other embodiments, the 
hyperbranched oligomers of the invention may be perfectly 
branched, including branches that are nearly identical, and 
have a monodisperse molecular weight distribution. 
0056. The degree of branching for the hyperbranched oli 
gomers of the invention can be defined as the number average 
fraction of branching groups per molecule, i.e., the ratio of 
terminal groups plus branch monomer units to the total num 
ber of terminal groups, branch monomer units, and linear 
monomer units. For linear oligomers, the degree of branching 
as defined by the number average fraction of branching 
groups per molecule is Zero, and for ideal dendrimers, the 
degree of branching is one. Hyperbranched oligomers can 
have a degree of branching which is intermediate between 
that of linear oligomers and ideal dendrimers. For example, a 
degree of branching for hyperbranched oligomers may be 
from about 0.05 to about 1, about 0.25 to about 0.75, or about 
0.3 to about 0.6, and in certain embodiments, the hyper 
branched oligomers may have a number average fraction of 
branching groups about 0.5. 
0057 The hyperbranched oligomers of the invention may 
be generically represented by the following structure Formula 
VII: 

B-E-L-F). VII 

where B is the hyperbranched oligomer and w is the number 
of branches, V is an integer that is not Zero, L is a linking 
group, and F is a reactive group. 
0058. The linking group (L) can be any moiety compatible 
with the chemistry of the monomers for the oligophospho 
nate, co-oligo(phosphonate ester), or co-oligo(phosphonate 
carbonate) described above. For example, in some embodi 
ments, L can be any unit derived from an aryl or heteroaryl 
group including single aryl groups, biaryl groups, triary1 
groups, tetraaryl groups, and so on. In other embodiments, L 
can be a covalent bond linking a functional group (F) directly 
to the hyperbranched oligomer, and in still other embodi 
ments, L can be a C-Clo alkyl, C2-Cio alkene, or C-Co 
alkyne that may or may not be branched. 
0059. The linking group (L) allows for attachment of one 
or more functional groups (F) to each branch termination of 
the hyperbranched oligomer. In some embodiments, each 
branch termination may have an attached linking group, and 
in other embodiments, one or more branch terminations of the 
hyperbranched oligomer (B) may not have an attached link 
ing group. Such branch terminations without an attached 
linking group may terminate in a hydroxyl group or phenol 
group associated with the monomeric units of the hyper 
branched oligomer. For branch terminations that include a 
linking group (L), each linking group may have from 0 to 5 or 
more associated functional groups. Thus, in some embodi 
ments, one or more linking group of the reactive hyper 
branched oligomer may have no attached functional groups, 
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Such that the branch termination associated with this linking 
group is Substantially unreactive. In other embodiments, one 
or more linking group of the reactive hyperbranched oligomer 
may have one or more attached functional groups providing a 
branch termination that is potentially reactive with other 
monomers, oligomers, or polymers, and in still other embodi 
ments, one or more linking groups of the reactive hyper 
branched oligomer can have multiple attached functional 
groups. For example, two of the aryl groups associated with a 
triaryl group may include a functional group (F) with the third 
aryl group attaching the linking group to the hyperbranched 
polymer or oligomer. The functional group (F) may vary 
among embodiments and can be any chemical moiety capable 
of reacting with another chemical moiety. Non-limiting 
examples of functional groups (F) includehydroxyl, carboxy 
lic acid, amine, cyanate, isocyanate, epoxy, glycidyl ether, 
vinyl, and the like and combinations thereof. The reactive 
hyperbranched oligomers of the present invention are reactive 
with a variety of functional groups such as epoxies, anhy 
drides, activated halides, carboxylic acids, carboxylic esters, 
isocyanates, aldehydes, vinyls, acetylenes, and silanes. These 
groups may be present on another monomer, oligomer, or 
polymer used in the preparation of a polymer composition. 
0060. The hyberbranched oligomer portion (B) of the gen 
eral structure presented above may be any phosphonate con 
taining hyperbranched oligomer. For example, in some 
embodiments, such hyperbranched oligomers may include 
repeating units derived from diarylalkyl- or diary1 arylphos 
phonates, and certain embodiments, such hyperbranched oli 
gomers may have a structure including units of Formula I: 

O-Air-O-P 

where Ar is an aromatic group and —O—Ar—O— may be 
derived from a compound having one or more, optionally 
Substituted, aryl rings such as, but not limited to, resorcinols, 
hydroquinones, and bisphenols. Such as bisphenol A, bisphe 
nol F. and 4,4'-biphenol, phenolphthalein, 4,4'-thiodiphenol, 
4,4'-sulfonyldiphenol. 3,3,5-trimethylcyclohexyldiphenol, 
or combinations of these, R is a Co alkyl, Coalkene, 
C2-20 alkyne, CS-20 cycloalkyl, or C-2 aryl, and n is an inte 
ger from 1 to about 20, 1 to about 10, or 2 to about 5, or any 
integer between these ranges. 
0061 The hyperbranched oligomers (B) of such embodi 
ments may further include units derived from branching 
agents or multifunctional aryl multifunctional biaryl groups, 
multifunctional triaryl groups, multifunctional tetraaryl, and 
so on. In some embodiments, the units derived from branch 
ing agents may be derived from, for example, polyfunctional 
acids, polyfunctional glycols, or acid/glycol hybrids. In other 
embodiments, the hyperbranched oligomeric phosphonates 
may have units derived from tri or tetrahydroxy aromatic 
compounds or triaryl or tetraaryl phosphoric acid esters, tri 
aryl or tetraaryl carbonate or triary1 or tetraaryl esters or 
combinations thereof Such as, but not limited to, trimesic 
acid, pyromellitic acid, trimellitic anhydride, pyromellitic 
anhydride, trimethylolpropane, dimethylhydroxyl terephtha 
late, pentaerythritol, and the like and combinations thereof. 
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Such branching agents provide branch points within the 
hyperbranched oligomeric phosphonate. In particular 
embodiments, the branching agent may be a triaryl phosphate 
such as, for example, those of Formula VIII: 

VIII 
O (R)p-4 | o 

/ \ O-P-O A ( )- \ if Rs), 
O 

21 

S4 Sa. 

(R), 

where each R. R', and Rican, independently, be a hydrogen, 
C-C alkyl of, and each of p, q, and r are independently 
integers of from 1 to 5. 
0062. The number of branches (w) may be directly pro 
portional to the number of units derived from a branching 
agent and may be any integer from about 2 to about 20. In 
Some embodiments, n may be an integer greater than 3, 
greater than 5, or greater than 10 or any value within these 
ranges, and in other embodiments, n may be from about 5 to 
about 20, about 5 to about 15, about 5 to about 10, or any value 
between these ranges. 
0063. The reactive hyperbranched phosphonates of cer 
tain embodiments may have a structure in which B is of 
Formula IX or Formula X: 

IX 

O 

| 
X o-i-o-o-o L-F 

R 2 wl 

X 

X o–A-0--0 L2-F 
R 2 w2 

where each Ar" and Arare, independently, anaromatic group 
and -O-Ar O— and —O Art O. can be derived 
from a dihydroxy compound having one or more, optionally 
Substituted, aryl rings Such as, but not limited to, resorcinols, 
hydroquinones, and bisphenols, such as bisphenol A, bisphe 
nol F. and 4,4'-biphenol, phenolphthalein, 4,4'-thiodiphenol, 
4,4'-sulfonyldiphenol. 3,3,5,-trimethylcyclohexyldiphenol, 
or combinations of these, each L' and L are, independently, 
a covalent bond or an aryl or heteroaryl group including 
single aryl groups, biaryl groups, triaryl groups, tetraaryl 
groups, and so on, R can be a C-2 alkyl, C2-20 alkene, C2-20 
alkyne, C5-20 cycloalkyl, or C-2 aryl, Z is an integer from 1 
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to about 20, 1 to about 10, or 2 to about 5, or any integer 
betweenthese ranges, and each w' and ware, independently, 
1 to 5. X may be derived from any branching agent described 
above. In some embodiments, Xin an individual B may be the 
same molecule. Such that branches having a structure of For 
mula VII and Formula VII may extend from the same branch 
ing agent (X) molecule. In particular embodiments, X may be 
an triarylphosphate of Formula VIII as described above. In 
other embodiments, two or more X may be linked as illus 
trated in Formula XI, Formula XII, or Formula XIIII: 

XI 
O 

O-P-O-ArO 

R 

BI-XI X-B2 

S 

XII 

-o-vo X-B2 
R S 

XIII 

Bi-X-O-ArO 

O O 

co-)-- R R S 

Bi-X-O-P-O 

where each B" and B are, independently, hyperbranched 
polymers as described above, each X and X’ are, indepen 
dently, branching agents as described above, each Ar" and Ar" 
are, independently, an aromatic group and -O-Ar—O— 
and —O Ar O— can be derived from a dihydroxy com 
pound having one or more, optionally Substituted, aryl rings 
Such as, but not limited to, resorcinols, hydroquinones, and 
bisphenols, such as bisphenol A, bisphenol F. and 4,4'-biphe 
nol, phenolphthalein, 4,4'-thiodiphenol, 4,4'-sulfonyldiphe 
nol. 3,3,5-trimethylcyclohexyldiphenol or combinations of 
these, each R is as defined as above, and S is an integer of from 
1 to about 20, 1 to about 10, or 2 to about 5, or any integer 
therebetween. In various embodiments, an individual reactive 
hyperbranched oligomer may have a structure in which por 
tions of the oligomer can be any of Formula I, and VIII to XIII. 
Thus, embodiments encompass reactive hyperbranched oli 
gomers in having any combination of the Formulae provided 
above. In other embodiments, a reactive hyperbranched oli 
gomer may be composed of Substantially one or two struc 
tures of the Formulae presented above. For example, a hyper 
branched oligomer may be composed of two units derived 
from branching agents (X) linked by a structure of Formula 
XI with branches of Formula IX, or a hyperbranched oligo 
mer may be composed of three or four branching agents 
linked by structures of Formulae XI and XIII with branches of 
structure Formula IX. Of course as discussed above, any 
combination of Formulae are possible and could be present in 
a single reactive hyperbranched oligomer. 
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0064. An exemplary representation of a reactive hyper 
branched oligomer of the invention is provided below: 
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provide better meltability and improved processing. In addi 
tion, the reactive hyperbranched oligomers of the invention 

Air Air-OH 

R--or NoH R--or 
O O O O O O 

HON 
A-0-7-0--0--0--0--0--0--0--os OH Air 

R O R R O R 

R-K o=14-R 
7so M 
O O 

AC 
Ho? OH 

where Ar is an aryl or heteroaryl group, R is a C-C alkyl 
group or an aryl group, and R' is an alkyl or aromatic group 
derived from a branching agent. 
0065. The phosphonate and carbonate content of the 
hyperbranched oligomeric phosphonates, random or block 
co-oligo(phosphonate carbonate)S, and co-oligo(phospho 
nate ester)S may vary among embodiments, and embodiments 
are not limited by the phosphonate and/or carbonate content 
or range of phosphonate and/or carbonate content. For 
example, in some embodiments, the co-oligo(phosphonate 
carbonate)S or co-oligo(phosphonate ester)S may have a 
phosphorus content, of from about 2% to about 12% by 
weight, 2% to about 10% by weight, or less than 10% by 
weight of the total oligomer. 
0066. The reactive hyperbranched oligomers of various 
embodiments may have greater than about 40% or greater 
than about 50% reactive end groups based on the total number 
of branch terminations as determined by known titration 
methods. In certain embodiments, the reactive hyper 
branched oligomers may have greater than about 75% or 
greater than 90% of the reactive end groups based on the total 
number of branch terminations as determined by titration 
methods. In further embodiments, the reactive hyper 
branched oligomers may have from about 40% to about 98% 
reactive end groups, about 50% to about 95% reactive end 
groups, or from about 60% to about 90% end groups based on 
the total number of branch terminations. As discussed above 
individual branch terminations may have more than one reac 
tive end group. Therefore, in Some embodiments, the reactive 
hyperbranched oligomers may have greater than 100% reac 
tive end groups. As discussed above, the term “reactive end 
groups' is used to describe any chemical moiety at a branch 
termination that is capable of reacting with another chemical 
moiety. A large number of reactive functional groups are 
known in the art and encompassed by the invention. In par 
ticular embodiments, the reactive end groups may be 
hydroxyl, epoxy, vinyl, or isocyanate groups. 
0067. Without wishing to be bound by theory, due to their 
hyperbranched nature, the reactive hyperbranched oligomers 
of the invention may exhibit low melt viscosities when 
sheared as compared to linear oligomeric phosphonates. 
Thus, the reactive hyperbranched oligomers described herein 
can be blended with monomers, oligomers, and polymers 
without diminishing melt processability. The hyperbranched 
oligophosphonates of various embodiments, therefore, can 

may be of higher molecular weight and provide greater reac 
tivity increasing the crosslinking and improving the tough 
ness of polymer compositions over similar compositions pre 
pared using linear oligomeric phosphonates. In some 
embodiments, the reactive hyperbranched oligomers of the 
invention may be used as reactive or non-reactive additives in 
thermoplastics to improve shear thinning. For example, 
hyperbranched oligomers may be prepared that have no or 
very few reactive end groups that can be used to improve 
shearthinning without reacting, or crosslinking, the polymer 
to which the oligomers are added. 
0068. The oligomeric phosphonates of various embodi 
ments including linear and hyperbranched oligophospho 
nates can exhibit a high molecular weight and/or a narrow 
molecular weight distribution (i.e., low polydispersity). For 
example, in Some embodiments, the oligomeric phospho 
nates may have a weight average molecular weight (Mw) of 
about 1,000 g/mole to about 18,000 g/mole as determined by 
m or GPC, and in other embodiments, the oligomeric phos 
phonates may have a Mw of from about 1,000 to about 15,000 
g/mole as determined by m or GPC. The number average 
molecular weight (Mn), in Such embodiments, may be from 
about 1,000 g/mole to about 10,000 g/mole, or from about 
1,000 g/mole to about 5,000 g/mole, and in certain embodi 
ments the Mn may be greater than about 1,200 g/mole. The 
narrow molecular weight distribution (i.e., Mw/Mn) of such 
oligomeric phosphonates may be from about 1 to about 7 in 
some embodiments and from about 1 to about 5 in other 
embodiments. In still other embodiments, the co-oligo(phos 
phonate carbonate)s may have a relative viscosity (m) of 
from about 1.01 to about 1.20. Without wishing to be bound 
by theory, the relatively high molecular weight and narrow 
molecular weight distribution of the oligomeric phospho 
nates of the invention may impart a Superior combination of 
properties. For example, the oligomeric phosphonates of 
embodiments are extremely flame retardant and exhibit supe 
rior hydrolytic stability and can impart Such characteristics on 
a polymer combined with the oligomeric phosphonates to 
produce polymer compositions such as those described 
below. In addition, the oligomeric phosphonates of embodi 
ments, generally, exhibit an excellent combination of pro 
cessing characteristics including, for example, good thermal 
and mechanical properties. 
0069. The concentration of oligomeric phosphonates in 
the compositions of various embodiments may vary and any 
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concentration that provides a Suitable combination of glass 
transition temperature, heat resistance, and flame retardancy 
can be used. For example, in Some embodiments, the compo 
sitions described above may include about 5 percent by 
weight (wt.%) to about 60 wt.%. In other embodiments, the 
compositions described above may include about 10 wt.% to 
about 50 wt.%, about 15 wt.% to about 45 wt.%, about 20 wt. 
% to about 40 wt.%, or any individual concentration or range 
of concentrations encompassed by these example ranges. 
0070 The compositions of various embodiments are not 
limited to any particular carbodiimide and any carbodiimide 
or combination of carbodiimides can be incorporated into the 
compositions described above. Examples of useful carbodi 
imides include, but are not limited to, N,N'-di-2,6-diisopro 
pylphenylcarbodiimide, N,N'-di-o-tolylcarbodiimide, N,N'- 
diphenylcarbodiimide, N,N'-dioctyldecylcarbodiimide, 
N,N'-di-2,6-dimethylphenylcarbodiimide, N-tolyl-N'-cyclo 
hexylcarbodiimide, N,N'-di-2,6-di-tert-butylphenylcarbodi 
imide, N-tolyl-N'-phenylcarbodiimide, N,N'-di-p-nitrophe 
nylcarbodiimide, N,N'-di-p-aminophenylcarbodiimide, 
N,N'-di-p-hydroxyphenylcarbodiimide, N,N'-di-cyclohexyl 
carbodiimide, N,N'-di-p-tolylcarbodiimide, p-phenylene 
bis-di-o-tolylcarbodiimide, p-phenylene-bis-dicyclohexyl 
carbodiimide, hexamethylene-bis 
dicyclohexylcarbodiimide, 4,4'- 
dicyclohexylmethanecarbodiimide, ethylene-bis 
diphenylcarbodiimide, N,N'-benzylcarbodiimide, 
N-octadecyl-N'-phenylcarbodiimide, N-benzyl-N'-phenyl 
carbodiimide, N-octadecyl-N'-tolylcarbodiimide, N-cyclo 
hexyl-N'-tolylcarbodiimide, N-phenyl-N'-tolylcarbodiimide, 
N-benzyl-N'-tolylcarbodiimide, N,N'-di-O-ethylphenylcar 
bodiimide, N,N'-di-p-ethylphenylcarbodiimide, N,N'-di-o- 
isopropylphenylcarbodiimide, N,N'-di-p-isopropylphenyl 
carbodiimide, N,N'-di-O-isobutylphenylcarbodiimide, N,N'- 
di-p-isobutylphenylcarbodiimide, N,N'-di-2,6- 
diethylphenylcarbodiimide, N,N'-di-2-ethyl-6- 
isopropylphenylcarbodiimide, N,N'-di-2-isobutyl-6- 
isopropylphenylcarbodiimide, N,N'-di-2,4,6- 
trimethylphenylcarbodiimide, N,N'-di-2,4,6- 
triisopropylphenylcarbodiimide, N,N'-di-2,4,6- 
triisobutylphenylcarbodiimide, diisopropylcarbodiimide, 
dimethylcarbodiimide, diisobutylcarbodiimide, dioctylcar 
bodiimide, t-butylisopropylcarbodiimide, di-B-naphthylcar 

HO 
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bodiimide, di-t-butylcarbodiimide, and aromatic polycarbo 
diimides, and polymers of these compounds. In certain 
embodiments, the carbodiimides may be aromatic carbodi 
imides such as, for example, N,N'-di-2,6-diisopropylphenyl 
carbodiimide, or carbodiimides having one or more cyclo 
rings Such aS, for example, 4,4'- 
dicyclohexylmethanecarbodiimide or polymers of these 
compounds. In particular embodiments, the carbodiimide 
may be N,N'-dicyclohexylcarbodiimide, N-cyclohexyl-N'- 
(2-morpholinoethyl)carbodiimide metho-p-toluene 
sulfonate, bis(trimethylsilyl)carbodiimide, N-(3-dimethy 
laminopropyl)-N'-ethylcarbodiimide, N-(3- 
dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride, 
1,3-di-p-tolylcarbodiimide, N,N'-bis(2-methylphenyl)carbo 
diimide, N-(tert-butyl)-N'-1-(2-chlorophenyl)-1-methyl 
ethylcarbodiimide, N-(tert-butyl)-N'-(2,6-dichlorophenyl) 
carbodiimide, N-butyl-N'-1-(2-chlorophenyl)-1-methyl 
ethylcarbodiimide, N,N'-diisopropylcarbodiimide, dicyclo 
hexylcarbodiimide, N-benzyl-N'-cyclohexylcarbodiimide. 
0071. The concentration of carbodiimides in the compo 
sitions of various embodiments may vary and any concentra 
tion that provides a suitable combination of glass transition 
temperature, heat resistance, and flame retardancy can be 
used. For example, in some embodiments, the compositions 
described above may include about 0.01 percent by weight 
(wt.%) to about 4.0 wt.%. In other embodiments, the com 
positions described above may include about 0.05 wt.% to 
about 3 wt.%, about 0.1 wt.% to about 2 wt.%, about 0.5 wt. 
% to about 1.0 wt.%, or any individual concentration or range 
of concentrations encompassed by these example ranges. 
0072 The phenolic antioxidants and phosphite antioxi 
dants in the compositions described above may be any phe 
nolic antioxidants, phosphite antioxidants, or combination of 
phenolic antioxidants and phosphite antioxidants known in 
the art including, for example, sterically hindered phenolic 
antioxidants, hydrolytically stable organophosphites, orga 
nophosphite antioxidants, sterically hindered lactone antioxi 
dants, and the like. Sterically hindered phenolic antioxidants, 
organophosphite antioxidants, hydrolytically stable organo 
phosphites and sterically hindered lactone and amine antioxi 
dants represent broad classes of additives that can encompass 
many similar chemical structures. Particular examples of 
such antioxidants are provided in Table 1. 

TABLE 1. 

CAS Reg. 
Chemical Structure Num. 
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TABLE 1-continued 
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Chemical Structure Num. 
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TABLE 1-continued 

CAS Reg. 
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TABLE 1-continued 

CAS Reg. 
Chemical Structure Num. 
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TABLE 1-continued 

Chemical Structure 

O NY 
N N 

R1 r NR 
O 

HO 

R = -R- 

HO (CH-i-o-i-e H 
4 

OH 

HC-C-CH C s 2 

OH 

HO 

H 

CAS Reg. 
Num. 

40601-76-1 

6683-19-8 

6683-19-8 

3.1851-03-3 

134701-20-S 

Sep. 10, 2015 



US 2015/02521.75 A1 Sep. 10, 2015 
15 

TABLE 1-continued 

CAS Reg. 
Chemical Structure Num. 
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TABLE 1-continued 

Chemical 
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TABLE 1-continued 

CAS Reg. 
Chemical Structure Num. 
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TABLE 1-continued 

Chemical Structure 
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CAS Reg. 
Num. 

HO 

118832-72-7 

y ~~~~ O 

O 

call-()-on 

O+-P 

HCO 
co 

26523-78-4 

31570-04-4 

26741-53-7 

80693-OO-1 

0073. In particular embodiments, the antioxidant may be a 
hindered phenol such as, for example, octadecyl-3-(3,5-di 
tert-butyl-4-hydroxyphenyl)propionate, N,N'-hexane-1,6- 
diylbis(3-(3,5-di-tert-butyl-4-hydroxyphenylpropiona 
mide)), 3.3',3',5.5',5'-hexa-tert-butyl-a,a'a'-(mesitylene-2,4, 
6-triyl)tri-p-cresol. 4,6-bis (octylthiomethyl)-o-cresol, and 
the like. In some embodiments, the antioxidant may be a 
phosphite antioxidant Such as, for example, bis(2,4-ditert 
butylphenyl)pentaerytritol diphosphite, tris(2,4-ditert-bu 
tylphenyl)phosphite. In particular embodiments, the antioxi 
dant may be a combination of these hindered phenols and 
phosphite antioxidants. 
0074 The concentration of phenolic antioxidants and 
phosphite antioxidants in the compositions of various 
embodiments may vary and any concentration that provides a 
Suitable combination of glass transition temperature, heat 
resistance, and flame retardancy can be used. For example, in 
Some embodiments, the compositions described above may 
include about 0.01 wt.% to about 1.0 wt.%. In other embodi 
ments, the compositions described above may include about 
0.05 wt.% to about 0.75 wt.%, about 0.1 wt.% to about 0.5 

wt.%, or any individual concentration or range of concentra 
tions encompassed by these example ranges. 
0075 Any epoxy resin can be used in such embodiments, 
and in certain embodiments, the resin may contain glycidyl 
groups, alicyclic epoxy groups, oxirane groups, ethoxyline 
groups, or similar epoxy groups or combinations thereofthat 
can react with epoxy groups associated with the epoxy con 
taining phosphonate polymers, copolymers, oligomers and 
co-oligomers of this invention. Such epoxy resins are well 
known in the art and include, but are not limited to, novolac 
type epoxy resin, cresol-novolac epoxy resin, triphenolal 
kane-type epoxy resin, aralkyl-type epoxy resin, aralkyl-type 
epoxy resin having a biphenyl skeleton, biphenyl-type epoxy 
resin, dicyclopentadiene-type epoxy resin, heterocyclic-type 
epoxy resin, epoxy resin containing a naphthalene ring, a 
bisphenol-A type epoxy compound, a bisphenol-F type 
epoxy compound, stilbene-type epoxy resin, trimethylol-pro 
pane type epoxy resin, terpene-modified epoxy resin, linear 
aliphatic epoxy resin obtained by oxidizing olefin bonds with 
peracetic acid or a similar peracid, alicyclic epoxy resin, or 
Sulfur-containing epoxy resin. In some embodiments, the 
epoxy resin may be composed of two or more epoxy resins of 
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any of the aforementioned types. In particular embodiments, 
the epoxy resins may be aralkyl-type epoxy resins, such as 
epoxy resins derived from bisphenol A or 4,4'-methylene 
dianiline. The epoxy may also contain one or more additional 
components such as, for example, a benzoxazine compound 
or resin, and in Some embodiments, the novel epoxy contain 
ing phosphonate monomers, polymers, copolymers, oligo 
mers and co-oligomers may be used as epoxy modifiers, chain 
extenders or crosslinkers for epoxy resins, or epoxy hardeners 
in Such epoxy resin polymer compositions. 
0076. The compositions described above additional com 
ponents such as additives, fillers, and fibers, such as, but not 
limited to, chopped or continuous glass fiber, metal fibers, 
aramid fibers, carbon fibers, or ceramic fibers, Surfactants, 
organic binders, polymeric binders, crosslinking agents, dilu 
ents, coupling agents, flame retardant agents, anti-dripping 
agents such as fluorinated polyolefins, silicones, and, lubri 
cants, mould release agents such as pentaerythritol tetrastear 
ate, nucleating agents, anti-static agents such as conductive 
blacks, carbon nanotubes, graphite, graphene, oxidized 
graphene, and organic antistatics Such as polyalkylene ethers, 
alkylsulfonates, perfluor Sulfonic acid, perfluorbutane, Sul 
fonic acid potassium salt, and polyamide-containing poly 
mers, catalysts, colorants, inks, dyes, antioxidants, stabiliz 
ers, and the like and any combinations thereof. 
0077. In such embodiments, the each of the additional 
components or additives may make up from about 0.001 wt. 
% to about 1 wt.%, about 0.005 wt.% to about 0.9 wt.%, 
about 0.005 wt.% to about 0.8 wt.%, or about 0.04 wt.% to 
about 0.8 wt.% of the total composition, and in particular 
embodiments, the additional components or additives may 
make up about 0.04 wt.% to about 0.6 wt.% based on the total 
composition. Additional components such as glass fiber, car 
bon fiber, organic fiber, ceramic fiber or other fillers may be 
provided at much concentrations up to 70 volume (vol.) '%. 
For example, the polymer compositions of certain embodi 
ments may include about 5 Vol.% to about 70 Vol.%, from 
about 10 vol.% to about 60 vol.%, or about 20 vol.% to about 
50 Vol.% glass fiber, carbon fiber, organic fiber, or ceramic 
fiber. 
0078 Polymer compositions including novel epoxy con 
taining phosphonate monomers, polymers, copolymers, oli 
gomers and co-oligomers and other engineering polymers 
and/or additional components or additives can be prepared by 
conventional means. For example, in some embodiments, the 
compositions may be prepared by liquid epoxy curing. Such 
embodiments may include the steps of combining the epoxy 
resin, oligomeric phosphonate, and carbodiimide antioxidant 
or combination of carbodiimides and phenolic antioxidants or 
phosphite antioxidants in a solvent, and in certain embodi 
ments, the method may include the step of combining the 
epoxy resin, oligomeric phosphonate, carbodiimide antioxi 
dant or combination of carbodiimides and phenolic antioxi 
dants or phosphite antioxidants, and a curing catalyst in a 
Solvent. Combining may be carried out by any means includ 
ing, for example, stirring or shaking the components until a 
Substantially homogeneous mixture of components has been 
created. In certain embodiments, the method may include the 
steps of combining the epoxy resin, oligomeric phosphonate, 
and carbodiimide antioxidant or combination of carbodiim 
ides and phenolic antioxidants or phosphite antioxidants to 
create a mixture and adding the solvent or solvent and curing 
agent to the mixture. This mixture may be mixed by stirring or 
shaking. 
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007.9 The form of addition of the compounds according to 
the invention is not limited. For example, the engineering 
plastics and/or additional components or additives can be 
added as Solids such as a powder, as concentrate in Solution or 
as a liquid. 
0080. The solvent of such embodiments may be any sol 
vent known in the art, and in certain embodiments, the Solvent 
may be an aprotic solvent. Aprotic solvents can include, but 
are not limited to, perfluorohexane, a.a.a-trifluorotoluene, 
pentane, hexane, cyclohexane, methylcyclohexane, decalin 
c+t, dioxane, carbon tetrachloride, freon-11, benzene, tolu 
ene, triethyl amine, carbon disulfide, diisopropyl ether, 
diethyl ether (ether), t-butyl methyl ether (MTBE), chloro 
form, ethyl acetate, 1,2-dimethoxyethane (glyme), 2-meth 
oxyethyl ether (diglyme), tetrahydrofuran (THF), methylene 
chloride, pyridine (Py), methyl ethyl ketone (MEK), methyl 
n-amyl ketone (MAK), methyl n-propyl ketone (MPK),ac 
etone, hexamethylphosphoramide, N-methylpyrrolidinone, 
nitromethane, dimethylformamide, acetonitrile, Sulfolane, 
dimethyl sulfoxide, propylene carbonate, and the like. In 
certain embodiments, the solvent may be methyl ethyl ketone 
(MEK) or acetone. 
0081. The amount of solvent included in the mixtures of 
various embodiments may be from about 25 wt.% to about 75 
wt.% of the total composition, and in certain embodiments, 
the solvent may be about 30 wt.% to about 50 wt.% of the 
total composition or any concentration or range encompassed 
by these example ranges. 
I0082 Any curing agents and curing catalysts known in the 
art Such as, but not limited to, transition metal catalysts, 
tertiary amines, imidazole containing compounds, and the 
like and combinations thereof. Examples of the tertiary amine 
curing catalysts include triethylamine, benzyldimethy 
lamine, pyridine, picoline, 1,8-diazabiscyclo(5.4.0)un 
decene-1, dicyandiamide, and the like, and Examples of the 
imidazole compound include, but are not limited to 2-meth 
ylimidazole, 2-ethylimidazole, 2-undecylimidazole, 2-ethyl 
4-methylimidazole, 2-phenyl-4,5-dihydroxymethylimida 
Zole and the like. 
I0083. The amount of the curing catalyst may be any 
amount that is effective for use as a catalyst and can, gener 
ally, be from about 0.01 wt.% to about 20 wt.% based on the 
weight of the total composition. In some embodiments, the 
amount of curing catalyst may be, about 0.1 wt.% to about 15 
wt.%, about 0.5 wt.% to about 10 wt.%, about 1.0 wt.% to 
about 5 wt.%, or any range or individual concentration 
encompassed by these example ranges. 
I0084. The method may further include heating the mixture 
after the mixture has been mixed to form a substantially 
homogenous mixture to remove the solvent and produce a 
cured composition. Heating can be carried out at any Suitable 
temperature that allows for good catalytic activity and evapo 
ration of the solvent. In various embodiments, heating may be 
carried out to from about 20°C. to about 250° C., about 50° C. 
to about 200° C., about 100° C. to about 150° C., or any range 
or individual temperature encompassed by these ranges. In 
certain embodiments, heating may be carried out in two or 
more steps. For example, a first heating step may include 
heating the mixture to a temperature Suitable for evaporating 
the solvent such as, for example, about 40°C. to about 150° C. 
or about 50° C. to about 100° C. for a first time period, and a 
second heating step may including heating the mixture to a 
temperature Suitable for curing the mixture Such as, for 
example, about 100° C. to about 250° C. or about 150° C. to 
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about 200° C. The time period for heating may vary among 
embodiments and may vary depending on the type of solvent 
used. Typically, heating may be carried out from about 60 
minutes to about 300 minutes or any range or individual time 
period encompassed by this range. In embodiments in which 
heating is carried out for a first and second time period, a first 
heating step may be carried out for about 10 minutes to about 
60 minutes, about 20 minutes to about 40 minutes or about 30 
minutes, and a second heating step may be carried out from 
about 40 minutes to about 200 minutes or about 60 minutes to 
about 180 minutes or any range or individual time period 
encompassed by this range. 
0085. The polymer compositions of various embodiments 
can be used in any application in which a flame retardant 
polymer is useful. For example, in Some embodiments, the 
polymer compositions of the invention may be used as coat 
ings on plastics, metals, glass, carbon, ceramic, or wood 
products which can be in a variety of forms, for example as a 
fiber, woven mat, nonwoven mat, cloth, broadgood, fabric, 
molding, laminate, foam, extruded shape or the like, and in 
other embodiments, the polymer compositions of the inven 
tion can be used in adhesives or to fabricate sheets, multilayer 
sheets, free-standing films, multi-layer films, fibers, foams, 
molded articles, and fiber reinforced composites. Such 
articles may be well-suited for applications requiring flame 
resistance. The novel epoxy containing phosphonate mono 
mers, polymers, copolymers, oligomers and co-oligomers 
and polymers therefrom, and polymer compositions of the 
invention, may exhibit outstanding flame resistance and good 
melt processability making these materials useful in applica 
tions for the automotive, construction, and electronic sectors 
that require outstanding fire retardancy, high temperature per 
formance, and melt processability. In addition, these articles 
may be well Suited for a variety of applications as Support 
parts, electrical components, electrical connectors, printed 
wiring laminated boards, flexible or rigid circuit boards, elec 
trical or electromagnetic housings, electrical or electromag 
netic Subcomponents and components in consumer products 
that must meet UL or other standardized fire resistance stan 
dards and environmental standards. 

I0086. In some embodiments, the polymer compositions of 
the invention may be combined with other components or 
reinforcing materials. For example, in various embodiments, 
continuous or chopped glass fibers, carbon black or carbon 
fibers, ceramic particles or fibers, organic fibers, or other 
organic materials may be included in the polymers and poly 
mer compositions of the invention. In particular embodi 
ments, continuous or chopped glass fibers, carbon fibers, 
ceramic fibers, organic fibers, or other organic materials may 
be combined with the novel epoxy containing phosphonate 
monomers, polymers, copolymers, oligomers and co-oligo 
mers and polymers therefrom, and polymer compositions of 
the invention to create a prepreg to prepare laminates. Such 
laminates may be used to fabricate components such as flex 
ible or rigid laminated circuit boards that can be incorporated 
into articles of manufacture Such as electronic goods such as, 
for example, televisions, computers, laptop computers, tablet 
computers, printers, cellphones, video games, DVD players, 
Stereos and other consumer electronics. 

0087. The polymer compositions of the invention are gen 
erally self-extinguishing, i.e., they stop burning when 
removed from a flame and any drops produced by melting in 
a flame stop burning are almost instantly extinguishes and do 
not readily propagate fire to any surrounding materials. More 
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over, these polymer compositions do not evolve noticeable 
Smoke when a flame is applied. 

EXAMPLES 

I0088 Although the present invention has been described 
in considerable detail with reference to certain preferred 
embodiments thereof, other versions are possible. Therefore, 
the spirit and scope of the appended claims should not be 
limited to the description and the preferred versions con 
tained within this specification. Various aspects of the present 
invention will be illustrated with reference to the following 
non-limiting examples. The following examples are for illus 
trative purposes only and are not to be construed as limiting 
the invention in any manner. 

Materials 

I0089. Two hydroxyl terminated alkyl phosphonate oligo 
mer (Nofia R OL1001 and Nofia R OL3001, manufactured by 
FRX Polymers(R), Inc.) and a cresol novolac epoxy resin 
(Epon 164, manufactured by Momentive, Epoxide Equiva 
lent Weight of 200-240 g/eq.) were prepared. 
0090 2-ethyl-4-methylimidazole and dicyandiamide 
were purchased from Sigma-Aldrich. An alkylphenyl carbo 
dimde and its polymeric type were purchased from Rhei 
nChemie (Stabaxol.R. 1 and Stabaxol.R P). Pentaerythritol 
tetrakis3-(3',5'-di-tert-butyl-4'-hydroxyphenyl)propionate, 
bis(2.4-di-t-butylphenyl) pentaerythritol diphosphite, and 
tris(2,4-ditert-butylphenyl) phosphite were purchased from 
Sigma-Aldrich. 

Methods 

(0091 GPC: Molecular weight distributions were deter 
mined by measuring 0.2% solutions of polymer in tetrahy 
drofuran by gel permeation chromatography (GPC) with UV 
detection (at 254 nm). Calibration of the instrument was 
conducted with linear polystyrene (PS) standards of known 
molecular weights. The weight average (Mw), number aver 
age (Mn) and polydispersity (Mw/Mn), referred to as PD, 
were evaluated from the chromatograms by using WinGPC. 
0092. DSC: Glass transition temperatures (Tg) were mea 
Sured using TA Instrument Q20 according to a Drying cycle 
1) Ramp 10°C/minup to 130° C.2) Equilibrate at 130° C.3) 
Quench to 0°C. 4) Equilibrate at 0°C., and a Test cycle 5) 
Ramp 10° C./min up to 250° C. 6) End of test. 

Comparative Example 1 

0093. 64 parts by weight of cresol novolac epoxy resin 
(Epon 164, manufactured by Momentive, Epoxide Equiva 
lent Weight of 200-240 g/eq.), 36 parts by weight of hydroxyl 
terminated alkyl phosphonate oligomer (Nofia OL1001, 
manufactured by FRX Polymers, molecular weight (Mn) of 
1,500 g/mole), and 0.2 parts by weight of 2-ethyl-4-meth 
ylimidazole solution (10% in methyl ethyl ketone) were 
mixed together, and then the mixture was dissolved in 60 parts 
by weight of methyl ethyl ketone, followed by mixing using 
a shaker for 60 minutes. The epoxy formulation was poured 
into a mold and solvent was evaporated at 130° C. for 30 
minutes, and then cured at 190° C. for every 60 minutes up to 
180 minutes. The glass transition temperature (Tg) of the 
cured epoxy resin was measured by using a differential scan 
ning calorimeter (DSC) using TA Instrument Q20. 
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Comparative Example 2 

0094) 64 parts by weight of cresol novolac epoxy resin 
(Epon 164, manufactured by Momentive, Epoxide Equiva 
lent Weight of 200-240 g/eq.), 36 parts by weight of hydroxyl 
terminated alkyl phosphonate oligomer (Nofia OL1001, 
manufactured by FRX Polymers, molecular weight (Mn) of 
1,500 g/mole), 0.2 parts by weight of 2-ethyl-4-methylimi 
dazole solution (10% in methyl ethyl ketone), and 4 parts by 
weight of dicyandiamide were mixed together, and then the 
mixture was dissolved in 60 parts by weight of methyl ethyl 
ketone, followed by mixing using a shaker for 60 minutes. 
The epoxy formulation was poured into a mold and solvent 
was evaporated at 130° C. for 30 minutes, and then cured at 
190° C. for every 60 minutes up to 180 minutes. The glass 
transition temperature (Tg) of the cured epoxy resin was 
measured by using a differential scanning calorimeter (DSC) 
using TA Instrument Q20. 

Example 1 

0095 64 parts by weight of cresol novolac epoxy resin 
(Epon 164, manufactured by Momentive, Epoxide Equiva 
lent Weight of 200-240 g/eq.), 36 parts by weight of hydroxyl 
terminated alkyl phosphonate oligomer (Nofia OL1001, 
manufactured by FRX Polymers, molecular weight (Mn) of 
1,500 g/mole), 0.2 parts by weight of 2-ethyl-4-methylimi 
dazole solution (10% in methylethylketone), and 1.0 parts by 
weight of Stabaxol.R. 1 were mixed together, and then the 
mixture was dissolved in 60 parts by weight of methyl ethyl 
ketone, followed by mixing using a shaker for 60 minutes. 
The epoxy formulation was poured into a mold and solvent 
was evaporated at 130° C. for 30 minutes, and then cured at 
190° C. for every 60 minutes up to 180 minutes. The glass 
transition temperature (Tg) of the cured epoxy resin was 
measured by using a differential scanning calorimeter (DSC) 
using TA Instrument Q20. 

Example 2 

0096. The same composition in Example 1 was prepared 
and the solution was poured into a mold and dried, followed 
by curing at 200°C. for 60 minutes and 120 minutes each. The 
glass transition temperature (Tg) of the cured epoxy resin was 
measured by using a differential scanning calorimeter (DSC). 

Example 3 

0097 64 parts by weight of cresol novolac epoxy resin 
(Epon 164, manufactured by Momentive, Epoxide Equiva 
lent Weight of 200-240 g/eq.), 36 parts by weight of hydroxyl 
terminated alkyl phosphonate oligomer (Nofia OL1001, 
manufactured by FRX Polymers, molecular weight (Mn) of 
1,500 g/mole), 0.2 parts by weight of 2-ethyl-4-methylimi 
dazole solution (10% in methylethylketone), and 2.0 parts by 
weight of Stabaxol.R. 1 were mixed together, and then the 
mixture was dissolved in 60 parts by weight of methyl ethyl 
ketone, followed by mixing using a shaker for 60 minutes. 
The epoxy formulation was poured into a mold and solvent 
was evaporated at 130° C. for 30 minutes, and then cured at 
190° C. for every 60 minutes up to 180 minutes. The glass 
transition temperature (Tg) of the cured epoxy resin was 
measured by using a differential scanning calorimeter (DSC) 
using TA Instrument Q20. 
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Example 4 

0098. The same composition in Example 3 was prepared 
and the solution was poured into a mold and dried, followed 
by curing at 200°C. for 60 minutes and 120 minutes each. The 
glass transition temperature (Tg) of the cured epoxy resin was 
measured by using a differential scanning calorimeter (DSC). 

Example 5 

0099 64 parts by weight of cresol novolac epoxy resin 
(Epon 164, manufactured by Momentive, Epoxide Equiva 
lent Weight of 200-240 g/eq.), 36 parts by weight of hydroxyl 
terminated alkyl phosphonate oligomer (Nofia OL1001, 
manufactured by FRX Polymers, molecular weight (Mn) of 
1,500 g/mole), 0.2 parts by weight of 2-ethyl-4-methylimi 
dazole solution (10% in methyl ethylketone), and 1.0 parts by 
weight of pentaerythritol tetrakis3-(3',5'-di-tert-butyl-4-hy 
droxyphenyl)propionate and 0.5 parts by weight of bis (2.4- 
di-t-butylphenyl) pentaerythritol diphosphite were mixed 
together, and then the mixture was dissolved in 60 parts by 
weight of methyl ethyl ketone, followed by mixing using a 
shaker for 60 minutes. The epoxy formulation was poured 
into a mold and solvent was evaporated at 130° C. for 30 
minutes, and then cured at 200° C. for 60 minutes and 120 
minutes. The glass transition temperature (Tg) of the cured 
epoxy resin was measured by using a differential scanning 
calorimeter (DSC) using TA Instrument Q20. 

Example 6 

0.100) 64 parts by weight of cresol novolac epoxy resin 
(Epon 164, manufactured by Momentive, Epoxide Equiva 
lent Weight of 200-240 g/eq.), 36 parts by weight of hydroxyl 
terminated alkyl phosphonate oligomer (Nofia OL1001, 
manufactured by FRX Polymers, molecular weight (Mn) of 
1,500 g/mole), 0.2 parts by weight of 2-ethyl-4-methylimi 
dazole solution (10% in methyl ethylketone), and 1.0 parts by 
weight of Stabaxol.R. 1, 1.0 parts by weight of pentaerythritol 
tetrakis3-(3',5'-di-tert-butyl-4'-hydroxyphenyl)propionate, 
and 0.5 parts by weight of bis (2.4-di-t-butylphenyl) pen 
taerythritol diphosphite were mixed together, and then the 
mixture was dissolved in 60 parts by weight of methyl ethyl 
ketone, followed by mixing using a shaker for 60 minutes. 
The epoxy formulation was poured into a mold and solvent 
was evaporated at 130° C. for 30 minutes, and then cured at 
200° C. for 60 minutes and 120 minutes. The glass transition 
temperature (Tg) of the cured epoxy resin was measured by 
using a differential scanning calorimeter (DSC) using TA 
Instrument Q20. 

Example 7 

0.101) 64 parts by weight of cresol novolac epoxy resin 
(Epon 164, manufactured by Momentive, Epoxide Equiva 
lent Weight of 200-240 g/eq.), 36 parts by weight of hydroxyl 
terminated alkyl phosphonate oligomer (Nofia OL1001, 
manufactured by FRX Polymers, molecular weight (Mn) of 
1,500 g/mole), 0.2 parts by weight of 2-ethyl-4-methylimi 
dazole solution (10% in methyl ethylketone), and 1.5 parts by 
weight of tris(2,4-ditert-butylphenyl) phosphite were mixed 
together, and then the mixture was dissolved in 60 parts by 
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weight of methyl ethyl ketone, followed by mixing using a 
shaker for 60 minutes. The epoxy formulation was poured 
into a mold and solvent was evaporated at 130° C. for 30 
minutes, and then cured at 200° C. for 60 minutes and 120 
minutes. The glass transition temperature (Tg) of the cured 
epoxy resin was measured by using a differential scanning 
calorimeter (DSC) using TA Instrument Q20. 

Comparative Example 3 
0102) 64 parts by weight of cresol novolac epoxy resin 
(Epon 164, manufactured by Momentive), 36 parts by weight 
of hydroxyl terminated alkyl phosphonate oligomer (Nofia 
OL3001, manufactured by FRX Polymers, molecular weight 
(Mn) of 2,700 g/mole), and 0.2 parts by weight of 2-ethyl-4- 
methylimidazole solution (10% in methyl ethyl ketone) were 
mixed together, and then the mixture was dissolved in 60 parts 
by weight of methyl ethyl ketone, followed by mixing using 
a shaker for 60 minutes. The epoxy formulation was poured 
into a mold and solvent was evaporated at 130° C. for 30 
minutes, and then cured at 200° C. for 60 minutes and 120 
minutes. The glass transition temperature (Tg) of the cured 
epoxy resin was measured by using a differential scanning 
calorimeter (DSC) using TA Instrument Q20. 

Example 8 
0103) 64 parts by weight of cresol novolac epoxy resin 
(Epon 164, manufactured by Momentive, Epoxide Equiva 
lent Weight of 200-240 g/eq.), 36 parts by weight of hydroxyl 
terminated alkyl phosphonate oligomer (Nofia OL3001, 
manufactured by FRX Polymers, molecular weight (Mn) of 
2,700 g/mole), 0.2 parts by weight of 2-ethyl-4-methylimi 
dazole solution (10% in methylethylketone), and 2.0 parts by 
weight of Stabaxol.R. 1 were mixed together, and then the 
mixture was dissolved in 60 parts by weight of methyl ethyl 
ketone, followed by mixing using a shaker for 60 minutes. 
The epoxy formulation was poured into a mold and solvent 
was evaporated at 130° C. for 30 minutes, and then cured at 
200° C. for 60 minutes and 120 minutes. The glass transition 
temperature (Tg) of the cured epoxy resin was measured by 
using a differential scanning calorimeter (DSC) using TA 
Instrument Q20. 

Example 9 
0104 64 parts by weight of cresol novolac epoxy resin 
(Epon 164, manufactured by Momentive, Epoxide Equiva 
lent Weight of 200-240 g/eq.), 36 parts by weight of hydroxyl 
terminated alkyl phosphonate oligomer (Nofia OL3001, 
manufactured by FRX Polymers, molecular weight (Mn) of 
2,700 g/mole), 0.2 parts by weight of 2-ethyl-4-methylimi 
dazole solution (10% in methylethylketone), and 2.0 parts by 
weight of Stabaxol.R P were mixed together, and then the 
mixture was dissolved in 60 parts by weight of methyl ethyl 
ketone, followed by mixing using a shaker for 60 minutes. 
The epoxy formulation was poured into a mold and solvent 
was evaporated at 130° C. for 30 minutes, and then cured at 
200° C. for 60 minutes and 120 minutes. The glass transition 
temperature (Tg) of the cured epoxy resin was measured by 
using a differential scanning calorimeter (DSC) using TA 
Instrument Q20. 

Example 10 
0105 64 parts by weight of cresol novolac epoxy resin 
(Epon 164, manufactured by Momentive, Epoxide Equiva 
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lent Weight of 200-240 g/eq.), 36 parts by weight of hydroxyl 
terminated alkyl phosphonate oligomer (Nofia OL3001, 
manufactured by FRX Polymers, molecular weight (Mn) of 
2,700 g/mole), 0.2 parts by weight of 2-ethyl-4-methylimi 
dazole solution (10% in methyl ethylketone), and 1.0 parts by 
weight of Stabaxol.R. 1 and 1.0 parts by weight of tris(2,4- 
ditert-butylphenyl) phosphite were mixed together, and then 
the mixture was dissolved in 60 parts by weight of methyl 
ethyl ketone, followed by mixing using a shaker for 60 min 
utes. The epoxy formulation was poured into a mold and 
solvent was evaporated at 130° C. for 30 minutes, and then 
cured at 200° C. for 60 minutes and 120 minutes. The glass 
transition temperature (Tg) of the cured epoxy resin was 
measured by using a differential scanning calorimeter (DSC) 
using TA Instrument Q20. 

Example 11 

0106 64 parts by weight of cresol novolac epoxy resin 
(Epon 164, manufactured by Momentive, Epoxide Equiva 
lent Weight of 200-240 g/eq.), 36 parts by weight of hydroxyl 
terminated alkyl phosphonate oligomer (Nofia OL3001, 
manufactured by FRX Polymers, molecular weight (Mn) of 
2,700 g/mole), 0.2 parts by weight of 2-ethyl-4-methylimi 
dazole solution (10% in methyl ethylketone), and 1.0 parts by 
weight of Stabaxol.R P and 1.0 parts by weight of tris(2,4- 
ditert-butylphenyl) phosphite were mixed together, and then 
the mixture was dissolved in 60 parts by weight of methyl 
ethyl ketone, followed by mixing using a shaker for 60 min 
utes. The epoxy formulation was poured into a mold and 
solvent was evaporated at 130° C. for 30 minutes, and then 
cured at 200° C. for 60 minutes and 120 minutes. The glass 
transition temperature (Tg) of the cured epoxy resin was 
measured by using a differential scanning calorimeter (DSC) 
using TA Instrument Q20. 

Example 12 

0107 64 parts by weight of cresol novolac epoxy resin 
(Epon 164, manufactured by Momentive, Epoxide Equiva 
lent Weight of 200-240 g/eq.), 36 parts by weight of hydroxyl 
terminated alkyl phosphonate oligomer (Nofia OL3001, 
manufactured by FRX Polymers, molecular weight (Mn) of 
2,700 g/mole), 0.2 parts by weight of 2-ethyl-4-methylimi 
dazole solution (10% in methyl ethylketone), and 2.0 parts by 
weight of tris(2,4-ditert-butylphenyl) phosphite were mixed 
together, and then the mixture was dissolved in 60 parts by 
weight of methyl ethyl ketone, followed by mixing using a 
shaker for 60 minutes. The epoxy formulation was poured 
into a mold and solvent was evaporated at 130° C. for 30 
minutes, and then cured at 200° C. for 60 minutes and 120 
minutes. The glass transition temperature (Tg) of the cured 
epoxy resin was measured by using a differential scanning 
calorimeter (DSC) using TA Instrument Q20. 

Comparison Examples 

0108. The components of and DSC analysis for each of 
Comparative Examples 1 through Example 7 is provided in 
Table 2: 
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TABLE 2 

Comp. Comp. 
Ex. 1 Ex. 2 Ex. 1 Ex. 2 Ex. 3 Ex. 4 Ex. 5 Ex. 6 Ex. 7 

Epon 164 (phr) 64 64 64 64 64 64 64 64 64 
Nofia OL1001 (phr) 36 36 36 36 36 36 36 36 36 
2-ethyl-4-methylimidazole (phr) O.2 O.2 O.2 O.2 O.2 O2 O.2 O.2 O.2 
Dicyandiamide (phr) 4.0 
Stabaxol (R) 1 (phr) 1.O 1.0 2.0 2.0 — 1.O 
pentaerythritol tetrakis3-(3',5'- 1.O O.S 
di-tert-butyl-4'- 
hydroxyphenyl)propionate 
(phr) 
bis (2.4-di-t-butylphenyl) O.S O.25 - 
pentaerythritol diphosphite (phr) 
tris(2,4-ditert-butylphenyl) 1.5 
phosphite (phr) 
MEK (phr) 60 60 60 60 60 60 60 60 60 
Cured temperature (C.) 190 190 190 200 190 20O 200 200 200 

Results 

DSC Tg at 60 min. (C.) 101 99 131 134 143 143 133 145 151 
DSC Tg at 120 min. (C.) 110 123 135 163. 146 16S 143 16S 172 
DSC Tg at 180 min. (C.) 129 123 168 175 

0109 The components of and DSC analysis for Compara 
tive Examples 3 through Example 12 is provided in Table 3: 

TABLE 3 

Comp. 
Ex. 3 Ex. 8 Ex9 Ex. 10 Ex. 11 Ex. 12 

Epon 164 (phr) 64 64 64 64 64 64 
Nofia OL3001 (phr) 36 36 36 36 36 36 
2-ethyl-4-methylimidazole (phr) O.2 O.2 O.2 O.2 O.2 O.2 
Stabaxol (R) 1 (phr) 2.0 — 1.O 
Stabaxol (R) P (phr) 2.0 1.O 
tris(2,4-ditert-butylphenyl) phosphite 1.O 1.O 2.0 
(phr) 
MEK (phr) 60 60 60 60 60 60 
Cured temperature (C.) 

DSC Tg at 60 min. (C.) 
DSC Tg at 120 min. (C.) 

200 2OO 200 200 2OO 200 
Results 

111 138 116 139 139 150 
130 138 145 151 148 158 
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3. The composition of claim 1, wherein the one or more 
oligomeric phosphonates are selected from the group consist 

1. A composition comprising: 
an epoxy resin; 
one or more oligomeric phosphonates; and 
one or more carbodiimides. 

2. The composition of claim 1, wherein the epoxy resin is 
selected from the group consisting of novolac-type epoxy 
resin, cresol-novolac epoxy resin, triphenolalkane-type 
epoxy resin, aralkyl-type epoxy resin, aralkyl-type epoxy 
resin having a biphenyl skeleton, biphenyl-type epoxy resin, 
dicyclopentadiene-type epoxy resin, heterocyclic-type epoxy 
resin, epoxy resin containing a naphthalene ring, a bisphe 
nol-A type epoxy compound, a bisphenol-F type epoxy com 
pound, Stilbene-type epoxy resin, trimethylol-propane type 
epoxy resin, terpene-modified epoxy resin, linear aliphatic 
epoxy resin obtained by oxidizing olefin bonds with peracetic 
acid or a similar peracid, alicyclic epoxy resin, Sulfur-con 
taining epoxy resin, phenolic novolac type epoxy containing 
benzoxazines such as bisphenol-A based benzoxazines, 
bisphenol-F based benzoxazines, dicyclopentadiene based 
benzoxazines, phenolpthalein based benzoxazines, polyphe 
nol-A type benzoxazines and combinations thereof. 

ing of linear oligomeric phosphonates, branched oligomeric 
phosphonates, and hyperbranched oligomeric phosphonates. 

4. The composition of claim 1, wherein the one or more 
oligomeric phosphonates comprise about 60% to about 100% 
reactive end groups based on a total number of termini. 

5. The composition of claim 1, wherein the one or more 
oligomeric phosphonates are a random or block co-oligo 
(phosphonate ester) or a random or block co-oligo(phospho 
nate carbonate). 

6. The composition of claim 1, wherein the one or more 
oligomeric phosphonates comprise reactive end groups 
selected from the group consisting of hydroxyl, carboxylic 
acid, epoxy, glycidyl ether, vinyl, vinyl ester, isopropenyl, 
isocyanate, and combinations thereof. 

7. The composition of claim 1, wherein the one or more 
oligomeric phosphonates have reactive end groups that are 
hydroxyl. 

8. The composition of claim 1, wherein the one or more 
oligomeric phosphonates comprise a compound of formula 
(I): 
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to-x-o- o-x-o- OH 
R R pi 

wherein R is a C to Co alkyl or, optionally Substituted, 
aryl group, X is an aromatic, cycloalkyl, or aliphatic 
group, and n is an integer of from 1 to about 10 

9. The composition of claim 1, wherein the one or more 
oligomeric phosphonates have a weight average molecular 
weight as determined by gel permeation chromatography 
based on polystyrene standards of about 500 g/mole to about 
18,000 g/mole. 

10. The composition of claim 1, wherein the one or more 
oligomeric phosphonates have a phosphorous content of 
about 2% to about 12% by weight. 

11. The composition of claim 1, comprising about 5 wt.% 
to about 60 wt.% of the one or more oligomeric phospho 
nates. 

12. The composition of claim 1, wherein the one or more 
carbodiimides are selected from the group consisting N,N'- 
dicyclohexylcarbodiimide, N-cyclohexyl-N'-(2-morpholino 
ethyl)carbodiimide metho-p-toluenesulfonate, bis(trimethyl 
silyl)carbodiimide, N-(3-dimethylaminopropyl)-N'- 
ethylcarbodiimide, N-(3-dimethylaminopropyl)-N'- 
ethylcarbodiimide hydrochloride, 1,3-di-p- 
tolylcarbodiimide, N,N'-bis(2-methylphenyl)carbodiimide, 
N-(tert-butyl)-N'-1-(2-chlorophenyl)-1-methylethylcarbo 
diimide, N-(tert-butyl)-N'-(2,6-dichlorophenyl)carbodiim 
ide, N-butyl-N'-1-(2-chlorophenyl)-1-methylethylcarbodi 
imide, N,N'-diisopropylcarbodiimide, 
dicyclohexylcarbodiimide, N-benzyl-N'-cyclohexylcarbodi 
imide, and combinations thereof. 

13. The composition of claim 1, comprising about 0.01 wt. 
% to about 4.0 wt.% of the one or more carbodiimides. 

14. The composition of claim 1, further comprising one or 
more antioxidants. 

15. The composition of claim 13, wherein the antioxidant is 
a hindered phenolic antioxidant or a phosphite antioxidant. 

16. The composition of claim 1, further comprising one or 
more additional components selected from the group consist 
ing of chopped or continuous glass fiber, metal fibers, aramid 
fibers, carbon fibers, or ceramic fibers, Surfactants, organic 
binders, polymeric binders, crosslinking agents, diluents, 
coupling agents, flame retardant agents, anti-dripping agents, 
fluorinated polyolefins, silicones, lubricants, mould release 
agents, pentaerythritol tetrastearate, nucleating agents, anti 
static agents, conductive blacks, carbon nanotubes, graphite, 
graphene, oxidized graphene, organic antistatics, polyalky 
lene ethers, alkylsulfonates, perfluor sulfonic acid, perflu 
orbutane, Sulfonic acid potassium salt, polyamide-containing 
polymers, catalysts, colorants, inks, dyes, antioxidants, sta 
bilizers, and combinations thereof. 

17. The composition of claim 16, comprising about 0.001 
wt.% to about 1 wt.% of each individual additional compo 
nent. 

18. A method for making an epoxy formulation compris 
1ng: 

combining an epoxy resin, reactive phosphonate oligomer, 
carbodiimide, and 

a catalyst in a solvent to form a mixture; and 
heating the mixture. 
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19. The method of claim 18, wherein heating is carried out 
to a temperature of about 20° C. to about 250° C. 

20. The method of claim 18, wherein heating is carried out 
for 60 minutes to 300 minutes. 

21. The method of claim 18, wherein heating is carried out 
at a pressure of about 3x103 Pa to about 1x10' Pa. 

22. The method of claim 18, wherein the catalyst is selected 
from the group consisting of transition metal catalysts, ter 
tiary amines, imidazole containing compounds, and combi 
nations thereof. 

23. The method of claim 18, wherein the solvent is selected 
from the group consisting of perfluorohexane, a.a.a-trifluo 
rotoluene, pentane, hexane, cyclohexane, methylcyclohex 
ane, decalin c+t, dioxane, carbon tetrachloride, freon-11, 
benzene, toluene, triethyl amine, carbon disulfide, diisopro 
pyl ether, diethyl ether (ether), t-butyl methyl ether (MTBE). 
chloroform, ethyl acetate, 1,2-dimethoxyethane (glyme), 
2-methoxyethyl ether (diglyme), tetrahydrofuran (THF), 
methylene chloride, pyridine (Py), methyl ethyl ketone 
(MEK), acetone, hexamethylphosphoramide, N-methylpyr 
rolidinone, nitromethane, dimethylformamide, acetonitrile, 
Sulfolane, dimethyl sulfoxide, and propylene carbonate. 

24. An article of manufacture comprising an epoxy resin, 
one or more reactive oligomeric phosphonates, and one or 
more carbodiimides. 

25. The article of manufacture of claim 24, wherein the 
article is a prepreg or laminate. 

26. The article of manufacture of claim 24, wherein the 
article is selected from the group consisting of televisions, 
computers, laptop computers, tablet computers, printers, cell 
phones, video games, DVD players, stereos, big data servers, 
and consumer electronics. 

27. A composition comprising: 
an epoxy resin; 
one or more oligomeric phosphonates; and 
one or more hindered phenolic antioxidant, a phosphite 

antioxidant, or 
combinations thereof. 

28. The composition of claim 27, wherein the one or more 
oligomeric phosphonates have a relative viscosity (mrel) as be 
determined by dissolving the sample in dichloromethane at 
25°C. at a concentration of 0.5g polymer/liter and measuring 
the solution with a viscometer of about 1.01 to about 1.10. 

29. The composition of claim 27, wherein the one or more 
oligomeric phosphonates comprise reactive end groups 
selected from the group consisting of hydroxyl, carboxylic 
acid, epoxy, glycidyl ether, vinyl, vinyl ester, isopropenyl, 
isocyanate, and combinations thereof. 

30. The composition of claim 27, wherein the one or more 
oligomeric phosphonates comprise a compound of formula 
(I): 

O O 

to-x-o- o-x-o- OH 
R R pi 

wherein R is a C to Co alkyl or, optionally Substituted, 
aryl group, X is an aromatic, cycloalkyl, or aliphatic 
group, and n is an integer of from 1 to about 10 
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31. The composition of claim 27, comprising about 5 wt.% 
to about 60 wt.% of the one or more oligomeric phospho 
nates. 

32. The composition of claim 27, wherein the one or more 
hindered phenolic antioxidant, a phosphite antioxidant, or 
combinations thereof is selected from the group consisting of 
sterically hindered phenolic antioxidants, hydrolytically 
stable organophosphites, organophosphite antioxidants, 
sterically hindered lactone antioxidants, octadecyl-3-(3,5-di 
tert-butyl-4-hydroxyphenyl)propionate, N,N'-hexane-1,6- 
diylbis(3-(3,5-di-tert-butyl-4-hydroxyphenylpropiona 
mide)), 3.3',3',5.5',5'-hexa-tert-butyl-a,a'a'-(mesitylene-2,4, 
6-triyl)tri-p-cresol. 4,6-bis (octylthiomethyl)-o-cresol, bis(2. 
4-ditert-butylphenyl)pentaerytritol diphosphite, tris(2,4- 
ditert-butylphenyl)phosphite, and combinations thereof. 

33. The composition of claim 27, wherein the one or more 
hindered phenolic antioxidant, a phosphite antioxidant, or 
combinations thereof comprises about 0.01 wt.% to about 1.0 
wt.% of the composition. 

k k k k k 


