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(57) Abstract: Compositions of flame retardants and methods of enhancing char formation in a flame retardant-treated substrate. A
base material is combined with a flame retardant to form the flame retardant-treated substrate. The flame retardant contains a sulfur
copolymer prepared by the polymerization of sulfur monomers with organic monomers. The flame retardant can be deposited on a
surface of the base material, coated on the base material, or mixed into the base material. When the flame resistant substrate is on
fire, the flame retardant forms a charring layer on the flame retardant-treated substrate. The charring layer can extinguish and prevent
the fire from spreading.
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METHODS OF UTILIZING ELEMENTAL SULFUR FOR FLAME RETARDANT
POLYMERS AND ADDITIVES

CROSS REFERENCE
(6001} This application claims priority 1o U.S. Provisional Patent Application No.
62/186,618, filed June 30, 2015, the specification{s) of which is/are incorporated herein

in their entirety by reference.

FIELD OF THE INVENTION
[8002] The present invention relales o flame retardants, in particular, a high sulfur

content polymer having flame refardant properiies.

BACKGROUND OF THE INVENTION

[6003] Synthetic polymers are often highly flammable and often do not meet fire safely
standards on their own. Polymers, such as polyurethane foams used in furniture
cushions and polymers used in slectrical applications or for personal protective
equipment (PPE), such as those used by firefighters, must be treated to be flame
retardant. For example, the Occupational Safely and Health Administration (OSHA) can
cite employers for code violations if employees who are exposed {o electric arcs or
flame are found to wear any clothing that is not flame resistant or flame-retardant-
treated, if said clothing can ignite under the electric arc and flame exposure conditions
found at the workplace. Moreover, OSHA prohibits the use of clothing constructed from
acetate, nylon, polyester, rayon, or blends thereof unless the fabric is demonstrated {o
have been treated o withstand the conditions that may be encountered, that is, made
flame resistant or flame-retardant-irealed. Flame resistant protective garments are
designed to be used in a variely of indusirial applications in order 1o reduce or prevent

the severity or fatality of burns caused by fire hazards.

[6004] In order to meet fire safety standards, synthetic polymers that are often highly
flammable must be treated with foxic compounds o be flame retardani. For instance,
fire safety guidelines require the use of flame retardant chemicals for treating
polyurethane foams, which is highly flammable, and when burned, melis at higher
temperatures and further spreads the fire. According to the US National Fire Protection

Association, furniture and bedding were the first objects to calch fire in an average of
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17,300 fires annually, which have resulted in 871 civilian deaths and damage to property
worth millions of dollars. According o a report published by the US National Fire
FProtection Association, soft foam-based home furniture and upholstered furniture were
the items that iniliated the ignition in about 20% of home fire-related deaths that
occurred from 2006 to 2010.

[8005] These flame retardant chemicals are {oxic and harmiful o human health and the
environment. Most of the current flame-retardant materials are based on halogenated
compounds and many of them have been already banned due {o concerns over their
potential toxicity. Toxic chemicals, such as polyurethane foam and some brominated
compounds have been shown {o act as endocrine disrupters or lead to neurological
problems. Hence, reguiatory agencies, such as those in the Eurcpean Union, Canada,

and the United States, have begun to scrutinize the use of these chemicals.

(8006} For these reasons, there is a strong need for flame retardant material {o protect
foam-based furniture, as well as other highly flammable polymers, from calching fire.
Recent advancements have occurred in the past few vyears in the flame retardant
polymers industry and as safely standards become more stringent, the importance of

finding non-toxic flame retardant polymers continues to grow.

[6007] Standards for testing flammability can deiermine the effectiveness of a flame
retardant. As with any testing, the tests for flammability of a specimen are designed for
the laboratory and quality control. Examples of such testing include Limiting Oxygen
index (LOI) and Underwriters Laboratory (ULS84). The LOI test is a measure of the
percentage of oxygen that has to be present to support combustion of the plastic. Since
air contains approximately 21% oxygen, higher LOl values greater than 21 are desirable

for indicating lower flammability.

[0008] The UL testing is a method of classifying a material’'s tendency to either
extinguish or spread a flame once it has been ignited. This has been incorporated
into many National and International Standards (1SO 9772 and 9773). For example,
the UL vertical burning test (ULS4-V) requires a specimen to be lested in a vertical
orientation with the ignition placed at the lower end of the specimen. A ULS4-V rating of

V-1 is acceptable if the tests results in the following: duration of flaming for each flaming
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application is less than 30 seconds, the total duration of flaming for 5 samples (10 flame
applications) is less than 250 seconds, and there is no dripping of flaming material. A
UL84-V rating of V-0 is superior if the tests results in the following: duration of flaming
for each flaming application is less than 10 seconds, the total duration of flaming for &
samples (10 flame applications) is less than 50 seconds, and there is no dripping of

flaming material.

(6009} US5811470 teaches a composition which comprises a styrenic polymer and as a
flarme retardant therefor, a combination of the following ingredients: at least one organic
phosphorus additive that (i) is halogen-free, and (i) is composed solely of carbon,
hydrogen, and phosphorus, and optionally one or more of the elements nitrogen,

oxygen, and sulfur; and elemental sulfur.

(60107 US3542701 discloses the manufacture of polystyrene foams of decreased
inflammability which comprises incorporating from 5 o 35% by weight of elemental

sulfur in a polystyrene bead precursor mix and expanding the mix to form a foam.

(8011} US20120264837 reports a halogen-free, flameprool expandable slyrene
polymers (EPS) and styrene polymer exiruded foams (XPS) may be produced by
admixing a blowing agent, one or more phosphorus compound(s) and elemental sulfur
andfor a sulfur-containing compound or sulfur compound into the polymer melt and

subsequent exirusion to give foam sheets, foam strands, or expandable granules

(60121 Any feature or combination of fealures described herein are included within the
scope of the present invention provided that the fealures included in any such
combination are not mutually inconsistent as will be apparent from the context, this
specification, and the knowledge of one of ordinary skili in the arl.  Additional
advantages and aspects of the present invention are apparent in the following detailed

description and claims.

SUMMARY OF THE INVENTION
60131 The subject disclosure features a flame relardant composition comprising a sulfur
copolymer. The sulfur copolymer is prepared using inverse vulcanization, thereby

resulling in a sulfur copolymer having a high sulfur content. This present invention can
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be used to treat polymers, such as polyurethane, commonly used in applications that

require fire refardant properties or in personal protective equipment.

60141 One of the unigue and inventive technical features of the present invention is that
the flame retardant composition comprising a sulfur copolymer having a high sulfur
content was surprisingly found o have higher char vields than other synthetic polymers.
Without wishing to limit the invention {0 any theory or mechanism, it is believed that the
technical feature of the present invention advantageously provides for a more effective
flarme retardant that is non-halogenated. None of the presently known prior arts or work
has the unigue inventive technical feature of the present invention. Further, the present
invention allows for the direct use of low cost elemental suifur to form inexpensive high
sulfur content copolymers that can promote a higher carbon char confent than other
prior arts. The sulfur copolymers described herein are readily solution, or meit

processed into thin films, coalings, or blends for use as a flame retardant.

(8015} According to one embodiment, the present invention features a fire retardant
composition comprising a sulfur copolymer. The sulfur copolymer may comprise suifur
monomers prepared from elemental sulfur, wherein the sulfur monomers are at least
about 40 wi% of the suifur copolymer; and organic comonomers at about 10 wi% 1o 50
wit% of the sulfur copolymer, wherein the organic comonomers are polymerized with the
sulfur monomers. In some embodiments, the fire retardant composition may be used as
a fire retardant infumescent coating. When a subsirate is combined with fire retardant
composition is on fire, the fire retardant composition forms a charring layer on a surface
of the subslrate, thereby exlinguishing the fire. The charring layer may comprise at least
20 wi% char. Preferably, the fire retardant composition provides for test specimens that
are combined with the fire retardant composition to exhibit an LOI of at least 25 and a
UL84-V rating of V-1 or V-0.

[8016] Another embodiment featuring a method of enhancing char formation in a
substrate is described herein. The method may comprise combining a base material
with a fire retardant composition o form the subsirate. The fire retardant composition
may comprise a sulfur copolymer comprising at least about 40 wit% of the sulfur
copolymer; and organic comonomers at about 10 wi% to 50 wi% of the sulfur

copolymer, wherein the organic comonomers are polymerized with the sulfur monomers.,

s
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The fire retardant composition may be deposited on a surface of the base material,
coated on the base material, or mixed info the base material. Preferably, when the
substrate is on fire, the fire refardant composition forms a charring layer on the

substrate, thereby extinguishing and preventing the fire from spreading.

[8017] In some embodiments, the organic comonomers used in herein may be selected
from a group consisting of amine monomers, thiol monomers, sulfide monomers,
alkynylly unsaturaied monomers, epoxide monomers, nitrone monomers, aldehyde
monomers, ketone monomers, thilrane monomers, and ethylenically unsalurated

monomers.

BRIEF DESCRIPTION OF THE DRAWINGS

[6018] The fealures and advantages of the present invention will become apparent from
a consideration of the following detailed description presented in connection with the
accompanying drawings in which:

(8019} FIG. 1 shows examples of charred samples of the present invention for a
combustor temperature of 800 °C.

[6020] FIG. 2 shows an exemplary chart of temperature vs. heat release rate (HRR) for
sampies of the present invention at a combusior temperature of 800 °C.

(80621} FIG. 3 shows an exemplary chart of temperature vs. heat release rate (HRR) for

sampies of the present invention at a combusior temperature of 800 °C.

DESCRIPTION OF PREFERRED EMBODIMENTS

(8022} As used herein, the term “char” is defined as a carbonaceous residue resulting
from the conversion of an organic matter, usually through pyrolysis. Char formation
resulis from the action of substances which are able to reticulale a burning substrate

and to create a charring insulating layer.

86231 As used herein, the term “intumescence”’ is defined as a mechanism that creates
a foamed charring structure which forms a barrier to prevent flame and oxygen from
reaching a substrate. Typically, an intumescent substance will swell as a resull of heat
exposure, thus increasing in volume and decreasing in densily. When heated, an

intumescent can produce charring.
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60241 As used herein, the term “amine monomer” is a monomer having at least one
amine functional group. The amine monomer may be polymerizable through its amine
functional group. In one embodiment, aromatic amines and mulli-functional amines may
be used. Amine monomers include, but are not limited to, m-phenylenediamine, and p-
phenylenediamine. The various types of phenylenediamines are inexpensive reagents
due to their wide-spread use in the preparation of many conventional polymers, e.g.,
polyurethanes, polyamides. In the reaction of 1,3-phenvienediamine with Sg a surprising
substitution of the aromalic ring with sulfur groups in the copolymerization.
Furthermore, the resulting sulfur copolymer carried reaclive amine moieties that were
further reacled with comonomers, such as, isocyanates, acid chiorides, epoxides,
carboxylic acids, esters, amides, alkyl halides, or acrylates to either modify the sulfur
copolymer, or make new copolymeric malerials, such as, polyamides, polyurethanes,

polyamides, and polyethers.

[8025] As used herein, the term “thicl monomer” is a monomer having at least one thiol
functional group. The thiol monomer may be polymerizable through its thiol functional
group. Thiol monomers include, but are not limited to, 4,4'-thiohisbenzenethiol and the
fike. The term “sulfide monomers” are those that have at least one sulfide functional

group. The sulfide monomers may be polymerizable through its sulfide functional group.

[8026] As used herein, an alkynylly unsaturated monomer is a monomer having at least
atkynylly unsaturated functional group. The alkynylly unsaturated monomer may be
polymerizable through its alkynyl unsaturation (i.e., its triple bond). The term "alkynyily
unsaturated monomer” does not include compounds in which the alkynyl unsaturation is
part of a long chain alkyl moiety {(e.g., unsaturated fatly acids, or carboxylic salits, or
esters such as oleates, and unsaturated plant oils). In one embodiment, aromatic
alkynes, both internal and terminal alkynes, mulli-functional alkynes may be used.
Examples of alkynylly unsaturated monomers include, bul are not limited o,
ethynylbenzene, 1-phenyipropyne, 1,2-diphenylethyne, 14-diethynylbenzene, 1.4-
bis{phenylethynylibenzene, and 1,4-diphenylbuta-1,3-diyne.

(8027} As used herein, the lerm “nitrone monomer” is a monomer having at least one
nitrone functional group. The nitrone monomer may be polymerizable through its nifrone

functional group. In one embodiment, nitrones, dinitrones, and mulli-nitrones may be

(o)}
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used. Examples include, but are not limited to, N-benzylidene-2-methylpropan-2Z-amine

oxide.

[6028] As used herein, the term “aldehyde monomer” is a monomer having al least one
aldehyde functional group. The aldehyde monomer may be polymerizable through ils
aldehyde funclional group. In one embodiment, aldehydes, dialdehydes, and mulli-

aldehydes may be used.

(8029} As used herein, the lterm “ketone monomer” is a monomer having at least one
ketone functional group. The ketone monomer may be polymerizable through its kelone
functional group. is a monomer that is polymerizable through ifs ketone groups. In one

embodiment, ketones, dikilones, and multi- ketones may be used.

60301 As used herein, the term “epoxide monomer” is a monomer having at least one
epoxide functional group. The epoxide monomer may be polymerizable through ils
epoxide functional group. Non-limiting examples of such monomers include, generally,
mono-  or  polyoxiranvibenzenes, mono- or  polyglycidylbenzenes, mono- or
polyglycidyloxybenzenes, mono- or polyoxiranyl{helercjaromatic compounds, mono-or
polyglycidyl(heterojaromatic compounds, mono- o polyglycidyloxy(heterojaromatic
compounds, dighycidyl bisphenol A ethers, mono- or polyglycidyl{cyclojalky! ethers,
mono- or polyepoxy(cyclojalkane compounds and oxirane-terminated oligomers. In one
preferred embodiment, the epoxide monomers may be benzyl glycidyl ether and  tris(4-
hydroxyphenylimethane ftriglycidyl ether. In certain embodiments, the epoxide
monomers may include a (helerc)aromatic moiety such as, for example, a phenyl, a
pyridine, a triazine, a pyrene, a naphthalene, or a polycyclic (heterojaromatic ring
system, bearing one or more epoxide groups. For example, in certain embodiments, the
one or more epoxide monomers are selected from epoxy(heterclaromatic compounds,
such as styrene oxide and stilbene oxide and (heterojaromatic glycidyl compounds,
such as glycidyl phenyl ethers (e.g., resorcinol dighycidy! ether, glycidyl 2-methyiphenyl
ether), glycidylbenzenes (e.g., (2,3-epoxypropylibenzene) and glycidyl heteroaromatic
compounds (e.g., N-(2,3-epoxypropyliphthalimide). In certain desirable embodimenis,
an epoxide monomer will have a boiling point greater than 180 °C, greater than 200 °C,
or even greater than 230 °C at the pressure at which polymerization is performed (e.g.,

at standard pressure, or at other pressures).

~1
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60311 As used herein, the term “thiirane monomer” is a monomer having at least one
thiirane functional group. The thiirane monomer may be polymerizable through iis
thiirane functional group. Non-limiting examples of thiirane monomers include, generally,
mono- or polythiiranylbenzenes, mono- or polvthiiranylmethylbenzenes, mono- or
polythiiranyl{heterojaromatic compounds, mono- or polythiiranylmethvi{heterojaromatic
compounds, dithiiranylmethy! bisphenol A ethers, mono- or polydithiiranyl (cyclo)alky!
ethers, mono- or polyepisulfide(cyclojalkane compounds, and thiirane-terminated
oligomers. In some embodiments, thirane monomers may include a (heterojaromatic
moiety such as, for example, a phenyl, a pyridine, a triazine, a pyrene, a naphthalene, or
a poly cydlic (hetero)aromatic ring system, bearing one or more thiirane groups. In
certain desirable embodiments, a thiirane monomer will have a boiling point greater than
180 °C, greater than 200 °C, or even greater than 230 °C at the pressure at which

polymerization is performed (e.g., at standard pressure).

[8032] As used herein, an ethylenically unsaturated monomer is a monomer having at
ileast one ethylenically unsaturated functional group. The ethylenically unsaturated
monomer may be polymerizable through its ethylenic unsaturation (i.e., its double bond).
The term ‘ethylenically unsaturated monomer” does not include cyclopentadieny
species such as cyclopentadiene and dicyclopentadiene.  The {erm “ethylenically
unsaturated monomer” does not include compounds in which the ethylenic unsaturation
is part of a long chain alkyl moiety (e.g. unsaturated falty acids such as oleates, and

unsaturated plant oils).

[8033] In certain embodiments, the one or more ethylenically unsaturated monomers are
selected from the group consisting of vinyl monomers, {(methjacryl monomers,
unsaturated hydrocarbon monomers, and ethylenically-terminated oligomers. Examples
of such monomers include, generally, mono- or polyvinylbenzenes, mono- or
polyisopropenylbenzenes, mono- or polyvinyl(hetero)aromatic compounds, mono- or
polyisopropenyi(hetero)aromatic compounds, alkylene di{meth)acrylates, bisphenol A
dilmeth)acrylates, benzyl  (meth)acrylates, phenyl{meth)acrylates, heteroaryl
{meth)acrylates, terpenes (e.g., squalene) and carotene. As molien sulfur is non-polar
in character, in ceriain desirable embodiments the one or more ethylenically unsaturated
monomers are non-polar.  For example, in certain embodimenis, the one or more

ethylenically unsaturated monomers include a (heterojaromatic moiety such as, for
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example, phenyl, pyrdine, Iiriazine, pyrene, naphthalens, or a polycyclic
{heterojaromatic ring system, bearing one or more vinylic, acrylic or methacrylic
substituents. Examples of such monomers include benzyl {methjacrylates, phenyl
{methjacrylates, divinyibenzenes (e.g., 1,3-divinvibenzene, 1,4-divinylbenzene),
isopropenyibenzene, slyrenics (e.g., styrene, 4-methylstyrene, 4-chiorostyrene, 2,6-
dichlorostyrene,  4-vinvibenzyl  chloride),  dilsopropenylbenzenes (e.g., 1.3-
diisopropenylbenzene), vinyipyridines (e.g., 2-vinyipyridine, 4-vinylpyridine), 2,4,6-
tris{{(4-vinylbenzybithic)-1,3,5-triazine and divinyipyridines {e.g., 2,5-divinylpyridine}. In
certain embodiments, the one or more ethylenically unsaturated monomers (e.g.,
including an aromatic moiely) bears an amino {(i.e., primary or secondary) group, a
phosphine group or a thiol group. One example of such a monomer is
vinyldiphenylphosphine.  While not intending o be bound by theory, the inventors
surrnise that the amino or thiol group will undergo a ring-cpening nucleophilic attack on
an Sg ring, thus incorporating a short sulfide chain that promotes solubility in molien
sulfur. OF course, a person of skill in the art will identify other ethylenically unsaturated
monomers that can be used in forming the copolymers described herein. In certain
desirable embodiments, an ethylenically unsaturated monomer will have a boiling point
greater than 180 "C, greater than 200 °C, or even greater than 230 °C at the pressure at

which polymerization is performed (e.q., at standard pressure).

(8034} As used herein, an “elemental carbon malerial” is a material that is primarily
formed as an allotrope of carbon, with a minor amount of chemical modification. For
example, graphene, graphene oxide, graphite, carbon nanotubes, fullerenes, carbon
black, carbon flakes and carbon fibers are examples of slemental carbon materials.
Such materials can be made, for example, by first dispersing the elemental carbon
material in molten sulfur, then copolymerizing the molien sulfur with one or more
monomers (e.g., one or more polyfunctional monomers). As a general guideline for the
person of skill in the art to use in formulating such materials, up to about 15 wi%
elemental carbon malerial can be dispersed in sulfur at temperatures high enough that
the suifur is molten, but low enough that significant ring opening and polysulfide
polymerization does not cccur (e.g., at temperatures in the range of about 120 °C o
about 160 °C). Higher loadings of elemental carbon materials in sulfur can be achieved

by pre-dissolution of the sulfur and dispersion of the elemental carbon material into a
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suilable solvent {e.g., carbon disulfide) followed by removal of the solvent under
reduced pressure to yield a blended composile powder which can be melted and
allowed to with the one or more monomers. To induce curing of the dispersed carbon,
or other nanoinclusions with the sulfur matrix, direct heating of the dispersion above T =

160 °C, typically below 200 °C affords a polymerized nanocomposite.

{8035} As used herein, the {erms “those defined above” and “those defined herein” when
referring to a variable incorporates by reference the broad definition of the variable as

well as any narrow and/or preferred definitions, if any.

[8036] Referring now to FIGs. 1-3, the present invention features a coating compaosition
for a fire retardant intumescent coating. The composition may comprise a sulfur
copolymer comprising sulfur monomers prepared from elemental sulfur, wherein the
sulfur monomers are at least about 40 wi% of the sulfur copolymer; and organic
comonomers at about 10 wi% to 50 wi% of the sulfur copolymer. The organic
comonomers are polymerized with the sulfur monomers to form the sulfur copolymer. In
preferred embodiments, the coating composition provides for test specimens that are
coated with the intumescent coaling to exhibit an LOI of at least 25 and a UL84-V rating
of V-1 or V-0. When a substrate coated with said infumescent coaling is on fire, the
intumescent coaling forms a charring layer on a surface of the substrate. The charring
fayer is effective for extinguishing and preventing the spread of the fire by preventing

oxygen from fueling the fire.

(8837} According to ancther embaodiment, the present invention fealures a fire retardant
composition comprising a sulfur copolymer. The sulfur copolymer may comprise suifur
monomers prepared from elemental sulfur, wherein the sulfur monomers are at least
about 40 wi% of the sulfur copolymer; and organic comonomers at about 10 wit% {o 50
wi% of the sulfur copolymer wherein the organic comonomers are polymerized with the
sulfur monomers. Preferably, the fire retardant composition provides for test specimens
that are combined with the fire retardant compaosition o exhibit an LOI of at least 25 and
a UL94-V rating of V-1 or V-0. When a substraie combined with the fire retardant
composition is on fire, the fire retardant composition forms a charring layer on a surface

of the substrale, effective for extinguishing and preventing spread of the fire.
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[6038] In some embodiments, the organic comonomers may be selected from a group
consisting of amine comonomers, thiol comonomers, sulfide comonomers, alkynylly
unsaturated comonomers, epoxide comonomers, nifrone comonomers, aldehyde
comonomers, ketone comonomers, thiirane comonomers, and ethylenically unsaturated

Comonomers.

(8039} In other embodiments, the subsirate is a fabric, a polymeric article, or a foam. For
example, the substrale may be clothing, plastic-coated wire, an electronic devics, or
furniture such as matiresses. The subsirate may be constructed from materials such as
polyurethane, polysiyrene, polyethviene, nylon, polyester, rayon, acelales, or

combinations thereof.

60401 In some embodiments, the compositions described herein may further comprise
binders, fillers, or combinations thereof. Suitable binders include organic binders,
inorganic binders and mixtures of these two types of binders. For example, the organic
binders may be provided as a solid, a liquid, a solution, a dispersion, a latex, or similar
form. The organic binder may comprise a thermoplastic or thermoset binder, which after
cure is a flexible material. According to cerain embodiments, the filler material may
include clay materials, such as bentonite or kaolinite, and fiber materials, such as

ceramic fibers and polycrystalline fibers.

8041} In vel ancther embodiment, the present invention features a method of enhancing
char formation in a substrate. The method may comprise combining a base material with
a fire retardant composition {o form the substrate. Preferably, the substrate exhibiis an
LOI of at least 25 and a ULS4-V rating of V-1 or V-0. In some embodiments, the fire
retardant composition comprises a sulfur copolymer comprising sulfur monomers
prepared from elemental sulfur, wherein the sulfur monomers are at least about 40 wit%
of the sulfur copolymer; and organic comonomers at about 10 wit% o 50 wt% of the
sulfur copolymer wherein the organic comonomers are polymerized with the sulfur
monomers. In preferred embodiments, when the substrate is on fire, the fire retardant
composition is effective in forming a charring layer on the substrate. The charring layer
can extinguish and prevent the fire from spreading. In some embodiments, the charring
layer may comprise at least 20 wt% char. For example, the charring layer may comprise

at least 25 wit% char.
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(80421 In some embodiments, the step of combining the base malerial with the fire
retardant composition comprises coaling the base material with an infumescent coating
comprising the fire refardant composition. In other embodiments, the step of combining
the base material with the fire retardant composition comprises depositing the fire
retardant composition on the surface of the base material. In still other embodiments,
the siep of combining the base material with the fire relardant composition may
comprise mixing monomers of the base material with monomers of the fire refardant
composition to form a comonomer mixture, polymerizing the comonomer mixture fo form
a flame resistant polymer, and molding the flame resistant polymer {o a shape of the

substraie.

80431 Another embodiment of the present invention may feature a method of forming a
flame retardant-freated polymeric arficle. The method may comprise providing a
polymeric base substrate, providing a flame retardant material comprising a sulfur
copolymer, and depositing the flame retardant material on at least a portion of an outer
surface of the polymeric base substrate {o form the flame refardant-treated polymeric
article. Preferably, the flame retardani-treated polymeric arlicle provides for test
specimens that exhibit an LOI of at least 25 and a UL94-V rating of V-1 or V-0. The
sulfur copolymer may be any of the sulfur copolymers described herein. Preferably,
when the flame retardant-treated polymeric article is on fire, the flame retardani material
forms a charring tayer on the flame relardant-treated polymeric arlicle to extinguish the

fire. The charring layer may comprise at least 20 wi% char.

[8044] Alternale embodimentis of the present invention may feature a method of forming
a flame resistant polymeric composite. The method may comprise providing a flame
retardant filler comprising a sulfur copolymer, providing a polymeric base material, and
mixing the flame retardant filler with the polymeric base malerial to form the flame
resistant polymeric compaosite. The flame retardant filler can enhance char formation. In
some embodimenis, the composite may comprise between about 1.0 to 20.0 wi% of the
flame retardant filler. For example, the composiie may comprise about 10 wt% of the
flame retardant filler. In some embodiments, the sulfur copolymer may be any of the

sulfur copolymers described herein.
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80451 As shown in FIG. 1, sulfur copolymers of sulfur monomers and organic
comonomers, namely diisopropenylbezene (DIB), were prepared in varying ratios. For
example, DIB20 refers to 80 wi% sulfur and 20 wit% DIB. Samples of the sulfur
copolymers were burned at a combustor temperature of Tc = 800°C. Residues thereof
are the blackened areas shown in FIG. 1. This experiment demonstrates that suifur
copolymers having higher sulfur content are more effective fire retardants. The residue
of DIBZ2C shows a significantly smaller charring laver than DIB30 or DIB50, which
indicates that the charring layer of DIB20 extinguished and prevented the fire from

spreading further.

60461 The peak heat release rate (HRR) is a numerical indicator of the intensily of a
fire; hence, it is desirable that the peak heat release rale of a flame refarded system be
iower than that of the non-flame retarded system. Effeclive flame retardants are capable
of lowering the heatl released in a fire. FIG. 2 and TABLE 1 below shows exemplary
char and energy data for pyrolysis of the sulfur copolymer samples at a combustor
temperature of Tc = 800°C. FIG. 3 and TABLE 2 below shows exemplary char and
energy data for pyrolysis of the sulfur copolymer samples ai a combustor temperature of
Tc = 800°C. DIB20 had a significantly smaller heat release rate (HRR) and heat release
capacity (HRC) than DIB30 or DIBS0, which again indicates that sulfur copolymers with

higher sulfur content are effective flame retardants.

(6047} TABLE 1 shows exemplary char and energy data for pyrolysis of the copolymer

material.

T combustior 300°C _ T pyrolyzer from 70°C to 800°C_ 02=20% N2=30%

Sample ID | Weight (mg) | Residue (%) | THR (kd/g) | HRC (J/gK) | Peak max {*C)

DiB20 4.549 13.0% 11.6 126 285
DiB30 4.375 18.4% 12.3 163 283
DIBS0 4.649 25.4% 15.5 231 291

[6048] TABLE 2 shows exemplary char and energy data for pyrolysis of the copolymer

material.

T combustor 808°C _ T pyrolyzer from 70°C to 900°C _ 02=20% N2=80%

Sample ID | Weight (mg) | Residue (%) | THR {kd/g}  HRC (JigK} | Peak max {°C})
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DIB20 4733 13.4% 11.4 124 285
DiB30 4.868 19.2% 12.2 160 283
DIB50 4.835 25.5% 15.4 226 293

8049} Additional aspects of the polymers are described below. In some embodimenis,
the sulfur copolymer is produced by providing elemental sulfur, heating the elemental
sulfur into molten sulfur, and adding organic comonomers to the molien sulfur, thereby

forming the sulfur copolymer.

60501 For example, a midure including sulfur and the organic monomers is heated
together al a temperature sufficient to initiale polymerization (i.e., through free radical
polymerization, through anionic polymerization, or through both, depending on the
monomers used). For example, in one embodiment, the mixture including sulfur and the
organic monomers is heated together at a temperature in the range of aboul 120 °C to
about 230 °C, e.g., in the range of about 120 °C to 140 °C or about 160 *C to 230 °C.
The person of skill in the art will select conditions that provide the desired level of
polymerization. In one embodiment, the mixiure comprising sulfur and organic
monomers is formed by first heating a mixture comprising sulfur to form a molten sulfur,
then adding the organic monomers o the molten sulfur. In certain embodiments, the
polymerization reaction is performed under ambient pressure. However, in other
embodiments, the polymerization reaction can be performed al elevated pressure (e.g.,
in a bomb or an autoclave). Elevated pressures can be used to polymerize more
volatile monomers, so that they do not vaporize under the elevated {emperature reaction

conditions.

160511 The sulfur can be provided as elemental sulfur, for example, in powdered form.
Under ambient conditions, elemental sulfur primarily exists in an eight-membered ring
form (Ss) which melts af temperatures in the range of 120-124 °C and undergoes an
equilibrium ring-opening polymerization (ROP) of the Sg monomer inio a linear

polysuifane with diradical chain ends.

(8052} As the person of skill in the art will appreciate, while 53 is generally the most
stable, most accessible and cheapest feedstock, many other allotropes of sulfur can be

used (such as other cyclic aliotropes, derivable by meli-thermal processing of Sg). Any
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sulfur species that vyield diradical or anionic polymerizing species when healed as

described herein can be used in practicing the present invention.

60531 Because both anionic and radical polymerization can occur in the polymerization
reaction mixiures, any desirable combination of amine monomers, thiol monomers,
sulfide monomers, alkynyily unsaturated monomers, nitrone and/or nitroso monomers,
aldehyde monomers, ketone monomers, thirane monomers, ethylenically unsaturated

monomers, and/or epoxide monomers can be used in the copolymers.

[8054] In other embodiments, the sulfur copolymer may further comprise one or more
polyfunctional comonomers selected from a group consisting of polyvinyl comonomers,
polyisopropenyl comonomers, polyacryl comonomers, polymethacryl comonomers,
polyunsaturated hydrocarbon comonomers, polyepoxide comonomers, polythiirane
comonomers, polyalkynyl comonomers, polydiene comonomers, polybutadiene
comonomers, polyisoprene comonomers, polynorbornene comonomers, polyaniine
comonomers, polythiol  comonomers, polysulfide comonomers,  polyalkynylly
unsaturated comonomers, polynitrone comonomers, polyaldehyde comonomers,
polyketone comonomers, and polyethylenically unsaturated comonomers. The
polyfunctional comonomers may be present in an amount ranging from about 0.5 wi% fo
1 wi%, or about 1 wi% toc 5 wit%, or about 5 wi% to 15 wit%, or about 15 wit% {o 285 wit%,

or about 25 wit% {o 35 wi%, or about 35 wit% o 45 wi%, or about 45 wi% to 50 wit%.

[8055] In some embodiments, the sulfur copelymer as described herein may comprise
sulfur monomers atl a level of at least about 5 wi% of the sulfur copolymer. The sulfur
copolymer may comprise sulfur monomers al a level of at least about 10 wi%, or at least
about 20 wi%, or at least about 30 wi%, or at least about 40 wt%, or at least about 50
wt%, or at least about 60 wt¥%, or at Ieast about 70 wit%, or at least about 80 wi%, or at
least about 90 wt% of the sulfur copolymer. For example, the sulfur monomers may be
about 50 wi%, or aboui 80 wi%, or about 70 wt%, or about 80 wit%, or about 80 wi%, or
about 95 wi% of the sulfur copolymer. in other embodiments, the sulfur copolymer as
described herein may comprise sulfur monomers at a level in the range of about 5 o
about 10 wit% of the sulfur copolymer. The sulfur copolymer may comprise sulfur
monomers at a level in the range of about 10 o 20 wi%, or in the range of about 20 to

30 wi%, or in the range of about 30 to 40 wi%, or in the range of about 40 o 50 wi%, or

(83}



WO 2017/004186 PCT/US2016/040067

in the range of about 50 io 60 wi%, or in the range of about 60 to 70 wi%, or in the
range of about 70 o 80 wi%, or in the range of about 80 to 90 wi%, or in the range of

about 90 to 95 wi% of the sulfur copolymer.

[8056] In some embodiments, the sulfur copolymer as described herein may comprise
organic comonomers at a level of at least 0.1 wi% of the sulfur copolymer. The sulfur
copolymer may comprise organic comonomers at a level of at least about 0.5 wi%, or at
least about 1 wi%, or al Ieast about 5 wi%, or at least about 10 wi%, or at least about
20 wi%, or at least about 30 wi%, or at least about 40 wi%, or at least about 50 wit%, or
at least about 60 wit% of the sulfur copolymer. For example, the organic comonomers
may be about 5 wt%, or about 10 wt%, or about 20 wt%, or about 30 wi%, or about 40
wit%, or aboul 50 wi% of the sulfur copolymer. In other embodiments, the sulfur
copolymer as described herein may comprise organic comonomers at a level in the
range of about 0.1 wi% to 0.5 wi% of the sulfur copolymer. The sulfur copolymer may
comprise organic comonomers at a level in the range of about 0.5 wi% to 1 wi%, or
about 1 wt% to 5 wit%, or about 5 wi% to 15 wi%, or about 15 wi% to 25 wi%, or about
25 wi% 1o 35 wi%, or about 35 wit% 1o 45 wi%, or about 45 wi% to 55 wi%, or about 55

wi% to 65 wt% of the sulfur copolymer.

60571 In some embodiments, the sulfur copolymer may further comprise up {o about 50
wit% elemental carbon material dispersed in the sulfur copolymer. For example, the
sulfur copolymer may comprise the elemental carbon material at a level in the range of
about 10 {o 20 wi%, or in the range of about 20 to 30 wi%, or in the range of about 30 to

40 wit%, or in the range of about 40 to 50 wt% of the sulfur copolymer.

[8058] In certain embodiments, it can be desirable o use a nucleophilic viscosity
maodifier in liquefying the elemental sulfur when preparing the sulfur monomers, for
example, before adding the comonomers. The nucleophilic viscosity maodifier can be,
for exampie, a phosphorus nucleophile (e.g., a phosphine), a sulfur nucleophile (e.g., a
thiol) or an amine nucleophile {e.g., a primary or secondary aming). When elemental
sulfur is heated in the absence of a nucleophilic viscosity modifier, the elemental sulfur
rings can open to form sulfur radicals that can combine fo form linear polysulfide chains,
which can provide a relatively high overall viscosity to the molten material. Nucleophilic

viscosity modifiers can break these linear chains into shorter lengths, thereby making
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shorter polysulfides that lower the overall viscosity of the molten material, making the
sulfur monomers easier 1o mix with other species, and easier o stir for efficient
processing. Some of the nucleophilic viscosity modifier will react to be retained as a
covalently bound part of the copolymer, and some will react {o form separate molecular
species, with the relative amounts depending on nucleophile identity and reaction
conditions. While some of the nucleophilic viscosity modifier may end up as a separate
molecular species from the polymer chain, as used herein, nucleophilic viscosity
modifiers may become part of the copolymer. Non-limiting examples of nucleophilic
viscosity modifiers include iriphenviphosphine, aniline, benzenethiol, and N,N-
dimethylaminopyridine. Nucleophilic viscosity modifiers can be used, for example, in an
amount up o about 5 wit%, or even up to about 10 wit% of the sulfur copolymer. When a
nucieophilic viscosity modifier is used, in certain embodiments it can be used in the

range of about 1 wi% to about 10 wi% of the sulfur copolymer

[6059] As used herein, the term “about” refers o plus or minus 10% of the referenced

number.

[6660] Various modifications of the invention, in addition to those described hersin, will
be apparent to those skilled in the art from the foregoing description. Such modifications
are also intended fo fall within the scope of the appended claims. Each reference cited

in the present application is incorporated herein by reference in its entirety.

8661} Although there has been shown and described the preferred embodiment of the
present invention, it will be readily apparent o those skilled in the art that modifications
may be made thereto which do not exceed the scope of the appended claims.
Therefore, the scope of the invention is only to be limited by the following claims. In
some embodiments, the figures presentad in this patent application are drawn {o scale,
including the angles, ratios of dimensions, etc. In some embodiments, the figures are
representative only and the claims are not limited by the dimensions of the figures. In
some embodiments, descriptions of the inventions described herein using the phrase
‘comprising” includes embodiments that could be described as “consisting of’, and as
such the written description requirement for claiming one or more embodiments of the

present invention using the phrase “consisting of” is met.

[
-~
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WHAT IS CLAIMED I8!

1. A fire retardant composition comprising a sulfur copolymer, the sulfur copolymer
comprising:
a. sulfur monomers prepared from elemental sulfur, wherein the sulfur
monomers are at least about 40 wi% of the sulfur copolymer; and
b. organic comonomers at about 10 wi% to 50 wi% of the sulfur copolymer
wherein the organic comonomers are polymerized with the sulfur
Monomers,;
wherein when a substrate combined with the fire retardant composition is on fire,
the fire refardant composilion forms a charring laver on a surface of the
subsirate, the charring layer effective for exlinguishing the fire, wherein the
charring layer comprises at least 20 wi% char, and wherein the fire retardant
composition provides for test specimens that are combined with the fire retardant
composition to exhibit a limiting oxygen index (LOI) of at least 25 and a ULS%4-V
rating of V-1 or V-0.

2. A fire retardant compaosition comprising a sulfur copolymer, the sulfur copolymer
comprising:
c. sulfur monomers prepared from elemental sulfur, wherein the sulfur
monomers are at least about 40 wi% of the sulfur copolymer; and
d. organic comonomers at about 10 wt% to 50 wit% of the sulfur copolymer
wherein the organic comonomers are polymerized with the sulfur
Monomers,;
wherein when a subsirate combined with the fire retardant compaosition is on fire,
the fire refardant composition forms a charring laver on a surface of the
substirate, the charring layer effective for exdinguishing the fire, wherein the

charring layer comprises at least 20 wi% char.

3. The fire retardant composition of claim 1 or 2, wherein the organic comonomers
are selected from a group consisting of amine comonomers, thiol comonomers,
sulfide comonomers, alkynylly unsaturated comonomers, epoxide comonomers,
nitrone comonomers, aldehyde comonomers, kelone comonomers, thirane

comonomers, and ethylenically unsaturated comonomers.
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4. The fire relardant composition according to any of claims 1-3, wherein the
subsirate is constructed from polyurethane, polystyrene, polyethviene, nylon,

polyester, rayon, acetates, or combinations thereof.

5. The method according {o any of claims 1-4, wherein the sulfur copolymer further
comprises one or more polyfunctional comonomers selected from a group
consisting of polyvinyl comonomers, polyisopropenyl comonomers, polyacryl
comonomers, polymethacryl  comonomers, polyunsaturated  hydrocarbon
comonomers, polyepoxide comonomers, polythiirane comonomers, polyalkynyl
comonomaers, polydiene comonomers, polybutadiene comonomers, polyisoprene
comonomers, polynorbornens comonomers, polyamine comonomers, polythiol
comonomers, polysulfide comonomers, polyalkynylly unsaturated comonomers,
polynitrone comonomers, polyaldehyde comonomers, polykelone comonomers,

and polyethylenically unsaturated comonomers.

6. The method according to any of claims 1-5, wherein the sulfur copolymer further

comprises about 10 wi % nucleophilic viscosity modifier.

7. The method according to any of claims 1-6, wherein the sulfur copolymer further
comprises up to about 50 wi% elemental carbon material dispersed in the sulfur

copolymer.

8. A coating composition for a fire retardant intumescent coating, said composition
comprising a sulfur copolymer, the sulfur copolymer comprising:
a. suifur monomers prepared from elemental sulfur, wherein the sulfur
monomers are at least about 40 wit% of the sulfur copolymer; and
b. organic comonomers at about 10 wi% to 50 wi% of the sulfur copolymer,
wherein the organic comonomers are polymerized with the sulfur
MoNomers;
wherein when a substrate coated with said intumescent coaling is on fire, the
intumescent coating forms a charmring layer on a surface of the substrate, the
charring layer is effeclive for extinguishing the fire, wherein the charring layer
comprises at least 20 wi% char, and wherein the coating compaosition provides

for test specimens thal are coated with the intumescent coating to exhibit a
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limiting oxygen index (LOW) of at least 25 and a UL94-V rating of V-1 or V-0.

9. A coating composition for a fire retardant intumescent coating, said compaosition

10.

11.

12.

comprising a sulfur copolymer, the sulfur copolymer comprising:
a. sulfur monomers prepared from elemental sulfur, wherein the sulfur
monomers are at least about 40 wi% of the sulfur copolymer; and
b. organic comonomers at about 10 wi% 1o 50 wi% of the sulfur copolymer,
wherein the organic comonomers are polymerized with the sulfur
Monomers,;
wherein when a substrate coated with said intumescent coating is on fire, the
intumescent coating forms a charring laver on a surface of the substrate, the
charring layer is effeclive for extinguishing the fire, wherein the charring layer

comprises at least 20 wi% char.

The coating composition of claim 8 or 9, wherein the organic comonomers are
selected from a group consisting of amine comonomers, thiol comonomers,
sulfide comonomers, alkynylly unsaturaled comonomers, epoxide comonomers,
nitrone comonomers, aldehyde comonomers, ketone comonomers, thirane

comonomers, and ethylenically unsaturated comonomers.

The coating composition according to any of claims 8-10, wherein the substirate
is constructed from polyurethane, polystyrene, polyethylene, nylon, polyester,

rayon, acetates, or combinations thereof,

A method of enhancing char formation in a substrate, said method comprising
combining a base material with a fire refardant compaosition {o form the substrate,
wherein the substrate exhibits a limiting oxygen index (LO1) of at least 25 and a
UL94-V rating of V-1 or V-0, wherein the fire retardant composition comprises a
sulfur copolymer comprising:
a. sulfur monomers prepared from elemental sulfur, wherein the sulfur
monomers are at least about 40 wi% of the sulfur copolymer; and
b. organic comonomers at about 10 wi% to 50 wi% of the sulfur copolymer
wherein the organic comonomers are polymerized with the sulfur

MOoNoMmers;

20
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wherein when the substrate is on fire, the fire retardant composition forms a
charring layer on a surface of the subsirate to extinguish the fire, wherein the

charring layer comprises at least 20 wi% char.

13. The method of claim 12, wherein combining the base material with the fire
retardant composition comprises coating the base material with an intumescent

coating comprising the fire retardant composition.

14. The method of claim 12, wherein combining the base malerial with the fire
retardant composition comprises depositing the fire retardant composition on the

surface of the base material.

15. The method of claim 12, wherein combining the base malerial with the fire
retardant compaosition comprises:
a. mixing monomers of the base material with monomers of the fire retardant
composition o form a comonomer mixiure; and
b. polymerizing the comonomer mixture to form a flame resistant polymer;
and

c. molding the flame resistant polymer to a shape of the substrate.

16. A method of forming a flame refardant-treated polymeric arlicle comprising:
a. providing a polymeric base substrate;
b. providing a flame retardant material comprising a sulfur copolymer,
wherein the sulfur copolymer comprises:
i.  sulfur monomers prepared from elemental sulfur, wherein the sulfur
monomers are at ieast about 40 wi% of the sulfur copolymer; and
. organic comonomers at about 10 wit% to 50 wi% of the sulfur
copolymer wherein the organic comonomers are polymerized with
the suilfur monomers; and
c. depositing the flame retardant material on at least a portion of an outer
surface of the polymeric base substrate to form the flame retardant-treated
polymeric arlicle;
wherein the flame retardani-treated polymeric arlicle provides for test specimens
that exhibit a limiting oxygen index (LO1) of at least 25 and a UL84-V rating of V-1
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17.

18.

19.

20.

21.

or V-0, wherein when the flame retardant-treated polymeric arlicle is on fire, the
flame retardant material forms a charring layer on the flame retardant-treated
polymeric article to exiinguish the fire, wherein the charring layer comprises at

least 20 wi% char.

The method according to any of claims 12-16, wherein the organic comonomers
are selected from a group consisting of amine comonomers, thiol comonomers,
sulfide comonomers, alkynylly unsaturaled comonomers, epoxide comonomers,
nitrone comonomers, aldehyde comonomers, kelone comonomers, thirane

comonomers, and ethylenically unsaturated comonomers.

The method according to any of caims 12-17, wherein the substrate is
consfructed from polyurethane, polystyrene, polyethylene, nylon, polyester,

rayon, acelates, or combinations thereof.

The method according to any of claims 12-18, wherein the sulfur copolymer
further comprises one or more polyfunctional comonomers selected from a group
consisting of polyvinyl comonomers, polyisopropenyl comonomers, polyacryl
comonomers, polymethacryl  comonomers, polyunsaturated  hydrocarbon
comonomers, polyepoxide comonomers, polythiirane comonomers, polyalkynyl
comonomaers, polydiene comonomers, polybutadiene comonomers, polyisoprene
comonomers, polynorbornens comonomers, polyamineg comonomers, polythiol
comonomers, polysulfide comonomers, polyalkynylly unsaturated comonomers,
polynitrone comonomers, polyaldehyde comonomers, polyketone comonomers,

and polyethylenically unsaturated comonomers.

The method according o any of claims 12-19, wherein the sulfur copolymer

further comprises about 10 wi % nucleophilic viscosity modifier.

The method according o any of claims 12-20, wherein the sulfur copolymer
further comprises up 1o about 50 wi% elemential carbon material dispersed in the

sulfur copolymer.

22
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4. D No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.
[:] The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

D No protest accompanied the payment of additional search fees.
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