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(57) Abstract: Sulfur composites and polymeric materials having a high sulfur content and prepared from elemental sulfur as the
primary chemical feedstock. The sulfur copolymers are prepared by the polymerization of elemental sulfur with one or more
monomers of amines, thiols, sulfides, alkynylly unsaturated monomers, nitrones, aldehydes, ketones, thiiranes, ethyienicaily unsatur -
ated monomers, or epoxides. The sulfur copolymers may be further dispersed with metal or ceramic composites or copoiymerized
with elemental carbon, photoactive organic chromophores, or reactive and solubilising/biocompatible moieties. The sultur compos-
ites and polymeric materials feature the ability self-healing through thermal reformation. Applications utilizing the sulfur composites
and polymeric materials may include electrochemical cells, optics, H,S donors and antimicrobial materials.
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SULFUR COMPOSITES AND POLYMERIC MATERIALS FROM ELEMENTAL
SULFUR

GOVERNMENT SUPPORT
{60811 This invention was made with government support under Grant No.

CHE1305773 awarded by NSF. The government has certain rights in the invention.

CROSS REFERENCE

{8062} This application claims priority to U.S. Provisional Palent Application No.
62/039,588, filed August 20, 2014, US. Provisional Patent Application No.
62/039,561, filed August 20, 2014, U.S. Provisional Patent Application No.
B62/017,750, filed June 26, 2014, and U.S. Provisional Patent Application No.
81/940,102, filed February 14, 2014, the specification(s) of which is/are incarporated

hergin in their entirety by reference.

FIELD OF THE INVENTION

{8063} The present invention relates o sulfur composites and polymeric materials
having a high sulfur content, in particular, sulfur copolymers that are polymerized
with epoxides or dispersed with metal or ceramic compaosites; slectrochemical cells
utilizing the sulfur composites and polymeric mailerials; pholoactive  sulfur
copolymers; sulfur polymer nanoparticles as hydrogen sulfide (HZ28) donors; and

methods of repairing sulfur polymeric materials by self-healing.

BACKGROUND OF THE INVENTION

{0004} An incredible abundance of elemental sulfur, nearly 7-million tons is
generated as a waslte byproduct from hydrodesuifurization of crude petroleum
feedstocks, which converts aikanethiols and other (organo) sulfur compounds into Sg
as described in Chung and which is hereby incorporated herein by reference in its
entirety,  Before the invention of the inverse vulcanization process, there were only
a limited number of synthelic methods available to ulilize and modify elemental
sulfur. Current industrial utilization of elemental sulfur is centered around sulfuric
acid, agrochemicals, and vuicanization of rubber. For example, slemenial sulfur is
used primarily for sulfuric acid and ammonium phosphate fertilizers, where the rest

of the excess sulfur is stored as megaton-sized, above ground sulfur towers.
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[8685] While sulfur feedstocks are plentiful, sulfur is difficul! to process. In ils original
form, elemental sulfur consists of a cyclic molecule having the chemical formulation
Sy Elemental sulfur is a britlle, intractable, crystalline solid having poor solid state
mechanical properties, poor solution processing characleristics, and there is a
fimited slate of synthetic methodologies developed for it. Hence, there is a need for
the production of new malerials that offers significant environmental and public

health benefils to mitigate the storage of excess sulfur in powder, or brick form.

[80666] Elemental suifur has been explored for use in lithium-sulfur electrochemical
cells.  Sulfur can oxidize lithium when configured appropriately in an electrochemical
cell, and is known to be a very high energy-density cathode material. The poor
glectrical and electrochemical properties of pure elemental sulfur, such as low cycle
stability and poor conductivity} have limited the development of this technology. For
example, one key limitation of lithium-sulfur technology is the ability to retain high
charge capacity for extended numbers of charge-discharge cycles ("cycle lifelimes”).
Cells based on present lithium ion technology has low capacity {180 mAh/g) but can
be cycled for 500-1000 cycles. Lithium-sulfur cells based on elemental sulfur have
very high initial charge capacity (in excess of 1200 maAh/g, but their capacily drops to
below 400 mAh/g within the first 100-500 cycles. Hence, the creation of novel
copolymer malerials from elemental sulfur feedsiocks would be tremendously
heneficial in improving suslainahility and energy praclices. In particular, improved
battery technclogy and materials thal can exiend cycle lifetimes while relaining
reasonable charge capacity will significantly impact the energy and transporiation

seciors and further mitigate US dependence on fossil fuels.
[8667] There have been several recent altempts io form suifur into nanomaterials for

use as cathodes in lithium-sulfur electrochemical cells, such as impregnation into
mesoporous carbon malerials, encapsulation with graphenes, encapsulation into
carbon spheres, and encapsulation into conjugated polymer spheres. While these
examples demonstrate that the encapsulation of elemental sulfur with a conductive
colloidal shell in a core/sheli colloid can enhance electrochemical stabilily, these

synthetic methods are challenging to implement o larger scale production required
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for industrial application. Hence, a new Tamily of inexpensive, functional materials

obtained by practical methods is desirable.

10608 Polymeric materials and struciures commonly experience physical damage or
structure failure due io factors affecting their physical properties, such as
environmental exposure or mechanical or thermal stress. According o Colaguhoun,
which is hereby incorporated herein by reference in its entirety, there is a growing
interest in developing new polymers that have the ability to repair themselves in
order to enhance and prolong the life of these polymers. However, these new
polymers require external energy or agenis for repair. Hence, there is a desire o
develop polymeric malerials capable of self-healing that also require litlle to no

gxiernal intervention.

[0809] Elemental sulfur is inherently insulating and poorly pholoactive. One key
challenge is o understand the synthelic chemistry necessary for maodification of
sulfur to prepare photoactive materials, especially malerials that act as photo-
semiconductors. However, by ulilizing the inverse vulcanizalion process {o enable
the synthesis of modified sulfur polymers, the waste sulfur can be transformed from

an insulator into a photoelectrochemically active material.

18618} Aside from using sulfur to form nanomaterials for use in a varisty of
applications, such as cathodes in lithium-sulfur electrochemical cells, optics and
weapon production, another particular field of interest is the use of sulfur polymer
nanoparticles as hydrogen sulfide (H23) donors. According to Hasegawa, which is
hersby incorporated herein by reference in iis entirety, H:S has been recognized as
a third gaseous transmilter produced endogencusly from cysieine and other
enzymes for signaling purposes. Nitric oxide (NO) and carbon monoxide (CO) are
also examples of signaling gases. Although considered a toxic compound, HpS gas
has beneficial effects on human organs and biological processes at low
concenirations. Examples of these benefits include cardioprotection, inflammation
regulation, cell protection during ischemia reperfusion and neurc-inflammation, and
vasodilation, as described in Foster and which is hereby incorporated herein by
reference in ils entirely. Furthermore, unlike NO and CO, H,8 gas does not emit

reactive oxygen species that could affect certain cell functions. Limited studies have
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been performed on HxS as a signaling gas and identifying potential HyS donors.
Previous studies ulilized saits such as NaHS/NayS, which have demonstrated
unconirolied release profiles {(Hasegawa). Hence, there is a need o develop H,8

donors capable of slowly and continuously releasing Hxd gas.

{88111 Any feature or combination of features described herein are included within
the scope of the present invention provided that the features 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 skill in the art.  Additional
advantages and aspects of the present invention are apparent in the following

detailed descriplion and claims.

SUMMARY OF THE INVENTION

188121 The present invention features a sulfur polymer compaosition comprising sulfur
monomers polymerized with one or more amine monomers, thiol monomers, sulfide
monomers,  alkynvily unsaturgted monomers, nifrone  monomers, aldehyde
monomers, ketone monomers, thirane monomers, and sthylenically unsaturated
monomers. The sulfur polymer composition may be further polymerized with one or
more epoxide monomers, wherein the epoxide monomers may be varying epoxide
compounds, resulting in novel thermosetling and thermoplastic polymers. The
present invention alsc features a novel composite material produced from elemental
sulfur and a metal or ceramic compaosite. Ligquid sulfur is utilized to prepare the sulfur
composite materials that are based on metal carbides, metal sulfides and other
chalcogenides, along with metal nitrides {o form enhanced electroactive cathode
materials. This sulfur composite material may be further copolymerized with the
sulfur polymer composition or with the modified sulfur polymer composition
polymerized with the epoxide monomers(s). The present invention further features
an improved electrochemical cell uliizing any of the above sulfur containing

materials as a cathods for the elecirochemical ceil

[6813] These novel sulfur containing polymeric compositions and composite
materials have the ability (o self-heal. Without wishing to limit the present invention
to any particular theory or mechanism, it is believed that the self-healing property of

these materials are due to their reversible 5-8 bonds, which aliows for broken §-8

;
%
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bonds to be reconnected by methods such as heat processing. A subsirate

constructed from these materials may be reworkable or repairable.

[8614] The present invention also fealures the use of sulfur 10 make a new class of
photoactive sulfur polymers. The polymers can be used as a new solar fus! in which
photochemical processes generate useful chemicals for cdlean energy and

commaodity chemicals.

{0815] The present invention fealures hydrogen sulfide donating sulfur containing
polymers and methods of preparing said polymers. The present invention also
features methods of treating biclogical conditions and inhibiting microbial growth
using HzS gas. In some embodiments, the present invention utilizes sulfur containing
polymers prepared via a variely of synthelic processes, such as inverse
vulcanization and other existing synthelic chemical methods {o prepare molecules,
polymers, nanomaterials, and nanccomposites that can deliver H:S under biological

conditions.

BRIEF DESCRIPTION OF THE DRAWINGS

{0816] FIG. 1 shows a reaction schematic of a sulfur ring (Ss) opening and
polymerizing.

[8617] FIG. 2 shows lab samples of an elemental sulfur powder, a molten liguid
sulfur, and a polymerized sulfur.

[B818] FIG. 3 shows a reaction schematic of a sulfur copolymer and a lab sample of
a sulfur copolymer.

{0819] FIG. 4 shows non-limiting exemplary applications ulilizing the sulfur
copolymer.

[86268] FIG. 5 shows a reaction schematic of a sulfur copolymer and epoxide
polymerization.

180211 FIG. 6 shows a non-limiting sample of a sulfur copolymer and epoxide
thermoset.

{08221 FIG. 7 shows non-limiting examples of 3-8 chains and bond dissociation
energies {(BDE) of the 5-5 chains.

{0823] FIG. 8 shows a seif-healing sulfur copolymer sample.

10624] FIG. 9 shows a non-limiting example of Young's Modulus for a pristine and a

2
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seif-healed sulfur copolymers having 20 wi% diisopropenylbenzene (DIB).

[8625] FIG. 10 shows a non-imiting example of a slress-strain curve for suifur
copolymers.

{88261 FIG. 11 shows non-limiting examples of sulfur/metal composite materials.
[0027] FIG. 12 shows a schematic view of charge and discharge cycles of an
elgctrochemical cell.

{0828] FIG. 13 shows data from a cycling experiment {C/10) comparing sulfur
copolymers and elemental sulfur as cathodes for slectrochemical calls.

10629] FIG. 14 shows data from a coycling experiment (C/5) comparing sulfur
copolymers and sulfur composite materials as cathodes for electrochemical cells.
[6838] FIG. 15 shows data from a long-term cycling experiment for various C-rates of
Li-& baiteries utilizing sulfur copolymers.

{0031} FIG. 16a-16d shows various copeolymers made from S and 13-
phenylenediamine

18632} FIG. 17 shows a reaction scheme and final copolymer product.

10633] FIG. 18 shows pholochemical processes to generate chemicals for energy
and commaodity chemicals.

[B834] FIG. 19a-19c shows various copolymers from the reactions of 3,4,9,10-
Perylene-tetracarboxylic dianhydride and Sg with other componenis.

[0035] FIG. 20a-20e shows various copolymers from the reactions of N,N'-dibutyl
pervienscarboxydiimide and Sg with other components.

[803s] FIG. 21a-21b shows Raman data for copolymers.

10837] FIG. 22a- 22b shows thermograms from DSC data of copolymers.

18038] FIG. 23a-23b shows thermograms from DSC data of copolymers.

[0839] FIG. 24 shows shear viscosity data for copolymers with increasing DIB.

[80648] FIG. 25 shows a sulfur and DIB parcent conversion.

{08041} FIG. 26 provides NMR spectra of two sulfurfthiirane copolymers and that of a
copolymer not containing sulfur.

18842] FIG. 27 shows various products prepared from a sulfur prepolymer solution.
[8643] FIG. 28 is a picture of a set of spin-coated films.

[0844] FIG. 29 is a cross-sectional micrograph of a poly(S-r-DIB} copolymer layer
(2.6 um in thickness) formed on a polyimide layer {270 nm) on a glass substrale.
[0845] FIG. 30 shows a represeniation of H,S synthesis and signaling inside a
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biological cell (Hasegawa).

[8846] FIG. 31 shows a non-limiting example of a H,S donor polymer nanoparticle.
180471 FIG. 32a8-32b show a laboratory reaction set up. FIG. 32b also shows a lead
sulfide {FPb3) product.

[0048] FIG. 33 shows typical materials for infrared thermal imaging lens.

[0049] FIG. 34 shows a non-iimiting example of infrared lens constructed from a
sulfur copolymer of the present invention

{80568} FIG. 35 shows a graph of transparency for 80%-wt S5 and DIB.

180651} FIG. 36a shows a graph of transparency for a sulfur copolymer and PMMA,
180521 FIG. 36b shows a graph of refractive indexes for varicus polymers and sulfur
copolymers.

[0833] FIG. 37 shows mid-IR imaging with a sulfur copolymer lens.

[0054] FIG. 38 shows comparisons of pristine, damaged, and seif-healed sulfur

copolymer lenses for visible and mid-IR imaging.

DESCRIPTION OF PREFERRED EMBODIMENTS

[80655] As used herein, the ferm “amine monomer” is a monomer that is
polymerizable through iis amine groups. In one embodiment, aromatic amines and
muiti-functional amines may be used. Amine monomers include, but are not limited
to, m-phenyvienediamine, and p-phenvienediamine. The varicus types of
phenylenediamines are inexpensive reagenis due io their wide-spread use in the
preparation of many conventional polymers, e.g., polyurethanes, polyamides. In the
reaction of 1,3-phenyvienediamine with Sg a surprising substitution of the aromatic
ring with sulfur groups in the copolymerization. Furthermore, the resulling sulfur
copolymer carried reaclive amine moigties that were further reacted with
comonomers, such as, isocyanales, acid chiorides, epoxides, carboxylic acids,
asters, amides, alkyl halides, or acrylates to either modify the sulfur copolymer, or
make new copolymeric materials, such as, polvamides, polyurethanes, polyamides,

and polyethers.

{08056} As used herein, the term “thiol monomer” is a monomer that is polymerizabie
through its thiol groups. Thiol monomers include, but are not limited to, 4.4'-
thicbisbenzenethiol and the like. The term “sulfide monomers” are those thal are

polymerizable through its sulfide groups.
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10657] As used herein, an alkynvily unsaturated monomer is a monomer that is
polymerizable through its alkynyl unsaturation (i.e., s triple bond). The ferm
“alkynylly unsaturated monomer” does not include compounds in which the alkynyl
unsaturation is part of a long chain alkyl moiety {e.g., unsaturated fatty acids, or
carboxvlic salls, or esters such as oleates, and unsaturated plant ¢ils}). In one
embodiment, aromatic alkynes, both internal and lerminal alkynes, mulii-functional
alkynes may be used. Examples of alkynylly unsaturated monomers include, but are
not  limited {0, sthynyibenzens, 1-phenvipropyne, 1,Z-diphenyiethyne, 1,4
diethynvibenzene, 1,.4-bis{phenylethynyhibenzene, and 1,4-diphenylbuta-1,3-diyne.

[0058] As used hersin, the term “nitrone monomer” is a monomer thatl is
polymerizable through iis nitrone groups. In one embodiment, nitrones, dinitrones,
and multi-nitrones may be used. Exampies include, but are not limited o, N-

henzylidene-2-methylpropan-2-amine oxide.

{0059 As used herein, the term “aldehyde monomer” is a monomer that is
polymerizable through its aldehyde groups. In one embodiment, aldehydes,

dialdehydes, and mulli- aldehydes may be used.

[8066] As used herein, the ferm ‘kelone monomer” s a monomer that is
polymerizable through its ketone groups. In one embodiment, ketones, dikitonses,

and mulli- ketones may be used,

180611 As used herein, the term “epoxide monomer” is a monomer that is
polymerizable through its epoxide group(s). Non-limiting examples of such
monomers  include, generally, mono- or polyoxiranylbenzenes, mono-  or
polyglycidyibenzenes, mono- or polvglycidyioxybenzenes, monc- or
polyoxiranyl(heterojaromatic  compounds, mono-or  polyglycidyl{heterojaromatic
compounds, mono- or polyglycidyloxy(helerolaromatic  compounds,  diglycidyl
bisphenol A ethers, mono- or polyglycidyi{oyciclalkyl  elhers, mono- or
polvepoxy{cyciojalkane compounds and oxirane-lerminated oligomers. In one
preferred embodiment, the epoxide monomers may be benzyi glycidyl sther and
tris{(d-hydroxyphenyhimethane triglycidyl ether. In certain embodiments, the epoxide

monomers may include a (heterojaromatic moiety such as, for example, a phenyl, a
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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(heterojaromatic
compounds, such as styrene oxide and stilbene oxide and (heterojaromatic glycidyl
compounds, such as glycidyl phenyl ethers {(e.q., resorcinol diglycidyl ether, glycidyl
2-methyiphenyl ether), golycidylbenzenes (e.g., (2.3-epoxypropylibenzene) and
glycidyl heteroaromatic compounds {e.g., N-(2,3-epoxypropyljphthalimide). In certain
desirable embodiments, an epoxide monomer will have a boiling point greater than
180 °C, greaier than 200 °C, or even grealer than 230 °C at the pressure at which

polymerization is performed (e.g., al standard pressure, or at other pressures).

[8062] As used herein, the term “thirane monomer” is a monomer that is
polymerizable through its thirane group(s). Non-limiting examples of thiirane
monomers  include, generally, mono- or polythiranylbenzenes, mono-  or
polythiiranyimethylbenzenes, mono- or polythiiranyl(hetero)aromatic compounds,
mono-  or  polythiiranyimethyl(heterojaromatic  compounds,  dithiiranyimethyl
bisphenol A ethers, mono- or polydithiranyl {cyclojalkyl ethers, mono- or
polvepisulfide{cyciolalkane compounds, and thiirane-terminated cligomers. In some
embodiments, thilrane monomers may include a (heterojaromatic moiety such as,
for example, a phenyl, a pyridine, a friazine, a pyrene, a naphthalens, or a poly cyclic
(helero)aromatic ring system, bearing one or more thirane groups. In certain
desirable embodiments, a thirane monomer will have a bolling point greater than
180 °C, greater than 200 °C, or even greater than 230 °C al the pressure at which

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

18863} As used herein, an ethylenically unsaturated monomer is a monomer that is

polymerizable through its ethylenic unsaturation {i.e., iis double bond). The term

“ethylenically unsaturated monomer” does not include cyclopentadieny! species such
as cyclopentadiens and dicyclopentadiene.  The term “ethvlenically unsaturated
monomer” does not include compounds in which the ethylenic unsaturation is part of
a long chain alkyl moiely (e.g. unsalurated falty acids such as oleales, and

unsaturated plant oils).
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10864] 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 polyisopropenyibenzenes, mono-~ or polyvinyl{hetero)aromatic compounds, mono-
or polyisopropenyl(heterojaromatic  compounds, alkylene  di{meth)acrylates,
bisphenol A di{methjacryiates, benzyl (methjacrylates, phenvi{meth)acrylates,
heteroaryl (meth)acrylates, terpenes {e.g., squalene} and carotene. As mollen sulfur
is non-polar in characler, in cerlain desirable embodimenis the one or more
ethylenically unsaturated monomers are non-polar.  For example, in certain
embaodiments, the one or more ethylenically unsaturated monomers include a
{hetero}aromatic moiety such as, for example, phenyl, pyridine, triazine, pyrene,
naphthalene, or a polycyclic {(hetercyaromatic ring sysiem, bearing one or more
vinylic, acrylic or methacrylic substituenis. Examples of such monomers include
benzyl (meth)acniates, phenyl (methjacrylates, divinylbenzenes ({(e.g., 1,3-
divinylbenzene, 1,4-divinylbenzene), isopropenylbenzene, styrenics (e.g., styrene,
4-methylstyrene, 4-chiorostyrene, 2,6-dichlorosiyrene, 4-vinylbenzyl chicride),
diisopropenylbenzenes {(e.g., 1,3-diisopropenylbenzene), vinylpyridines {e.g., 2-
vinylpyridine,  4-vinyipyriding),  2,4,6-tris{{4-vinvibenzyiithio}-1,3,5-lriazine  and
divinylpyridines (e.g., 2,5-divinylpyridine)}. in certain embodiments, the one or morg
ethylenically unsaturated monomers (e.g., including an aromatic moiety} bears an
amino {i.e., primary or secondary) group, 8 phosphine group or a thiol group. One
example of such a monomer is vinyldiphenyiphosphine. While not intending o be
bound by theory, the inveniors surmise that the amino or thiol group will undergo a
ring-opening nucieophilic attack on an 5g ring, thus incorporating & short sulfide
chain that promotes solubility in molten 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.g., at standard pressure}.

[B865] As used herein, an “elemental carbon material” is a malerial that is primarily
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formed as an allctrape 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 elemental carbon materials.
Such materials can be made, for example, by first dispersing the elemental carbon
material in molten sulfur, then copolymerizing the molten sulfur with one or more
monomers {e.g., one or more polyfunctional monomers). As a general guidsline for
the person of skill in the art to use in formulating such materials, up to about 15 wt%
elemental carbon material can be dispersed in sulfur at temperatures high enough
that the sulfur is moiten, but low enough that significant ring opening and polysuifide
polymerization does not ccour {e.g., at temperatures in the range of about 120 °C {o
about 160 "C). Higher loadings of elemental carbon malerials in sulfur can be
achieved by pre-dissolution of the sulfur and dispersion of the slemenial carbon
material into a suitable solvent (e.g., carbon disulfide) followed by removal of the
solvent under reduced pressure to vield a blended composite powder which can be
mehted and allowed o 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

nanocompaosite.

[0066] As used herein, the term “self-healing” is defined as {0 enable a material to
repair damage with minimum intervention®. In some embodimenis, mechanisms and
techniques o enable seif-healing may include covalent bonding, supramolecular
chemistry, H-bonding, ionic interactions, m-m stacking, chemo-mechanical repairs
focusing on encapsulation, remote self-healing, or shape memory assisted
pﬁiymerszn In one preferred embodiment, self-healing utilizes thermal reformation.
As used herein, thermal reformation involves the use of heat to reform the bonds or

cross-links of a polymeric material.

{88671 As used herein, the term “photoactive” is defined as having the ability for

significant absorption of solar, visible or near-infrared radiation

[0068] As used herein, the term “biocompatible” and any of i analogues are defined
as the ability of {o be in contact with living tissues without producing any undesirable

local or systemic effects, such as toxicity. As used herein, the term “scluble” and
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any of ifs analogues are defined as being capable of dissolving in another medium,

such as a solid, a liquid, or gas.

100669 As defined herein, the terms “therapsutically effeclive amount” means the
amount of a compound that, when adminisiered o a mammal for frealing a
condition, is sufficient to effect such treatment for the condition. The “therapeutically
effective amount” will vary depending on the compound, the condition and its

severity and body factors such as age, weight, elc., of the mammal {o be treated.

[8676] As used herein, the lerm “slow and continuous release” is defined as the
ability to maintain a conirolled presence of a chemical in the body without any
sudden increases, decreases, or stops in the amount of the chemical that may cause

toxicity or hinder the therapeutic effectiveness of the chemical in the body.

18671} As defined herein, the terms “Treating” or “ireatment” of a condition includes:
(1) preventing the condition, i.e., causing the clinical symptoms of the condition not
to develop in a mammal that may be exposed to or predisposed o the condition but
does not yet experience or display symptoms of the condition; {2} inhibiting the
condition, Le., arresting or reducing the development of the condilion or ifs clinical
symptoms; or (3} relieving the condition, i.e., causing regression of the condition or

its clinical symptoms.

[8672] As used herein, the terms “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, more preferred and most preferred

definitions, if any.

{68731 Copolymer Material

{0074} The synthesis of copolymer materials via the copolymerization of elemenial

sulfur with comonomers is taught. The copolymer material comprises comonomers
of sulfur, sthylenically unsaturated monomers {(e.g., vinylic, divinylic, multi-vinylic
comonomers, substituted alkenes, and functional alkenes), alkynylly unsaturated
monomer (e.g., alkynes, dialkynes, and multi-alkynes), amine monomers (e.g.,

amines, diamines, and multl-amines), thiol monomer (e.g., thiols, dithiols, multi-
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functional thiols), nitrone and nifroso monomers {(e.g., nitrones, dinitrones, and multi-
nitrones), aldehyde monomers {e.q., aldehydes, dialdehydes, and multi-aldehydes),

and ketone monomers.

188751 New types of copolymers incorporated conjugated polymaers with sulfur based
materials and copolymers were prepared by the copolymerization of elemental sulfur
with vinylic compounds carrying thiophene, or amine, or pyircle side chain groups,
where subsequent oxidative or electrochemical polymerization affords the new
copolymer material.  Vinylic monomers, ulilizing groups, such as, styrenics,
incorporating thiophene groups, such as, 3.4-alkylenedioxythiophenes and 3,4-

propylenedioxythiophenes (ProDOT) are examples of these functional monomers.

18676] New conjugated materials are also demonstrated by the copolymerization of
slemental sulfur with amines e.g., phenyvienediamines that can be oxidatively

copolymerized with aniline {0 prepare polyaniline-sulfur copolymer materials.

{88771 A new material prepared by post-modification of the amine, thiol, or other
functional groups may be incorporated inlo the sulfur copolymer described to either
modify the chemical functionaiity of the copolymer, crosslink the copolymer, or form
other new copolymers, such as, polysthers via epoxide copolymerizations,

polyurethanes and polyamides.

18678} In one embodiment, the copolymer material with sulfur is prepared via distincl
synihesis and post-functionalization methods {0 introduce conjugated polymers,
such as, polythiophenes, polyanilings, or polypyrroles. Methods include, but are not
fimited 1o, the copolymerization of a vinylic comonomer carrying a pendant thiophene
that forms the polythiophene phase after an oxidalive, or electrochemical
polymerization. Other methods include copolymerization of sulfur with diamines that
cary free reactive amines that can copolymerize with monomers, such as, aniline,

and then oxidative or eleclrochemical polymerization to form the polyaniline phase.

18679} In some embodiments, the present invention features a polymeric composition
comprising a sulfur copolymer. The sulfur copolymer comprises one or more sulfur
monomers, at a level in the range of at least about 50 wi% of the sulfur copolymer,

and one or more monomers selected from a group consisting of amine monomers,
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thiol monomers, sulfide monomers, alkynylly unsaturated monomers, nitrone
monomers, aldehyde monomers, kelone monomers, thirane monomers, spoxide
monomers, and ethylenically unsaturated monomers al a level in the range of about
3.1 wi% o about 50 wit% of the sulfur copolymer. In some embodiments, the
ethylenically unsaturated monomers are present as copolymers with at least one
additional monomer. Non-limiting examples of other monomers are described in
U.S. Provisional Patent Application No. 61/940,102, filed February 14, 2014,, which

are incorporated herein by reference.

[8688] In some embodiments, the one or Mmore MONOMErs are onNe Or More aming
monomers. The amine monomer may be an m-phenylenediamine or p-
phenylenediamine. In some embodiments, the one or more Monomers are one or
more thiol monomers., The thiol monomer may be 4.4'-thicbis(benzensthiol). In
some embodiments, the one or more monomers are a combination of one or more
amine monomers and one or more thiol monomers. In other embodiments, the one
or more monomers are one or more alkynylly unsaturated monomers. The alkynylly

unsaturated monomer may be 1-phenylpropyne.

10681 In some embodiments, the sulfur copolymer of any polymeric composition,
copolymer maierial, or composite material mentioned herein comprises ong or more
sulfur monomers at a level in the range of about 5 o about 98 wi% of the sulfur
copolymer, and one or more monomers at a level in the range of about 1 wi% 1o
about 85 wi% of the sulfur copolymer. In another embaodiment, the sulfur copolymer
comprises one or more sulfur monomers at a level in the range of about 50 {o about
87.5 wi% of the sulfur copolymer, and one or more monomers at a level in the range
of about 2.5 wit% to about 50 wi% of the sulfur copolymer, or one or more sulfur
monomers at a level in the range of about 50 to about 85 wit% of the sulfur
copolymer, and one or more monomers at a level in the range of about § wt% to

about 50 wit% of the sulfur copolymer.

[0082] In some embodiments, the sulfur copolymer of any polymeric composition,
copolymer material, or composite malerial menticned herein comprises one or more
sulfur monomers at a level of al least about 5 wi% of the sulfur copolymer. The suifur

copolymer may comprise one or more sulfur monomers at a level of at least about
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10 wit%, or at least about 20 wi%, or at least about 30 witlh, or at least about 40 wit,
or at least about 50 wit%, or at least about 60 wi%, or at least about 70 wit%, or at

least about 80 wi%, or at least about 90 wi% of the sulfur copolymer.

180831 In some embodiments, the sulfur copolymer of any polymeric composition,
copolymer material, or composite material mentioned hersin comprises one or more
sulfur monomers at a level in the range of about 5 to about 10 wi% of the sulfur
copolymer. The sulfur copolymer may comprise one or more sulfur monomers at a
level in the range of about 10 to 20 wit%, or in the range of about 20 1o 30 wt%, or in
the range of about 30 o 40 wi%, or in the range of about 40 to 50 wi%, or in the
range of about 50 {o 60 wit%, or in the range of about 60 to 70 wit%, or in the range
of about 70 to 80 wi%, or in the range of about 80 to 90 wi%, or in the range of about

80 to 95 wi% of the sulfur copolymer.

{0084] In some embodiments, the sulfur copolymer of any polymeric composition,
copolymer material, or composiie maierial meniioned herein comprises one or more
monomers al a level of at least 0.1 wi% of the sulfur copolymer. The sulfur
copolymer may comprise one or more monomers at a level of at lsast about 0.5
wi%, or at least about 1 wit%, or at least about & wit%, or at least about 10 wit%, or at
least about 20 wi%, or at least about 30 wi%, or al least about 40 wi%, or at least
about 50 wit%, or at least about 80 wi%, or at least about 70 wi%, or at least about

80 wi%, or at least about 80 wi%, or at least about 95 wi% of the sulfur copolymer.

[0085] In some embodiments, the sulfur copolymer of any polymeric composition,
copolymer material, or composiie malerial meniioned herein comprises one or more
monomers at a level in the range of about 0.1 wt% fo 0.5 wi% of the sulfur
copolymer. The sulfur copolymer may comprise one or more monomers at a level in
the range of about 0.5 wi% to 1 wit%, or about 1 wit% 1o 5 wi%, or about 5 wi% to 15
wi%, or about 15 wt% 1o 25 wit%, or about 25 wi% to 35 wi%, or about 35 wi% to 45
wi%, or about 45 wit% o 55 wi%, or about 55 wi% to 65 wi%, or about 65 wi% 10 75

wit%, or about 75 wi% to 85 wit%, or about 85 wi% o 85 wi% of the sulfur copolymer.

[6886] In some embodiments, the polymeric composition may be in the form of a

polymeric composile comprising the sulfur copolymer and an elemental carbon

8]



WO 2015/123552 PCT/US2015/015870

material dispersed in the copolymer at a level in the range of up to about 50 wi% of
the composition. In some embodiments, the polymeric compaosition may comprise
the sulfur and comonomers at a level in the range of about 10 to 20 wi%, or in the
range of about 20 fo 30 wi%, or in the range of about 30 to 40 wt%, or in the range
of abouti 40 to 50 wi%, or in the range of about 50 to 80 wi%, or in the range of about
80 to 70 wit%, or in the range of aboul 70 to 80 wit%, or in the range of about 80 to 90
wit%, or in the range of about 90 to 95 wit% of the polymeric composition. In some
embodiments, the polymeric composition may comprise the slemental carbon
maierial al a level in the range of about 10 to 20 wi%, or in the range of about 20 {o
30 wt%, or in the range of about 30 1o 40 wit%, or in the range of about 40 1o 50 wi%,
or in the range of about 50 to 60 wit%, or in the range of about 60 to 70 wi%, orin the
range of about 70 to 80 wi%, or in the range of about 80 to 80 wit%, or in the range

of about 80 to 95 wt% of the polymeric compaosition.

{8087} In some embodiments, the present invention features a method for making
any of the aforementioned polymeric compositions. The method comprises heating a
mixture comprising sulfur and one or more monomers at a temperalure in the range
of about 120°C {o about 230°C,

100688} In some embodiments, an article is made from any of the aforementioned
polymeric compositions.  The methed of forming the article comprises heating a
mixture comprising sulfur and one or more monomers at a temperature in the range
of about 160 °C fo about 230 °C io form a prepciymer, forming the prepolvmer into
the shape of the arlicle, {o yield a formed prepolymer shape, and heating the formed
prepolymer shape io vield the article.

{0889] In ancther embodiment, a method of forming the adicle comprises admixing
the polymeric composition in a nonpolar organic solvent, forming the admixed
polymeric composition into the shape of the article, and removing the solvent from

the polymeric composition to vield the article.

{88981 In some embodiments, the prepolymer is provided as a mixiure with a solvent

for forming. In other embodiments, the prepolymer is coated and cured as a thin film
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on a substrate. In still other embodiments, the prepolymer is shaped and cured using

a mold.

18891} In some embodiments, an oilin-waler emulsion comprises the polymeric
composition as the colloidal phase suspended in aqueous solution with, or without

the presence of a surfactant.

[6892] In some embodiments, any of the polymeric composition can be modified by
reaclting an available reactive functional group on the polymeric composition with a
second comonomer to form a new copolymer material. The {echnigue of reacting

may be oxidative coupling, polymerization, or copolymerization.

{8693} in some embodiments, the reactive functional group is an amine or a thiol.
The second comonomer may comprise an epoxide, isocvanate, acid chiorids,
carboxylic acid, esler, or alkyl halide group. In some embodiments, when the
reactive functional group is an amine, the new copolymer malerial is a polyurethane
or a polyamide. In some embodiments, when the reaclive funclional group is an
aniline or a phenylenediaming, and the new copolymer material contains oligo- or
polyaniline segments. In some embodiments, the reactive functional group is a
thiophene and the new copolymer material contains oligo- or polythiophene

segmenis.

10094] EXAMPLES

100951 EXAMPLE 1. General procedure for the inverse vulcanization of sulfur
with alkynes

{88961 A 5 mib vial equipped with a magnstic stir bar was loaded with sulfur (800 mg,
3.125 mmol) and 1-phenyipropyne (0.20 mb, 1.72 mmoi). The mixture was stirred at
175 °Cfor 7 min yielding a very viscous red transparent fluid. The reaction was
quenched by cooling to -78 *C. The resulling poly{sulfur-co-phenylpropyne} was
then recovered from the vial yielding a reddish brown solid (849 maq, 96%).

100697] Monoalkyne examples:

~J
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[00100] EXAMPLE 2. General procedure for the high femperature preparation

of poly{sulfur-random-{m-phenylenediamine) {(poly(8-r-m-PDA)} copolymers
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[86181] To a 24 mi glass vial sguipped with a magnetic stir bar were added sulfur
{Ss, masses detailed below) and m-phenvienediamine {(m-PDA, masses delailed
below). The reaction was healed {0 about T = 185 °C in a thermostat oif bath and the
resulting mixture was stirred at about T = 185 °C for 8-10 minutes, uniil bubbiing

ceased and vitrification of the reaction media occurred.

{00102} Preparation of poly(S-r-m-PDA) with 50-wi% m-PDA: The
copolymerization was carried out by foliowing the general method written above with
Sa (2.5 g, 89.75 mmoly and m-PDA (2.5 g, 23.13 mmol)} to afford a blood red solid.

{06163] Preparation of poly(S-r-m-PDA} with 33.3-wit% m-PDA: The
copolymerization was carried out by following the general method written above with
Sg (2.5 g, 8.75 mmol) and m-PDA {1.25 g, 11.56 mmol) lo afford a blood red solid.

106104} Preparation of poly{S-r-m-PDA) with 28.57-wit% m-PDA: The
copolymerization was carried out by foliowing the general method written above with
55 (2.5 g, .75 mmol) and m-PDA (1.0 g, 2.25 mmol) to afford a blood red solid.

{00105} Preparation of poly{S-rm-PDA) with 23.08-wi% m-PDA: The
copolymerization was carried out by foliowing the general method written above with
Sa (2.5 g, 9.75 mmoly and m-PDA {0.75 g, 6.94 mmol)} to afford a blood red solid.

{08106} Preparation of poly{S-r-m-PDA} with 16.67-wit% m-PBA: The
copolymerization was carried out by following the general method written above with
Se (2.5 g, 9.75 mmol) and m-PRA (0. 5 g, 4.63 mmol) to afford a blood red solid.

106187} Preparation of poly(S-r-m-PDA) with 8.0%-wit% m-PDA: The
copolymerization was carried out by foliowing the general method written above with
Ss {2.5 g, 9.75 mmoi) and m-PDA (0.25 g, 2.31 mmol)} {o afford a blood red solid.

[68188] As shown in FiGs. 16a-16d, the copolymer made from Sz and 1,3-
phenylenediamine al T= 185°C, or 135°C is homogensgous red glasses, which
exhibils characleristically different appearances than the starting materials (Sy is
vellow crystaline powder and 1,3-phenvienediamine is a while powder).

Furthermore, the product of the copolymerization of Sg and with other isomers of
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phenylenediamines, such as 1,4-phenvienediamine, afford a heterogeneous, chalk-

like material composed of yellow and brown particulates.

100109] EXAMPLE 3. General procedure for the high temperature preparation
of poly{sulfur-random-(4,4’ -thiobishenzenathiol) {poly{S-r-TBBT}} copolymers
[B8118] To a 24 mbL glass vial equipped with a magnetic stir bar were added sulfur
{5s, masses detailed below) and 4,4-thiobisbenzenethiol (TBBT, masses detailed
below)}. The reaction was heated to T = 185 °C in a thermosiat cil bath and the

resulting mixture was stirred at T = 185 °C for 8-10 minutes, until bubbling ceased.

{886111] Preparation of poly{S-r-TBEBT) with 50-wit% TBBT: The copolymerization
was carried out by following the general method written above with 85 (0.50 g, 1.95
mmol} and TBBT (0.5 g, 2.00 mmol) to afford a yellow solid.

106112} Preparation of poly(S-r-p-PDA)} with 33.3-wit% TBBT: The
copolymerization was carried out by following the general method written above with
55 {0.66 g, 2.57 mmol) and TBBT (0.33 g, 1.32 mmol) to afford a yvellow solid.

{08113} Preparation of poly(S-rp-PDA) with 28.57-wi% TBBT: The
copolymerization was carried out by foliowing the general method written above with
S (0.714 g, 2.78 mmuoi) and TBBT (0.286 g, 1.14 mmol) to afford a yellow solid.

{08114] Preparation of poly({S-r-p-PDA) with 23.08-wi% TBBT: The
copolymerization was carried out by following the general method written above with
S (0.769 g, 3.00 mmoi) and TBBT (0.231 g, 0.82 mmol) to afford a yellow solid.

106115} Preparation of poly{S-r-p-PDA) with 16.67-wit% TBBT: The
copolymerization was carried out by foliowing the general method written above with
55 {0.833 g, 3.25 mmol) and TBET (0. 166 g, £.663 mmol) {o afford a vellow solid.

{00116} Preparation of poly(S-rp-PDA) with 3.08-wit% TBBT: The
copolymerization was carried out by foliowing the general method written above with
Sg {0.809 g, 3.54 mmol) and TBBT (0.091 g, 0.363 mmol} to afford a yelliow solid.
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{86117 EXAMPLE 4. Nitrone capping of sulfur copolymers
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{06118} To a 5 mb vial eguipped with a magnetic stir bar was added elemental sulfur
(500 mg). The vial was heated to 185 °C until the sulfur completely melled. 4-
methylstyrene (0.5 mb) was then added and the mixture was stirred at 165 °C for 50
min. N-fert-butyl-a-phenvinitrone (0.175 mg) was then added and the reaction was
stirred for an additional 10 min at 165 °C. The polymer was isclaled by precipitation
into an excess of rapidly stirred methano!l and recovered via centrifugation as a

yvellow powder.

{08119} Reaction of other niirones include, 5 5-dimethyl-1-pyrroline-N-oxide,
difunctional aromatic nilrones and other aliphatic nitrones was demonsirated to

copolymerize with sulfur

[86126] EXAMPLE 5. Conjugated polymers with aniline, diamines and sulfur

1006121 Experimental: To a 50 mbL 3-neck RBF equipped with a magnetic slir bar
and a condenser were added the sulfur {4.25 g, 16.858 mmol}, m-phenyienediamine
(0.25 g, 2.312 mmol), DIB (0.5 g, 0.54 mL, 3.160 mmol},aniiine (0.215 g, 8.211 mi,
2.312 mmol), and chiorobenzene (10 mL). The other two necks were filted with
septa and placed in a thermosiatl controlled oil bath held at T =125°C and once the
reaction was homogenous it was run for 2 hours while stirring at 800 rpm. Into vial
fitted with a rubber septum were added the sulfur monochioride (3.123 g, 1.85 miL,
23.125 mmol) and chiorobenzene (& mbL). Afler 2 hours the sulfur monochioride
solution was injected into the stirring copolymer. The heat to the reaction was turned
off and the reaction was run for an additional hour to homogenize and ensure
complete reaction and removal of the HCI gas that is generated. After the reaction is
complete the mixiure was precipitated into stirring anhydrous ethanol. The
precipitate was fillered and then washed with deionized (BB H,O (3x 25 mlL),

saturated sodium bicarbonate solution (3x 25 mL), DI H:0 once again to remove any
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salt products {(2x 25 mL}, anhydrous ethanol (2x 25 mbjand finally the sample was
washed with a mixture of carbon disulfide and tetrahydrofuran (1:1 by volume) until
the washings were clear. The product was then dried and weighed. A reaction

scheme and final product is shown in FIG. 17,

[88122] EXAMPLE 6. Conjugated polymers with sulfur and thiophenes

48 H 18 D S0 mase %

{08123] Preparation of poly(ProDOT-Sty-r-DIB-r-3) {ProDIBS}

[86124] To a 5 mL glass vial equipped with a magnetic stir bar was added elemental
sulfur (500 mg, 1.95 mmol} and ProDOT-Sty (400 mg, 1.21 mmol). The mixture was
heated {0 180 °C with rapid stirring for 5 min to facilitate the oligomerization of sulfur
and ProDOT-Sly vielding a viscous orange liguid. 1,3-Diisopropenyl benzene (100
myg, 108 pL, 0.63 mmol} was then injected and the reaclion was allowed to stir at 180
*C until vitrification occurred (~& additional minutes). The sample was cooled {o -78
°C in a dry ice/acetone bath and extracted by breaking the glass vial yielding a dark
red glass in quaniitative vield. The copolymer of poly(ProDOT-Sty, 1,3-

ditsopropenylbenzene and sulfur is defined as poly(ProliBS).

188125] Oxidative polymerization of pendant ProDOT groups in ProDIBS

{08126} in Solution (Chemicall: To a 20 mbL scintillation vial were added
poly(ProDOT-Sty-~DIB-rrS) (ProDIBS) (450 mg) and anhydrous CHCh (5 mL).
The mixiure was mixed using a vortex mixer until a homogenegous reddish orange
solution resulted. A 50 mb round botiom flask equipped with a magnetic stir bar was
then loaded with phenyliodine bis{trifluorcacetate) {(PIFA) (5.86 g, 13.63 mmol} and
gvacuated/backiilled with Ar. Anhydrous CHyCl; (12 mbl) was added and the mixture
was allowed to stir untit the sclulion was salurated (~10 min). Borontrifluoride
digthyletherate {3.36 ml, 27.25 mmol) was then slowly added o the PIFA/CHChL
mixture under Argon vielding a homogeneous yellow solution. The PIFA/BRELO
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solution was cooled to 0 °C in an ice bath and the ProlIBS solution was added drop
wise. After addition of the ProDIBS was complete the reaction was allowed to come
to room temperature and stirred under Ar for 2 hours. The dark purple/black solution
was then slowly added to a 10 fold excess of rapidly stirred MeOH. The resulting
precipitate was recoverad via vacuum filtration, washed with additional MeOH and
dried in vacuo at room temperature, vielding the polymer as a dark green powder
{408 mg yield).

{08127} On Electrode (Electrochemical): A thin film of ProDIBS (ca. 240 nm
thickness) was deposiied onto a freshly cleaned ITO coaled glass substrate (2 om x
2 cmy by spin-coating from a solulion of poly{ProDIBS) in volume mixed scivent
system of toluene and CH,Cly {1:1 vol-ratio) (25 mg/mlL) with a two-step spin-coating
protocol (step 1. ramp at 400 rpmy/s 1o 1500 rpm for a total of 15 s, step 2: ramp at
865 rpm/s from 1500 to 3500 rpm for an additional 15 5). The ProDIBS coated ITO
was then placed in an slectrochemical cell with a Pt counter electrode and 100 mM
tetrabutviammonium hexafluorophosphate (TBAFP) in MeCN. The polymer film was
incubated in the TBAFP sclution for 5 min to allow for swelling of the polymer with
slectrolyte. Oxidative polymerization of the ProDOT moisties was then carried oul

by stepping the potential to 1.1V vs. Ag/Ag”.

[68128] Sulfur Copolymers with sulfur and sulfides
{68129 Non-limiting examples of sulfide monomers include 2,2'dipyridyidisulfides,
functional 2,2'dipyridyldisuifides, 1,3-phenyienedimethanedithiol, and other dithiol

isomers {e.g., 1.4 and 1,2 dithiols, and functional dithiols).

{06136} Preparation of the sulfur copolymer

[886131] The Sg and the suifide were mixed together is vessel equipped with a
magnetic stir bar. The reaction was heated {0 a temperature belween about T = 120
°Cto 200 °C in a thermostal cil bath and the resulling mixture was stirred about for

6-10 minutes to afford a sulfur copolymer material.

[88132] Sulfur Copolymers with sulfur and aldshydes
{68133} Nondimiting examples of aldehyde monomers include 4-vinylbenzaldehyde

and phthalaldehyde.
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[86134] Preparation of the sulfur copolymer

[86135] The &g and the aldehyde were mixed together is vesssl equippsd with a
magnetic stir bar. The reaction was healed {0 a temperature between about T = 120
°C o 200 °C in a thermostat oil bath and the resulting mixture was stirred about for

8-10 minutes to afford a sulfur copolymer material.

[68136] Sulfur Copolymers with sulfur and ketones
{08137} Non-limiting examples of kelone monomers include 1-{(4-vinylphenyhethan-1-

ane,

{866138] Preparation of the sulfur copolymer

[8613%] The Sz and the kelone were mixed iogether is vessel equipped with a
magnetic stir bar. The reaction was healed {0 a temperature belween about T = 120
‘C o 200 °C in a thermostat il bath and the resulling mixture was stirred about for

8-10 minutes to afford a sulfur copolymer material.

[68140] Preparation of the sulfur copolymer

{08141} The S5 and the suifide were mixed logether is vessel equipped with a
magnetic stir bar, The reaction was heated o a temperalure between about T = 120
°C o 200 °C in a thermostat oif bath and the resulling mixture was stirred about for

6-10 minutes {o afford a sulfur copolymer material,

106142} Self-Healing

188143] Another feature of the present invention is a copolymer malerial comprising a
sulfur copolymer at a level in the range of about 5 wi% to about 95 wit% of the
copolymer material, and one or more epoxide monomers at a level in the range of
about 5 wit% to about 95 wit% of the copolymer material. In some embodiments, the
sulfur copolymer comprises one or more sulfur monomers, at a level at least about
50 wit% of the sulfur copolymer, and one or more comonomers each sslected from a
group consisting of amine monomaers, thiol monomers, sulfide monomers, alkynyily
unsaturated monomers, nitrone monomers, aldehyde monomers, kelone monomers,
thiirane monomers, and sthylenically unsaturated monomers at a level in the range
of about 0.1 wi% fo about 50 wi% of the sulfur copolymer. In some embodiments, at

feast one epoxy funclional group of the epoxide monomers is bonded to a functional
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group of the sulfur copolymer. Non-limiting examples of other monomers are
described in U.S. Provisional Patent Application No. 62/038,561, filed August 20,

2014, which are incorporated herein by reference.

180144] In some embodiments, the one or Mmore CoOMONoMers are one or more anine
monomers. In some embodiments, the amine monomer is m-phenylenediamine or p-
phenylenediamine. In some embodiments, the one or more comonomers are one or
more thiol monomers. In some embodiments, the thiol monomer is 4,4'-
thiobis{benzenethiol). In some embodiments, the one or more comonomers are 8
combination of one or more amine monomers and one or more thiol monomers. In
some embodiments, the one or more comonomers are one or more alkynylly
unsaturated monomers. In some embodiments, the alkynylly unsaturated monomer
is 1-phenyipropyne. in some embodiments, the one or more comonomers are one or
more thilrane monomers. In some embodiments, the thiirane monomer is propylene
sulfide. In some embodiments, one or more of the epoxide monomers are benzyl
giycidyl ether, tris(d-hydroxyphenylimethane trighycidyl sther, or a combination
thergof.

186145} In some embodiments, the sulfur copolymer is at a lgvel of at least about &
wi%, or at least about 10 wi%, or at least about 20 wi%, or at leasi about 30 wit%, or
at least about 40 wi%, or at least about 50 wi%, or at least about 80 wit%, or at least
about 70 wi%, or at least about 80 wi%, or at least about 90 wi%, or at least about
95 wi% of the copolymer material. In some embodiments, the sulfur copolymer is at
a level between about 5 and 10 wt%, or about 10 and 15 wi%, or about 15 and 20
wi%, or about 20 and 30 wi%, or about 30 and 40 wi%, or about 40 and 50 wi%, or
about 50 and 60 wt%, or about 60 and 70 wi%, or about 70 and 80 wi%, or aboui 80

and 80 wi%, or about 80 and 95 wi% of the copolymer material.

180146} In some embodiments, the epoxide monomer is at a level of at least about 1
wi% of the copolymer malerial. The epoxide monomer may be at a level of at least
about 5 wi%, or at least about 10 wi%, or at least about 20 wi%, or al least about 30
wi%, or at least about 40 wit%, or at least about 50 wi%, or at least about 60 wi%, or
at least about 70 wt%, or al [east about 80 wi%, or at least about 90 wi%, or at least

about 85 wi% of the copolymer material. In some embodiments, the epoxide
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monomer is at 3 level betweaen about 1 and 5 wi®, or about 5 and 15 wi%, or about
15 and 25 wi%, or about 25 and 35 wi%, or about 35 and 45 wi%, or about 45 and
55 wit%, or about 55 and 85 wi%, or about 85 and 75 wit, or about 75 and 85 wt%,

or about 85 and 85 wi% of the copolymer material.

[#83147] In some embodiments, the copolymer material is a thermoset. In some
embodimenis, the copolymer material is a thermoplastic. In some embodiments, the
copolymer material is self-healing. In some embodiments, when one or more S-S
bonds of the sulfur copolymer are broken, the 5-S bonds are reconnecied by thermal

reforming.

{86148} In some embodiments, the present invention features a self-healing sulfur
copolymer comprising one or more sulfur monomers, at a level at least about 50 wi%
of the self-healing sulfur copolymer, and one or more comonomers each selected
from a group consisting of amine monomaers, thiol monomers, sulfide monomers,
alkynylly unsaturated monomers, nitrone monomers, aldehyde monomers, kelong
monomers, epoxide monomers, thiirane monomers, and ethylenically unsaturated
monomers at a level in the range of about 0.1 wi% to about 50 wt% of the seif-
healing sulfur copolymer. In some embodiments, when one or more 5-5 bonds of
the sulfur copolymer are broken, the $-8 bonds are reconnected by thermal

reforming.

[B8149] In some embodiments, the present invention features a self-healing and
reworkable epoxy resin comprising a sulfur copolymer at a level in the range of
about 5 wi% 1o about 95 wi% of the epoxy resin, and one or more epoxide
monomers at a level in the range of about 5 wt% 1o about 85 wit% of the epoxy resin.
in some embodiments, sulfur copolymer at a level in the rangs of about & {0 15 wi%,
or about 15 fo 25 wi%, or about 25 1o 35 wit%, or about 35 to 45 wi%, or about 45 to
55 wi%, or ahout 55 {o 85 wi%, or about 85 {o 75 wi%, or about 75 fo 85 wi%, or
about 85 1o 95 wi% of the epoxy resin. In some embodiments, the sulfur copolymer
comprising one or more sulfur monomers, at a level at least about 50 wi%, or about
80 wi%, or aboul 70 wi%, or about 80 wi%, or about 80 wi% of the self-healing sulfur
copolymer, and one or more comonomers each selected from a group consisting of

amine monomers, thiol monomers, sulfide monomers, alkynylly unsaturated
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monomers, nitrone monomers, aldehyde monomers, kKelone monomers, epoxide
monomers, thiirane monomers, and ethylenically unsaturated monomers at a level in
the range of about 0.1 wt% 1o 10 wit%, or about 10 wi% to 20 wt%, or about 20 wi%
to 30 wi%, or about 30 wi% to 40 wt%, or about 40 wi% to 50 wi% of the self-healing
sulfur copolymer. In some embodimenis, at least one epoxy functional group of the
epoxide monomers is bonded {0 a functional group of the sulfur copolymer. In some
embodiments, when one or more S-S bonds of the sulfur copolymer are broken, the

S-S bonds are reconnected by thermal reforming.

{86158} In some embodiments, the present invention features a method of repairing
a polymeric substrate, said method comprising providing the polymeric subsirale
comprising a sulfur copolymer having one or more broken S-S bonds, and heat
treating the polymeric substrate at a healing temperature for a period of time in order
to reconnect the 5-S bonds of the sulfur copolymer. In some embodiments, the
sulfur copolymer comprises one or more sulfur monomers, at a level at least about
50 wi% of the seflf-healing sulfur copolymer, and one or more comonomers each
seglected from a group consisting of amine monomers, thiol monomers, sulfide
monomers, alkynyily unsaturated monomers, nitrone  monomers, aldshyde
monomers, ketone monomers, epoxide monomers, thiirane monomers, and
ethylenically unsaturated monomers at a level in the range of about 0.1 wi% to about
50 wi% of the seif-healing sulfur copolymer. In some embodiments, the polymeric
substrate further comprises one or more epoxide monomers at a level in the range of
about 5 wi% fo about 895 wi% of the polymeric substrate, wherein at least one epoxy
functional group of the epoxide monomers is bonded {0 a functional group of the

sulfur copolymer.,

188151} In some embodiments, the healing temperature is between about 80°C and
100°C. In some embodiments, the healing temperature is between about 100°C and
150°C. In some embodiments, the healing temperature is at or near the melting point
of the polymeric substrate. In some embodiments, the period of time is between
about 4 and 15 hours. In some embodiments, the period of lime is between about 8

and 12 hours.

[86152] Metal Composites
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{86153} In some embodiments, the present invention features a composite material
comprising a sulfur at a level at least about 50 wi% of the composite material, and a
metal or ceramic composite having a formula MR, and at a level between about 0.1
and about 50 wi% of the composite material. In some embodiments, M is selecled
from a group consisting of Ag, Al, As Au, B, Ba, Bi, Ca, Cd, Ce, Co, Cr, Cu, Ey, Fe,
Ga, Gd, Ge, Hi, Hg, In, La, Li, Mg, Mn, Mo, Na, Nb, Nd, Ni, P, Pb, Pd, Pr, 8b, Se, 5i,
Sn, Sr, Ta, TL TLV, W, Y, Yb, Zn and Zr. In some embodiments, R is selected from
a group consisting of C, N, and S. In some embodiments, x ranges belwsen about 1
and about 30, or between about 1 and about 10, or between about 10 and about 20,
or between about 20 and about 30. In some embodiments, vy ranges between about
1 and about 5, or between about 5 and about 10, or between about 1 and about 10.

in some embodiments, the metal or ceramic composits is dispersed in the sulfur.

(86154} In some embodiments, the sulfur is at a level at least about 20 wit% of the
composite material. In other embodiments, the sulfur is at a level at least 30 wi%, or
about 40 wit%, or about 50 wi%, or about 60 wit%, or about 70 wi%, or about 80 wi%,
or about 80 wit% of the compaosite material. In some embodiments, the sulfuris at a
level batween about 30-40 wit%, or about 40-50 wt%, or about 50-60 wi%, or about

80-70 wi%, or about 70-80 wi%, or about 80-90 wt% of the composite material.

[88135] In some embodiments, the metal or ceramic composite is at a ilevel atl least
about 10 wi% of the compaosite material. In other embodiments, the metal or ceramic
composite is at a level at leasi about 20 wi%, or about 30 wi%, or about 40 wi%, or
about 50 wit% of the composiie material. In some embodiments, the metal or ceramic
composite is al a level between about 0.1-5 wit% of the composite material. In other
smbodiments, the metal or ceramic composite is at a level between about 5-10 wit%,
or between about 10-20 wi%, or between about 20-30 wi%, or between about 30-40
wi%, or between about 40-50 wi%, or between about 50-60 wt% of the composite

material.

{08156} In some embodiments, when Ris C, M is selected from a group consisting of
Al B, Ca, Cr, Hf, Mo, Nb, 8, Ta, T, V, W, Y, and Zr. In some embodiments, when R
is N, M is selected from a group consisting of Al B, Ba, Bi, Ca, Cr, Cu, Eu, Fe, Ga,
Gd, La, Li, Mg, Mn, Nb, Nd, Pr, 5§, Sr, Ta, Ti, V, £n or Zr. In some embodiments,
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28



WO 2015/123552 PCT/US2015/015870

when R is S, M is selected from a group consisting of Ag, Al, As, Ay, Ba, Bi, Cd, Ce,
Co, Cu, Fe, Ga, Ge, Hyg, In, Li, Mn, Mo, Na, Ni, P, Pb, Pd, Sb, Se, Sn, &r, Ti, THL W,
Yh, and Zn.

188157] In some embodiments, the present invention features a composite material
comprising a sulfur at a level at least about 50 wt% of the composite maltenal, and a
metal sulfur composite having a formula P,5,M, and at a level between about 0.1
and about 50 wi% of the composite material. in some embodiments, P is selecied
from a group consisting of Li and Na. In some embodiments, M is selected from a
group consisting of Ag, Al, As Au, B, Ba, Bi, Ca, Cd, Ce, Co, Cr, Cu, Eu, Fe, Ga, Gd,
Ge, Hf, Hg, In, La, Li, Mg, Mn, Mo, Na, Nb, Nd, Ni, P, Pb, Pd, Pr, 8Sh, Se, Si, 8n, &r,
Ta, Ti, TLV, W, Y, ¥Yb, Zn and Zr. In some embodiments, x ranges between about 1
and about 10, In some embodiments, vy ranges between about 1 and about 10, In
some embodiments, z ranges between about 1 and about 30. In some
embodiments, the metal sulfur composile is a uniform single phase. In some

smbodiments, the metal sulfur composite is dispersed in the sulfur.

[86158] In some embodiments, the sulfur is at a level at least about 40 wi%, or about
50 wit%, or about 60 wi%, or about 70 wi%, or about 80 wi%, or about 80 wi% of the
composite material. In some embaodiments, the sulfur is at a level between about 30~
40 wi%, or about 40-50 wi%, or about 50-60 wi%, or about 60-70 wt%, or about 70-

80 wi%, or about 80-90 wi% of the composite material.

{68159} In some embodiments, the metal sulfur composite is af a level at least about
10 wi% of the composite material. In other embodiments, the metal sulfur composite
is at a level atl least about 20 wi%, or about 30 wit%, or about 40 wi%, or about 50
wi% of the composite material. in some embodiments, the metal sulfur composite is
at a level between about 0.1-5 wi%, or aboul 5-10 wi%, or about 10-20 wit%, or
about 20-30 wi%, or about 30-40 wi%, or about 40-50 wi%, or about 50-60 wi% of

the composite material,

[B168] In some embodiments, the composite material is copolymerized with a sulfur
copolymer. In some embodiments, the sulfur copolymer comprises one or more

sulfur monomers, at a level in the range of at least about 40 wi%, or at leasi about
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50 wi%, or at least about 60 wi%, or at least about 70 wit%, or at least about 80 wi%,
or at least about 90 wi% of the sulfur copolymer, and one or more comonomers each
selected from a group consisting of amine monomers, thiol monomers, sulfide
monomers, alkynyily unsaturated monomers, nifrone  monomers, aldehyde
monomers, ketone monomers, epoxide monomers, thirane monomers, and
ethylenically unsaturated monomers at a level in the range of about 0.1 wi% to 5
wi%, or about 5 wt% o 15 wi%, or about 15 wi% to 25 wi%, or about 25 wi% to 35
wi%, or about 35 wi¥% 1o 45 wi%, or about 45 wi% to 55 wi% of the sulfur copolymer.
In some embodiments, the polymeric material further comprises one or more
gpoxide monomers at a level in the range of about & wit% to 15 wit%, or about 15
wi% {0 25 wit%, or about 25 wt% 1o 35 wi%, or about 35 wi% to 45 wi%, or about 45
wi% 1o 55 wt%, or about 55 wi% to 65 wi%, or about 85 wi% o 75 wi%, or about 75
wit% to 85 wi¥%, or about 85 wi% to 895 wi¥% of the polvmeric material, wherein at
least one epoxy functional group of the epoxide monomers is bonded to a functional

group of the sulfur copolymer.

{86161 In some embodiments, the composite material is copolymerized with a
polymeric material comprising a sulfur copolymer and one or more epoxide
monomers at a level in the range of about 5 wi% {0 about 95 wit% of the polymaeric
material. In some embodiments, the sulfur copolymer comprises one or more sulfur
monomers, at a level in the range of at least about 50 wi% of the sulfur copolymer,
and one or more comonomers esach selected from a group consisting of amine
monomers, thiol monomers, sulfide monomers, alkynylly unsaturated monomers,
nitrone monomers, aidehyde monomers, ketone monomers, epoxide monomers,
thiirane monomers, and sthylenically unsaturaled monomers at a level in the range
of about 0.1 wi% fo about 50 wi% of the sulfur copolymer. In some embodiments, at
teast one epoxy functional group of the epoxide monomers is bonded to a functional

group of the suifur copolymer.

{08162} In some embodimenis, the composite material is self-healing. In some
embodiments, when one or more S-S bonds of the sulfur copolymer are broken, the

S-S bonds are reconnected by thermal reforming.

186163} In some embodiments, the present invention features a method of producing
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a sulfur copolymer, said method comprising providing elemental sulfur, heating the
elemental sulfur into a molten sulfur, and adding one or more comonomers o the
molten sulfur, thereby forming the sulfur copolymer. In some embodiments, the
slemental sulfur is healed to a temperature of about 120 o 230 °C. in some
embaodimenis, the one or more comonomers are selected from a group consisting of
amine monomers, thiol monomers, sulfide monomers, alkynylly unsaturaled
monomers, nifrone monomers, aldehyde monomers, ketone monomers, epoxide
monomers, thiirane monomers, and ethylenically unsaturated monomers. in some
smbodiments, the elemental sulfur is at a level of al least about 50 wi% of the sulfur
copolymer. In some embodiments, the one or more comonomers are at a level of

about 1 to 50 wi% of the sulfur copolymer.

[B8164] In some embodiments, the present invention fealures a method of producing
a copolymer material, said method comprising providing a sulfur copolymer, mixing
the sulfur copolymer with one or more epoxide monomers, melling the sulfur
copolymer and epoxide mixture, mixing the melted sulfur copolymer and epoxide
mixfure, and adding an alcchol to the to the melted sulfur copolymer and spoxide
mixiure, thereby forming the copolymer malerial. In some embodiments, the method
of providing a sulfur copolymer comprises providing elemental sulfur, heating the
elemental sulfur info a molten sulfur, and adding one or more comonomers 1o the

moiten sulfur, thereby forming the sulfur copolymer.

[86165] In some embodiments, the elemenial sulfur is heated to a temperature of
about 120 to 230 °C. In some embodiments, the sulfur copolymer and epoxide
mixture is heated 1o a temperature of about 80 to 80 "C. In some embodiments, the
one or more comonomers are selected from a group consisting of amine monomers,
thicl monomers, sulfide monomers, alkynvlly unsaturated monomers, nitrone
monomers, aldehyde monomers, kelone monomers, epoxide monomers, thilrane
monomers, and ethylenically unsaturated monomers. In some embodiments, the
sulfur copolymer is at a level in the range of about 5 wi% lo about 95 wi% of the
copolymer material. In some embodiments, the elemental sulfur is at a level of at
least about 50 wi% of the sulfur copolymer. In some embodiments, the one or more
comonomers are at a level of about 1 {o 50 wi% of the sulfur copolymer. In some

embodiments, the one or more epoxide monomers are al a level in the range of

I
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about 5 wi% to about 95 wi% of the copolymer material.

[88166] In some embodiments, the present invention features a method of producing
a composite malerial, said method comprising providing elemental sulfur, mixing a
metal or ceramic composite with the elemental sulfur to form a mixiure, and heating
the mixture until vitrification, thereby forming the composite material. In some
embodimenis, the midure is heated {0 a temperature of about 160 to 200 °C. In
some embodiments, the elemental sulfur is at a level of at least about 50 wit% of the
composite material. In some embodiments, the metal or ceramic composite is at a

tevel of about 1 to 50 wit% of the composiie material.

{06167} In some embodiments, the metal or ceramic composite has a formula MR,
in some embodiments, M is selected from a group consisling of Ag, Al, As Au, B, Ba,
Bi, Ca, Cd, Ceg, Cuo, Cr, Cu, Eu, Fe, Ga, Gd, Ge, Hf, Hg, In, La, Li, Mg, Mn, Mo, Na,
Nb, Nd, Ni, P, Pb, Pd, Pr, Sb, Se, 3, Sn, 8r, Ta, Ti, TLV, W, Y , Yb, Zn and Zr. In
some embodiments, R is selected from a group consisting of C, N, and S. In some
embodimenis, x ranges between about 1 and about 30. In some embodiments, v

ranges between about 1 and about 10.

[86168] In some embodiments, the present invention fealures a sulfur epoxy resin
comprising at isast one branched or cross-linked sulfur chain, wherein at least one
branch or cross-link of the sulfur chain comprises an ether bond, wherein the sulfur
content ranges from about 5-15 wi%, or from about 15-25 wi%, or from about 25-35
wi%, or from about 35-45 wi%, or from about 45-55 wi%, or from about 55-65 wi%,
or from about 85-75 wit%, or from about 75-85 wi%, or from ahout 85-85 wi%, or

from about 5-95 wi% of the epoxy resin.

[86169] In some embodiments, the present invention fealures a sulfur epoxy resin
comprising a portion comprising -R-5-(8).-5-Rs-, wherein n ranges from 0 {0 §; and
at least one cross-link of the epoxy resin comprising an ether bond, wheregin the
sulfur content ranges from about 5-15 wi%, or from aboul 15-25 wi%, or from about
25-35 wi%, or from about 35-45 wi%, or from about 45-55 wi%, or from about 55-65
wi%, or from about 65-75 wi%, or from about 75-85 wi%, or from about 85-85 wi%,

or from about 5-95 wit% of the epoxy resin.
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{06178} In some embodiments, Ry may be any of the aforementioned amine
monomers, thiol monomers, sulfide monomers, alkynylly unsaturated monomers,
nitrone monomers, aldehyde monomers, kelone monomers, epoxide monomers,
thiirane monomers, and ethylenically unsaturated monomers bonded {o the & moietly
by the monomer's appropriate reactive functional group. In some embodiments, R
may be any of the aforementioned amine monomers, thiol monomers, sulfide
monomers,  alkynyily unsaturated monomers, nitrone  monomers, aldehyde
monomers, ketone monomers, epoxide monomers, thiirane monomers, and
sthylenically unsaturated monomers bonded {o the S moiely via the monomer's

appropriate reactive functional group.

188171} In some embodiments, the sulfur chain comprises at least one branch or
cross-link arm. In some embodiments, the branch or cross-link arm may be any of
the aforementioned amine monomers, thicl monomers, sulfide monomers, alkynyily
unsaturated monomers, nifrone monomers, aldehyde monomers, ketone monomers,
egpoxide monomers, thiirane monomers, and ethylenically unsaturated monomers
bonded to the S moiety of the sulfur chain via the monomer's appropriate reactive

functional group.

1886172] In some embodiments, the present invention fealures a sulfur composiie
material comprising a plurality of metal or ceramic composite particles having a
formula MR, dispersed in a polymeric sulfur, wherein a sulfur content of the sulfur

composite material is at least 50 wit%.

{08173} In some embodiments, the present invenlion features a sulfur composite
material comprising a plurality of metal or ceramic composite particles having a
formula P,M,R; dispersed in a polymeric sulfur, wherein a sulfur content of the sulfur

composite material is at least 50 wi%.

188174 In some embodiments, the present invention features a copolymer maierial
comprising oneg or more sulfur monomers at a level in the range of about 5 wi% to
about 85 wi% of the copolymer material, one or more comonomers each selecled
from a group consisting of amine monomaers, thiol monomers, sulfide monomers,

alkynylly unsaturated monomers, nitrone monomers, aldehyde monomers, ketone
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monomers, thiirane monomers, and ethylenically unsaturated monomers at a level in
the range of about 5 wi% to about 50 wi% of the copolymer material, and one or
more epoxide monomers at a level in the range of about 5 wt% to about 85 wi% of
the copolymer material. In some embodiments, at least one epoxy functional group
of the epoxide monomers is bonded 1o a functional group of the comonomer, a sulfur

muoiety of the sulfur monomer, or a combination thersof,

{08175} High refractive index polymers for IR optical materials

{88176} As shown in FiGs. 33 and 34, the development of polymeric materials for
infrared {IR) optical applications has not been achieved due {fo challenges in
designing systems with sufficiently high refractive index {n} and fransparency in the
IR speciral regime. IR optical technology has numercus potential applications in the
civil, medical, and military areas, where inorganic semiconduciors (e.g., Ge, 3i) and
chalcogenide glasses have been widely used as malerials for device components
due to their high refractive index {n ~ 2.0 — 4.0} and low losses from 1-10 pum. Other
examples of glass materials currently in use are InSb, InGaAs, HgCdTe, ArSe, and
ArS. While such materials are well suited for these applications, they are inherently
more expensive, {oxic, and difficult to process in comparison to organic polymeric

materials.

[86177] As shown in FIG. 35, the sulfur copolymers that have been described herein
are the first class of polymeric materials that exhibit high transparency in the short-
wave and mid-IR regimes due to the presence of largely IR inactive 5-5 bonds.
Furthermore, since these sulfur copolymers are readily melt, or sclution processed,
fabrication of free standing films, windows, or lenses can be easily conducted.
Access 1o these kinds of high guality and inexpensive lenses are anticipated to open
new opportunities in low cost IR oplical devices and technologies including IR

thermal imaging rifle scopes and home monitoring.

[86178] As shown in FiGs. 36a,b, the refractive index of poly(S-r~DIB) film is »22%
higher than PMMA, and the transparency of poly(S-~DIB) film is 6x higher at 2800
nm. As shown in FiGs. 36-38, sulfur-rich copolymers were synthesized via inverse
vulcanization to create novel copolymers with high refractive indices and optical

fransparency in the near to mid-infrared (1.5 um and 3-5 pm) regions. By directly
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varying the feed ratio of comonomaers during inverse vulcanization, the content of S-
S bonds in these materials was controlled, thereby enabling correlation of optical
properties with copolymer composition.  All copolymer compositions possess a
refractive index above n = 1.7 at 15850 nm. Furthermore, these sulfur copolymers
were readily solution, or mell processed into thin films, or free standing lenses for IR

imaging.

[0617%9] In other embodiments, an optical element comprising the polymeric
composition is formed as a substantially oplically transparent body having an optical
fransparency in the visible and infrared spectrum. The polymeric composition has a
refraciive index in the range of about 1.7 to about 2.2 and at leasi one wavelength in
the range of about 300 nm to about 10 pm.

106018¢] Electrochemical Cells

{68181} The use of a new eleclroactive cathode material for an Li-& battery, which
can be a sulfur based malerial, or polymer that, upon discharge, generates soluble
additive species in situ that co-deposit onto the cathode with lower suifide discharge
products. These additive species may be introduced into the electroactive material
during the synthesis ¢f the material, or added to the electrolyte or battery separator
as a soluble species. These additive species are able 1o co-deposit with sulfide-
containing discharge products via active electrochemical reactions, or passive non-
electrochemical processes. Co-deposition of these additive species with sulfide
discharge products onto the LS cathode plaslicizes the eleclrode against
mechanical fracture during batiery charge-discharge cycling. Plasticization enables

retention of charge capacity and improve cycle lifelime beyond 100 cycles.

[88182] The slectroactive material in this case is best embodied by a copolymer
material comprising elemental sulfur and an organic comonomer. Upon discharge of
this copolymer, soluble organosulfur species are formed which function o improve

Li-S batleries as described abovs.

[80183] In some embodiments, the present invention features an electrochemical cell
comprising an anode comprising metallic lithium, a cathode comprising the

composite material of any of the aforementioned embodiments, and a non-agueous
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slectrolyte disposed between the cathode and the anode. In some embodiments,
the electrochemical cell has a capacity of between about 200 and about 1,400
mAh/g. The cathode may be flexible. The slectrochemical cell may have a capacity
in the range of about 200 to about 1400 mAh/g. In ancther embodiment, the
electrochemical cell may have a capacity in the range of about 600 to about 1000
mAh/g.

(80184} In another embodiment, an slecirochemical cell comprises an anode
comprising metallic lithium, a cathode comprising a suifur containing polymer which
generates soluble additive species in situ upon discharge and the soluble additive
species co-deposil with lower sulfide discharge products onto the cathode, and a
non-aqueocus electrolvte inferposed belween the cathode and the anode. In some

embodiments, the lower sulfide discharge products are LisSs, LizSy, or LS.

{68185} In some embodiments, the slecirolvie and/or a separator comprises a sulfur
containing polymer according {o any of the aforementioned polymeric compositions.
The copolymer generales soluble organocsulfur species upon discharge. The soluble
additive species are co-deposited with the lower sulfide discharge products by an

giectrochemical reaction or a non-electrochemical regotion.

[88186] Any embodiment of the elecirochemical cells may be used in slectric vehicle
applications, portable consumer devices portable consumer devices {e.g., Personal
glectronics, cameras, slectronic cigareites, handheld game consoles, and
flashlights), motorized wheelchairs, golf carts, electric bicycles, electric forklifis,

tools, automobile starters, and uninierrupltible power supplies.

{08187} EXAMPLES

{08188} Example 7. Referring now {o FIG §, The following is a non-limiting example
of a procedure for the preparation of sulfur epoxy materials:

106189) 1. To an 11 mL glass scintillation vial equipped with a % inch magnelic stir
bar were added the poly(sulfur-random-m-phenylenediamine)} copolymer (about 50-
wi% Sg) (about 0.5 g), benzyl glycidyl ether (about 0.634 mi, about 0.683 g, about
4.462mmol), and the scolid tris{d-hydroxyphenylimethane triglycidyl sther {(about
1.916 g, about 4,162 mmol).
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186198 2. The vial was capped and placed in a thermostat controlied oven held at
about T= 65 °C for about 30 minutes {o allow the melting of the tris{4-hydroxyphenyl)
methane triglycidyl ether and the dissclution of a large portion of the copolymer
before magnetically mixing.

(861911 3. After about 30 minutes, the vial is placed in a thermostat controlled ol
bath held at about T = 70 °C. The mixture was stirred to homogenize prior to the
injection of the Z-dimethylaminoethanc! {about 0.025 mi, about 0.0222 g, about
(.08445 mmol}.

[86192] 4. The reaciion was stirred and allowed {o cure for about 3 hours before

cogling and removing from the vial (vield: about 98.0%)

{08193} Example 8. Referring now to FIG. 11, the following is a non-limiting example
of a procedure for the preparation of a sulfurimetal sulfide composite material:
{08194} 1. To 5 mb vial equipped with a magnelic stir bar was added sulfur {about
1.00 g, about 3.87 mmol as Sy} and molybdenum sulfide {about 1.00 g, about 6.25
mmol as MoaS).

186195 2. The mixture was heated at about 180 °C while stirring until vitrification.
1886196 3. The vitreous product was then cooled in a dry ice/acetone bath for aboul 2
min and the product was recovered by breaking the vial yielding an opague grey-

black solid in quantitative yield.

{00197} Example 9. The following is a non-limiting example of a thermal reforming
procedure of a self-healing polymer substrate:

{86198} 1. The polymeric substrate having a crack is placed in an oven.

[86199] 2. The polymeric substrate is heated at a temperature of about 100 °C for
about 3 hours,

180206] 3. The polymeric substrate is inspected {o ensure that it is completely self-

healed.

[88281] Photoactive sulfur polymers

[68282] Referring to FIG. 18, another aspect of the present invention relates (o the
use of sulfur to make a new class of photoaclive sulfur polymers. The polymers can
be used as a new solar fuel in which photochemical processes generate useful

chemicals for clean energy and commodity chemicals. Without wishing to limit the

el
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present invention to & particular theory or mechanism, the chemical synthetic
methodologies presented herein have the ability to change elemental sulfur into a
polymeric material with photoactive properties that upon solar irradiation can
photochemically react with water {o generate molecular hydrogen (M), and oxidized
sulfur species such as sulfates (SO,%), sulfonates (RSO and organosulfoxides (Ro-
S°-07). This new sulfur-based polymer would contain {(either by copolymerization,
blending, dispersion or cther forms of mixing) a fraction of photoactive compounds
that can absorb light and produce reactive intermediates. These reaclive
intermediates promote the pholoeleclrochemical degradation of the sulfur polymer in
the presence of water info useful small molecules for clean energy {(e.g. Hy) and
commaodity chemicals such as sulfonates and sulfates that are important for

fertilizers, sulfate salts, detergents.

{00203} In certain embodiments, a pholoactive monomer is based on siyrenic
pervlene diimides using established synthetic methods, such as those described in
Wurther, which is hereby incorporated herein by reference in its entirety. I has been
determined that these types of perylene diimides exhibit excellent solubility in liguid
sulfur, which is a desirable fealure in the inverse vulcanizalion process. Accordingly,
in certain embodiments, the synthesis of perylene-containing sulfur polymers can be
achieved by simple dissclution of these photoactive monomers in liquid sulfur and
heating the solution to T = 185 °C.  For example, sulfur polymers with 1-5% of the
photoactive perylene unifs can be made. The copolymers can include a variely of
other additional monomers such as 1,3-diisopropylenebenzene (DB}, Non-limiting
examples of other monomers are described in WO2Z013/023216 and U.S. Provisicnal
Fatent Application no. 61/940,102, which are incorporaied herein by reference. A
person of ordinary skill in the art can use such additional monomers, for example, o
modulate the thermomechanical properties of the final sulfur  polymer.
Characterization of this copolymer can be performed using conventional
spectroscopic and chromatographic methods such as NMR and SEC. To confirm
photogctivity of the polymers, thin films can be cast onto transparent electrodes,
such as ITQO, to enable photoslecirochemical degradation of the thin film upon visible
excitation and monitoring the evolufion of Hx. The present invention thus, in certain

aspects, allows for production of hydrogen for use as a fuel.

e
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[86204] In some embodiments, a polymeric composilion comprises a sulfur
copolymer, the sulfur copolymer comprising one or more sulfur monomers, at a level
in the range of at least about 50 wi% of the copolymer, and one or more photoactive
monomers at a level in the rangs of about 0.1 wi% io about 50 wi% of the

copolymer. Each photoactive monomer can have the structure:

{08265} The "A” may be a ring system. The "A” may also be a pholoaclive
chromophore. In some embodiments, the “A” may be selected from a group
consisting of perylenes, pyrenes, couramins, cvanine dyes, fluoresceins, and
derivalives thereof, polythiophenes, polvanilines, TiQ,, CdSe, CdS, CdSe-CdS,
natural and synthelic dyes, aromatics, heterocycles, conjugated organic polymers,
inorganic chromophores, nanocomposite chromophores, organic chromophores,
photoactive agents, and semiconductor nanoparticles. In some embodiments, the
“‘B” comprises a polymerizable molely, whersin the polymerizable moiety is selecied
from a group consisting of a carboxylate moiety, an sthylenically unsaturated moiety,
an epoxide moiely, a thirane moiely, an amine moisty, a thiol moiety, a sulfide
moiety, an alkynvily unsaturaled moiety, a nitrone moiety, an aldehyde moiety and a

ketone moietly. In some embodiments, nis 1, 2,3, 4,5, 6, 7 or 8.

[B8286] In some embaodiments, the sulfur copolymer further comprises one or more
monomers selected from a group consisting of ethylenically unsaturated monomers,
epoxide monomers, thilrane monomers, amine monomers, thiol monomers, sulfide
monomers,  alkynyily unsaturated monomers, nitrone  monomers, aldehyde
monomers and ketone monomers, at a level up to about 50 wit% of the sulfur
copolymer. Such sulphur copolymers can be as generally described in
WOZ013/023216 and U.S. Provisional Patent Application no. £61/940,102, filed
February 14, 2014, with the addition of one or more pholoactive monomers as
described herein.  Accordingly, in certain embodiments, the sulfur copolymer is
further described with respect to any embodiment or claim of W0O2013/023216 and
U.S. Provisional Patent Application no. 81/940102, each of which is hereby

incorporated hersin by reference for all purposes. Non-limiting examples of other
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monomers are described in U.5. Provisional Patent Application No. 62/017,750, filed

June 26, 2014, which are incorporated herein by reference.

106207} In some embodiments, each B includes the polymerizable moiety and a 1-6
atom long linker. Each linker is selected from a group consisting of an alkylene linker
and a mone, di- or trifethylene glycol) linker. In some embodiments, each B includes
an ethylenically unsaturated moiety, an epoxide moisty, a thirane moiety, or one or

more carboxylic anhydrides.

{00288} In some embodiments, sach pholoactive monomer is a photosensitizer.
Each photoactive monomer may be a perylene diimide or a perylene bisimide. IN
some  embodiments, each photoactive monomer is a polycyclic organic
chromophore. The photoactive monomer is capable of absorbing visible radiation,
infrared radiation, and/or solar radiation. In some embodiments, the ong or more
photoactive monomers are present at a level of about 0.1 wi% o about 10 wi% of
the sulfur copolymer, or 10 wi% {0 about 20 wi%, or 20 wt% to about 30 wit%, or 30
wi% to 40 wi%, or 40 wi% to about 50 wi%, or 1 wi% to about & wi%, or 5 wi% to

about 15 wit%, or 15 wi% 0 25 wit% of the polymeric composition.

(86269} In some embodiments, the one or more addiicnal monomers are one or
more ethylenically unsaturated monomers. In other embodiments, the one or more
monomers are one or more epoxide monomers. In still other embodiments, the one
or more monomers are a combination of one or more sthylenically unsaturated
monomers and one or more epoxide monomers.  In further embodiments, the one or
more monomers are a combination of one or more thiirane monomers and one or

more epoxide monomers.

{80216} In some embodiments, the sulfur copolymer comprises one or more sulfur
monomers at a level in the range of about 50 to about 60 wi%, or about 80 o 70
wi%, or about 70 {o 80 wi%, or aboul 80 to 90 wit%, or about 90 o 98.9 wt%, of the
copolymer, and the other monomers al a {otal level in the range of about 0.01 o 1
wi%, or about 1 to 5 wi%, or about 5 {o 10 wit%, or about 10 to 20 wi%, or about 20
to 30 wi%, or about 30 to 40 wi%, or about 40 to 50 wt% of the copolymer. In other

embodimenis, the sulfur copolymer comprises one or more sulfur monomers at a



WO 2015/123552 PCT/US2015/015870

level in the range of about 50 to about 898 wi% of the copolymer, and the other
monomers at a total level in the range of about 1 wi% to about 50 wi% of the
copolymer. In still other embodiments, the sulfur copolymer comprises one or more
sulfur monomers at a level in the range of about 50 to about 87.5 wi% of the
copolymer, and the one or more monomers at a level in the range of about 2.5 wi%
to aboul 50 wit% of the copolymer. In further embodiments, the sulfur copolymer
comprises one or more sulfur monomers at a level in the range of about 50 to about
85 wi% of the copolymer, and the other monomers al a level in the range of about 5

wi% to about 50 wi% of the copolymer.

1886211} In some embodiments, the sulfur copolymer comprises one or more sulfur
monomers at a level of at least about 60 wi% of the copolymer. In other
embodiments, the sulfur copolymer comprises one or more sulfur monomers at a
fevel in the range of about 70 to about 92 wi% of the copolymer. In still other
embodiments, the sulfur copolymer comprises the other monomers at a level in the

range of about 8 wi% to about 30 wi% of the copolymer.

{08212] Alfernative embodiments of the sulfur copolymers may include suifur
copolymers further comprising one or more polyfunctional monomers (2.9,
difunctional or trifunctional). The one or more polyfunctional monomers is selected
from a group consisting of a polyvinyl monomer {e.g., divinyl, trivinyl), a
polyisopropenyl monomer (e.g., dilsoprenyl, iriisoprenyl), a polyacryl monomer (e.g.,
diacryl, triacryl), a polymethacryl monomer {(e.g., dimethacryl, trimethacryl), a
polyunsaturaled hydrocarbon monomer (e.g., diunsaturated, triunsaturated), a
polyepoxide monomer {e.g., diepoxide, triepoxide), a poiythiirane monomer (e.g.,
dithiirane, frithiirane), a polyalkynyl monomer, a polydiene monomer, a
polvbutadiene monomer, a polyiscprene monomer, a polynorbormene monomer, a
polyamine monomer, a polythiol monomer, a polysulfide monomer, a polyalkynylly
unsaturated monomers, a polynifrone monomers, a polyaldehyde monomers, a

polyketone monomers, and a polyethvienically unsaturated monomers.

{80213} In some embodiments, the one or more polyfunctional monomers is selecled

from a group consisting of a divinyibenzene, a diisopropenylbenzene, an alkylene
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di{meth)acrylate, a bisphenol A di{methjacrylate, a terpene, a carolene, a divinyl

{hetero)aromatic compound and a diisopropenyl (helerolaromatic compound.

1806214} In other embodiments, the sulfur copolymer further comprises a nucleophilic

viscosity modifier at a level up {o about 10 wi% of the sulfur copolymer.

188215] In one embodiment, the sulfur copolymer comprises one or more sulfur
monomers, at a level of about 50 to about 98 wi% of the sulfur copolymer, one or
more polyfunclional monomers, at a level of about 2 fo about 50 wi% of the sulfur
copolymer, and one or more monofunctional monomers, at a level up o about 10
wi% of the sulfur copolymer. The monofunclional and polyfunctional monomers can
be photoactive monomers or additional monomers.  The one or more sulfur
monomers, the one or more polyfunctional monomers, and the one or more
monofunctional monomers are present at a level of at least about 70 wt% of the
sulfur copolymer. Alternatively the one or more sulfur monomers, the one or moreg
polyfunctional monomers and the optional one or more monofunclional monomers

are present at a level of at least about 85 wi% of the sulfur copolymer.

{80216} In some embodiments, the one or more polyfunclional monomers are at a
level of about 2 to about 50 wi%, or about 2 o about 10 wi%, or about 10 to about
20 wi%, or about 20 to about 30 wi%, or about 30 to about 40 wi%, or about 40 o
about 50 wt% of the sulfur copolymer. In some embodiments, the one or more
monofunctional monomers are at a level up to about 5 wit%, or about 10 wi%, or

about 15 wi% of the sulfur copolymer.

{88217} In another embodiment, the sulfur copolymer comprises one or more sulfur
monomers, at a level in the range of aboul 70 {o aboul 92 wi% of the sulfur
copolymer, ong or more polyfunctional monomers selected from a group consisting
of a divinylbenzene, a diisopropenyibenzene and an alkylene diimeth)acrylate, at a
tevel in the range of about 8 1o about 30 wi% of the sulfur copolymer, one or more
monofunctional monomers, at a level up o about 1.5 wit% of the sulfur copolymer,
and triphenyiphosphine at a level up fo about 20 wi% of the sulfur. The
moncfunctional monomers and the polvfunctional monomers are photoactive

monomers or additional monomers.
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[86218] In some embodiments, the polymeric composition is a pholosentizable
material. The polymeric composition is in & photosensitized state. In some
embodiments, the polymeric composition is photosensitizable by visible or near-
infrared radiation. In other embodiments, the polymeric composition may also be

photosensitizable by solar radiation.

[68219] The polymeric composition may be processable via solution or melt
processing methods. In some embodiments, the polymaeric composition is in the form
af a thin film. In other embodiments, the polymeric composition is in the form of a

three-dimensional solid having a smallest dimension at least 1 mm in size.

[86238] In some embodiments, the polymeric composition is contacted with an
aguecus medium and irradiated with radiation that is at least partially absorbed by
the one or more photoactive chromophores. The irradiation may form pholoactive
specigs. The irradiation may cause the formation of hydrogen from the agueous
medium. The irradiation may also the formation of oxidized sulfur species from the
sulfur of the polymeric composition. In some embodiments, the oxidized sulfur
species is ong or more of sulfates, sulfonates, sulfiles, sulfoxides and sulfones. In
other embodiments, the irradiation causes the formation of a sulfur radical cation or

polaron in the polymeric composition.

180221) In some embodiments, the above-method done on the polymeric
compaosition is performed at a temperature in the range of about © °C o about 100
°C, or about 5 °C to about 70 °C, or about § °C {o about 55 °C, or about 25 °C {0
about 70 °C.

{00222} In some embodiments, the aqueous solution and the polymeric material are
present in a weight ratio in the range of about 100:1 to about 1:10, or about 100:1 t©
about 1:10, or about 100:1 to about 1.1, or about 100:1 to about 5:1.

1862231 In some embodiments, the radiation is solar radiation. in other embodiments,
the radiation is visible radigtion. In still other embodiments, the radisgtion is near-

infrared radigtion.

[B8224] The following are non-limiting examples of materials that have been
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synthesized.

[06225] EXAMPLE 10

100226 Preparation of 3,4,9,10-Peryiene-tetracarboxylic dianhydride with S84
Experimental: A midure of 3,4,9,10-Perviene-telracarboxylic dianhydride {1 mg)
and Sg (1.01 g) was heated at 170 °C and stirred for 30 min. After aliowing fo cool to

room temperaturs, a red solid was afforded, as shown in FIG. 18a. (Yield: 87%)

[00227] Preparation of 3,4,9,10-Perylene-tetracarboxylic dianhydride with 8;-
10%01B

Experimental: A mixiure of 3,4,9,10-Perviene-tetracarboxylic dianhydride (1 mg}
and Sg (1.01 g) was heated at 170 °C and stired for 15 min. 0.1236 g of 1,3-
diisopropenyibenzene was added and stirred for another 30 min. After allowing fo
cogol o room temperature, a red solid was afforded, as shown in FIG. 19b. (Yield:
>08%)

[00228] Preparation of 3,4.8,10-Perylene-tetracarboxylic dianhydride with 8-
10% styrene {8T)

Experimental: A mixture of 3,4,9,10-Perviene-tetracarboxylic dianhydride {1 mg)
and 83 (1.01 g) was heated at 170 °C and stirred for 15 min. 0.1249 g of styrens was
added and stirred for another 30 min. After allowing to cool to room temperature, a
fight red solid was afforded, as shown in FIG. 19¢. (Yield: 86%)

1060229] Example 11

[68238] Preparation of N N’ -dibutyl peryienecarboxydiimide wih §;
Experimental: A mibdure of N,N-dibutyl perylenecarboxydiimide {1 mg} and S (1.01
g} was healed at 170 °C and stirred for 30 min, as shown in FIG. 20a. The product

was allowed o cool fo room temperature, as shown in FIG, 20b. (Yield: »89%))

[86231] Preparation of NN -dibutyl perylenecarboxydiimide with Sy and 1,3-
diisopropenylbenzene {DIB}

Experimental A mixture of N,N'-dibutyl perylenecarhoxydiimide (1 mg) and S (1.01
g) was heated at 170 °C and sfirred for 30 min. 0.12 g of 1,3-diisopropenyibenzene
was added and the mixture was stirred for ancther 30 min. After allowing to cool o

room temperature, a red solid was afforded, as shown in FIG, 20c. {(Yield: 98%)
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[86232] Preparation of N N -dibutyl pervienecarboxydiimide with 58-10% ST
copolymer

Experimental: A mbdure of N, N'-dibutyl perylensecarboxydiimide {1 mg) and Ss (1.01
g) was heated at 170 °C and stirred for 30 min. 0.11 g of 1,3-diisopropenyibenzene
was added and the mixture was stirred for ancther 30 min. After allowing o cool to
room temperature, a dark yellow, heige solid was afforded, as shown in FiG. 20d.
{(Yield: 96%)

{08233} 1,2-dichiorobenzene (DB} or chiorobenzene (CB)} solution of NN'-
dibutyl pervienecarboxydiimide with sulfur copolymer

180234] Referring now to FIG. 20e, the first vial from the left shows a mixiure of 0.1 g
of S3-10%DIB copolymer dissolved in 10 mbL of 1,2-dichiorobenzene. The second
vial shows a mibxture of 0.1 g of S510%ST copolymer and 0.5 mg of NN-dibutyl
pervlenecarboxydiimide dissolved in 10 ml of chiorobenzene. The third vial shows a
mixture of 01 g of S8-10%DIB copolymer and 0.5 mg of NN -dibulyl

perylenecarboxydiimide dissolved in 10 mL of 1,2-dichlorobenzens.

[80235] Additional aspects of the polymers are described below. The polymers
described below do not generally include a pholoactive chromophore; the person of
ordinary skill in the art can adapt any such polymers for use with photoactive

chromophores as described herein.

[86236] The sulfur can be provided as elemental sulfur, for example, in powdered
form. Under ambient conditions, elemental sulfur primarily exisis in an eight-
membered ring form (8a) which mells at temperatures in the range of 120-124 °C
and undergoes an equilibrium ring-opening polymerization (ROP) of the S5 monomer
into a linsar polysulfane with diradical chain ends, above 158 °C, as shown in

schematic view in FIG. 1.

1806237] As the person of skill in the art will appreciate, while 83 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 melt-thermal processing of Sg).
Any sulfur species that vield diradical or anionic polymerizing speciss when healed

as described herein can be used in practicing the present invention.

8]
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[86238] Because both anionic and radical polymerization can occur in the
polymerization reaction mixtures, any desirable combination of amine monomers,
thicl monomers, sulfide monomers, alkynyily unsaturated monomers, nitrone andfor
pitroso monomers, aldehyde monomers, keione monomers, thirane monomers,
ethylenically unsaturated monomers, and/or epoxide monomers can be used in the
copolymers.  As a non-limiting example, in cerlain embodiments, one or more

monomers are one or more ethylenically unsaturated monomers.

{08239} Because both radical and anionic species can be generated during the same
polymerization, it is possible {0 incorporate both amine monomers, thiol monomers,
sulfide monomers, alkynyily unsalurated monomers, nitrone  and/or nitroso
monomers, aldehyde monomers, kelone monomaers, thirane  monomers,
ethylenically unsaturated monomers, and/or epoxide monomers info the same
copolymer. As non-liimiting examples, in one embodiment of the invention, the one
or more moenomers are a combination of one or more amine monomers and one or
more thiol monomers.  In other embodiments of the invention, the one or more
monomers are a combination of one or more amine monomers, thiol monomers,
sulfide monomers, alkynyily unsalurated monomers, nitrone  and/or nitroso
monomers, aldehyde monomers, kelone monomers, thirane monomers,
ethylenically unsaturated monomers, and/or epoxide monomers; and one or more
amine monomers, thiol monomers, sulfide monomers, alkynylly unsaturaled
monomers, nilfrong  andfor nitroso  monomers, aldehyde monomers, kefone
monomers, thirane monomers, ethylenically unsaturated monomers, and/or epoxide

monomers.

186248 In still other embodiments of the invention, the one or more monomers are a
combination of one or more amine monomers, thiol monomers, sulfide monomers,
alkynvily unsaturated monomers, nitrone and/or nitroso monomers, aldehyde
monomers, ketone monomers, thirane monomers, and ethylenically unsaturated,
andfor epoxide monomers; and one or more amine monomers, thiol monomers,
sulfide monomers, alkynyily unsaturated monomers, nitrone and/or nitrose
monomers, aldehyde monomers, ketone monomers, thiirane  monomers,
sthylenically unsaturated monomers, and/or epoxide monomers; and one or more

amine monomers, thiol monomers, sulfide monomers, alkynylly unsaturated

A6
¢
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monomers, nitrone  and/or nifroso monomers, aldehyde monomers, keione
monomers, thirane monomers, ethylenically unsaturated monomers, and/or epoxide

monomers.

188241 The person of skill in the art will select monomers and relative ratios thereof
in order to provide the desired properties to the polymer. In certain embodiments,
the one or more monomers include one or more polyfunctional monomers, optionally
in combination with one or more monofunctional monomers. A polyfunclional
monomer is one that includes more than one (e.g., 2, or 3) polymerizable amine,
thiol, sulfide, alkynylly unsaturated, nitrone and/or nitroso, aldehyde, keione, thiirane,
sthylenically unsaturated, and/or epoxide moigties. Polyfunclional monomers can be
used to cross-link sulfur chains {o adjust the properties of the polymer, as would be
understood by the person of skill in the art.  The muitiple polymerizable groups of a
polyfunctional monomer can be the same or different. For example, a polyfunctional
monomer can be a polyvinyl monomer, a polyisopropenyl monomer, a polyacryl
monomer, a polymethacryl monomer, a polyunsaturated hydrocarbon monomer, a
polyepoxide monomer, a polythiirane monomer, a polyalkynyl monomer, a polydiene
monomer, a polybutadiene monomer, a polvisopreng monomer, a polynorbomene
monomer, a pelyamine monomer, a polythiol monomer, a polysulfide monomer, a
polyalkynylly unsaturated monomers, a polynitrone monomers, a polyaldehyde
monomers, a polvkelone monomers, and a polyethylenically unsaiurated monomers
in other emboediments, a polyfunctional monomer can be a polyepoxide monomer or

a polythiirane monomer.

{08242] Frechet-type benzyl ether dendrimers bearing styrenic terminal groups are
miscible with liquid sulfur and can be used as polyfunctional cross-linkers. In certain
embodiments, the one or more polyfunctional monomers include one or more of a
divinylbenzene, a diisopropenylbenzene, an alkylene difmeth)acrylate, a bispheno! A
diimsthacrylate, a terpene, a carotene, a divinyl (heterolaromatic compound, and &
diisopropenyl (helero)aromatic compound. in other embodimenis, a polyfunctional
monomer can have one or more amine, thiol, sulfide, alkynvily unsaturated, nifrone
and/or nitroso, aldehyde, ketone, thiirane, ethylenically unsaturated, and/or epoxide
moieties moielies; and one or more amine, thicl, sulfide, alkynyily unsaluraied,

nitrone and/or nitroso, aldehyde, ketone, thirane, ethylenically unsaturated, and/or

A7
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epoxide moisties, wherein the first and second moieties are different. A non-limiting

example is a divinylbenzene monoxide.

1806243] The polymeric materials can be made, Tor example, by polymerization of
moiten sulfur with the monomers. Thus, in one aspect, the invention provides a
method for making a polymeric composition as described above. The method
includes heating a mixture including sulfur and the one or more monomers together
at a temperalure sufficient o iniliale polymerization {i.e., through free radical
polymerization, through anionic polymerization, or through both, depending on the
monomers used). For example, in one embodiment, the method includes heating a
mixiure including sulfur and the one or more monomers together at a temperalure in
the range of about 120 °C {o about 230 °C, e.g., in the range of about 160 °C {o
about 230 °C. The person of skill in the art will select conditions that provide the
desired level of polymerization, using, in part, information provided in the Examples,
below. In one embodiment, the mixture comprising sulfur and cne or more
monomers is formed by first heating a mixiure comprising sulfur to form a molten
sulfur, then adding one or more 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 at
elevated pressure (e.q., in a bomb or an autoclave). kElevated pressures can be
used to polymerize more volatile monomers, so thatl they do nol vaporize under the

elevated temperaiure reaction conditions.

{80244} In certain embodimentis, it can be desirable o use a nucleophilic viscosity
modifier in liguefying the sulfur, for example, before adding one or more of the
monomers  {s.g., before adding any polyfunctional monomer). For example, in
certain embodiments, the sulfur is first heated with a viscosity modifier, then the
viscosity-maodified sulfur is heated with one or more monomers (e.g., with one or
more polyfunctional monomers).  The nuclegphilic viscosity modifier can be, for
exampile, a phosphorus nucleophile {(e.q., a phosphine), a sulfur nucleophile {e.g., a
thiol} or an amine nucleophile {e.g., a primary or secondary aming). When sulfur is
heated in the absence of a nucleophilic viscosity modifier, the sulfur rings can open
o form, e.g., diradicals, which can combine to form linear polysulfide chains which

can provide a relatively high overall viscosity o the molten material.  Nucleophilic

el
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viscosity modifiers can break these linear chains into shorter lengths, thereby
making shorter polysulfides that lower the overall viscosity of the molten material,
making the sulfur mixture easier to mix with and other species, and easier o stir for
gfficient processing. Some of the nucleophilic viscosity modifier will react 0 be
refained as a covalently bound part of the copolymer, and some will react to form
separate molecular species, with the relative amounis depending on nucleophile
identity and reaction conditions. For example, friphenylphosphine can react with Sg
to form triphenyiphosphonium-terminated linear sulfides (which can go on o form
copolymer) together with riphenyiphosphine sulfide {(unbound). While some of the
nuclecphiiic viscosity modifier may end up as a separate molecular species from the
polymer chain, as used herein, nucleophilic viscosily modifiers are considered 1o be
part of the copolymer. Non-limiting examples of nucleophilic viscosity modifiers
include triphenyiphosphine, aniling, benzenethiol, and N N-dimethyvlaminopyridine.
Nucleophilic viscosity modifiers can be used, for example, in an amount up to about
10 wit%, or even up to about 5 wi% of the copolymer. When a nucleophilic viscosity
modifier is used, in certain embodiments it can be used in the range of about & wit%

fo about 15 wit% of the sulfur.

180245] In certain embodiments, a monocfunctional monomer can be used to reduce
the viscosity of the sulfur, for example, before adding other of the monomers {e.q.,
hefore adding any polyfunctional monomer). For example, in certain embodiments,
the sulfur is first heated with one or more moncfunctional monomers, then the
resulting mixture is heated with one or more other monomers (2.g., with one or more
polyfunctional monomers). While not intending 1o be bound by theory, the inventors
surmise that inclusion of monofunctional monomers inlo the polysulfide chains
disrupts infermolecular associations of polysulfides and thus decreases the viscosity.
The monofunctional monomer can be, for example, a mono{methlacrylate such as
benzyl methacrylate, a mono{oxirane) such as a styrene oxide or a glycidyt phenyl
ather, or a monc(thilrane} such as t-butyl thilrane or phenoxymethylthirane., A
monofunctional monomer can be used io modify the viscosity of the sulfur, for
example, in an amount up 1o about 10 wi%, up to about 5 wi%, or even up to about 2
wi% of the copolymer. When a monofunclional monomer can be used {o maodify the

viscosity of the sulfur, in cerlain embodiments it can be used in the range of about
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(.5 wi% to about 5 wiSs, or even about 0.5 wi% o about 3 wi% of the sulfur,

186246] Of course, viscosity modification is not required, so in other embodiments the
sulfur is heated logether with the one or more monomers (and particularly with one
or more polyfunctional monomers) without viscosity modification. In other
embodiments, a solveni, e.g., a halobenzene such as 1,2,4-trichlorobenzene, a
henzyl ether, or a phenyl sther, can be used to modify the viscosity of the materials
for ease of handling. The solvent can be added, for example, o the sulfur before
reaction with a monomer in order to reduce its viscosily, or to the polymerized

material in order to aid in processing into a desired form factor.

[86247] The one or more thirane monomers can include polyfunctional and/or
monofunctional monomers as described elsewhere herein. Non-limiting examples of
monomers include propylene sulfide, t-butyl thiirane, phenoxymethyl thirane,
vinylthilrane, and 2-((allyloxy)methylithiirane. For example, in one embodiment, the
copolymer is a copolymer of sulfur and an alkylene sulfide such as propyiene sulfide.
Other characteristics of these copolymers can be as defined for cther materials
described herein.  Such malerials can be made into polymeric compositions,
composites and devices as otherwise described herein.  Advantageously,
sulfur/thiirane copolymers of up o aboul 80 wi% sulfur can be soluble in a varisty of

solvents, such as N-methylpyrrolidinone, ioluene, O35, and tetrahydrofuran.

[B#8248] Ancther aspect of the invention is a method for making a sulfur/thiirane
copolymer as described above. The method includes allowing the thiirane
monomer(s) {o react with the sulfur - in the amounts appropriale o provide the
desired copolymer composition as described above - with a thiosster (-C{8}-8-) or
trithiocarbony! (-3-C(5)-5-) based RAFT polymerization agent in a solvent. Suitable
RAFT polymerization agents include, for example, benzyl dithiobenzoale. The
polymerization can be performed, for example, at a temperature in the range of
about 20 °C to about 120 °C, for example, from about 20 °C {o about 80 °C. The
solvent can be selecied by the person of skill in the art in view of the particular
materials used; examples include N-methylpyrrolidinone and toluene. A calalysi,
such as tetraphenyiphosphonium chioride can optionally be used. The person of

skill in the art can adapt known RAFT polymerization technigues for use in making
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the copolymers described herein. For example, chain fransfer agents based on
dithiossters, trithiocarbonyls, dithiocarbamates, and xanthales can generally be
adapted by the person of skill in the art for use in making the copolymers described
herein, as can -onium salts {e.g., those based on phosphonium halides, imidazolium

halides and ammonium halides).

[68249] The polymers described herein can be partially cured {o provide a more
easily processable material, which can be processed into a desired form (e.g., into a
desired shape, such as in the form of a free-standing shape or a device), then fully
cured in a laler operation. For example, one embodiment of the invention is a
method of making an article formed from a polymeric composition as described
herein. The method includes heating a mixture comprising sulfur and one or more
monomers at a temperature in the range of about 1680 °C o about 230 °C to form a
prepolymer; forming the prepolymer into the shape of the article, to vield a formed
prepolymer shape; and further heating the formed prepolymer shape o yield the
article. The prepolymer can be formed, for example, by conversion of the cne or
more monomers at a level in the range of about 20 o about 50 mol%. For example,
the heating of the sulfur and the one or more monomers to form the prepolymer can
be performed for a time in the range of about 20 seconds to about five minutes, for
example, at a femperature in the range of aboui 175 °C to about 185 °C. In one
embodiment, the heating is performed for less than about 2 minuies af about 185 °C.
The person of skill in the art will determine the desired level of monomer conversion
in the prepolymer slage to vyield a processable prepolymer material, and will
determine process conditions thal can result in the desired level of monomer

conversiorn.

180258 In one embodiment, the prepolymer can be provided as a mixture with a
solvent for forming, e.g., via casting, molding or printing. The prepolymers described
herein can form miscible mbdures or solutions with a variety of nonpolar high-boiling
aromatic solvents, including, for example, haloarene solvenis such as di- and
trichiorobenzene {e.g., 1,24-trichlorobenzene). The scolvent can be added, for
example, after the prepolymer is prepared, to provide a softened or flowable maternal
suitable for a desired forming siep (e.q., casling, molding, or spin-, dip- or spray-

coating.) iIn some embodiments, the prepolymer/solvent mixiure can be used at
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elevated temperatures {e.g., above about 100 °C, above about 120 °C or above
about 140 °C} to improve flow at relatively low solvent levels (e.g., for use in casting
or molding processes). In other embodiments, the prepolymer/solvent mixture can
be used at a lower temperature, for example, at ambient temperatures (e.q., for use
in spin-coating processes); unlike molten sulfur, the prepolymers described herein

can remain scluble sven after the solvent cools.

{80251 In one embodiment, the prepolymer is coaled and cured as a film on a
substrate. While 55 is typically intractable due to ils crystallinity, the materials
described herein can be formed as {0 be amenable o soclution processing (e.g., in
molten or solvent-admixed form) to fabricate thin film materials. Mixiures of molten
prepolymer and solvent can be diluted {o the concentration desired for a given spin-

coating process.

[68252] When forming thin films of the materials described herein on substrates, it
can ofien be desirable o use a polyimide primer laver. Thus, a solulion of a
polyarmic precursor {e.g., polypyromellitamic acid-4,4’-dianiline, or compounds with
oxyaniline linkages), or similar copolymer derivalives can be deposited onto a
substrate and cured {e.g., by heating at a temperalure in the range of about 120 to
about 200 °C) lo form a thin polyimide layer (e.g., as thin as 2 nm), upon which the
materials described herein can be formed. Moreover, in many embodiments, even
fully cured polymers as described herein can be mell processed or suspended or
dissoived in solvent and deposited on o substrales in a manner similar to those

described for prepolymeric materials.

{80253} In certain embodiments, the prepolymer can be shaped and cured using a
moid. For example, in one embodiment, the prepolymer (L.e., in molten or sclvent-
admixed form) can be deposited (e.g., by pouring) into a TEFLON or silicons {e.g.,
polydimethylsiloxane (PDMS)) mold, then cured to form a desired shape. In ancther
embodiment, a softened prepolymer material {e.g., swollen with solvent and/or
softenad by heat) can be imprinted by stamping with a mold bearing the desired
inverse surface relief, then cured and aliowed to cool. Moreover, in many
embodiments, even fully cured polymers as described hersin can be shaped with a

mold in a manner similar to those described for prepolymeric materials,
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86254 As described above, soluble copolymers can be made by the person of skill
in the art, for example, using relatively higher fractions of organic comonomer{s).
Such polymers can be solution processed to fabricate articles. For example, ancther
aspect of the invention is a method of forming an arlicle formed from a polymeric
composition as described herein, the method comprising admixing the polymeric
composition with a nonpolar organic solvent (e.g., to make a suspension or solution},
forming the admixed polymeric composition inte the shape of the article,] and
removing the solvent from the polymeric compoesition to vield the article. The
admixture with solvent can, for example, dissolve the copolymer. Various process
steps can be performed at elevaled temperatures, for example, 1o decrease viscosity

of the admixed polymeric composition and o aid in evaporation of solvent.

{88255 For example, in one embodiment, a room femperature solution {(8.g., in &
dichiorobenzene or a trichiorobenzene) of a random copolymer (e.g., in prepolymeric
form) prepared via the thermal free radical copolymerization of 5S¢ and 1,3-
diisopropenylbenzene {(poly(S-r-DBIB)) (72.5 wi% sulfur, 27.5 wi% DIB} is poured into
a TEFLON or PDMS mold. A decrease in viscosity at elevated temperatures {e.g., >
about 140 °C) can allow sufficient flow into even intricate mold shapes. Once the
moid is filled, it can be placed in a vacuum oven at increased temperature {e.g.,
about 210 °C) under ambient pressure {0 cure and {o drive off solvent. For thicker
molded samples, vacuum can be pulled on the solution when it is in a low viscosity
state in order {0 ensure the removal of bubbles. The mold is then removed from the

oven and allowed 1o cool before removal from the mold.

[88256] As the polymeric malerials described herein can be effectively thermoplastic
in nature, the person of skill in the art will understand that cther methods familiar in
the thermoplastic industries, such as injection moiding, compression molding, and

melt casting, can be used in forming articles from the materials described herein.

[88257] Example 12. Viscosity modification of elemental sulfur

{68258} In one experiment, mixiures of sulfur {provided as 5; herein unless otherwise
described, 600 mq) with various weight percenis of triphenviphosphine (TPP) (2.5, 5,
7.5 and 10 wit% TPP with respect {o sulfur) were prepared in 4 mbL vials each

squipped with a stir bar. The midures were heated at 185 °C and stirred at 550 rpm.
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Their viscosities were assessed qualitatively, and the mixtures containing 7.5 wi%

and 10 wi% TPP had markedly lowered viscosities, and remained stirabls.

186259} In another experiment, powdered sulfur (0.700 g, 2.19 x 10 mol) and benzyl
methacrylate (0.0105 g, 10.1 pL, 5.96 x 107 mol, 1.5 wi% with respect to fotal mass)
were combined in a 4 mb vial egquipped with a stir bar. The vial was sealed and
heated at 185 °C while stirring at 550 rpm. The viscosity was assessed visually o

be less than that of powdered sulfur alone treated under the same conditions.

[00266] Example 13. Copolymerization of viscosity-modified sulfur with
divinylbenzene

1862611 In a 4 mbL vial squipped with a slir bar were combined powdered sulfur
(0.360 g, 113 x 107 mol} and TPP (0.40 g, 1.53 x 10 mol). The vial was loosely
capped and then heated at 185 “C with stirring at 550 rpm. The solids were allowed
to melt and form a homogeneous liquid. The cap was then removed and
divinylbenzene {commercial grade, mixture of 1,3- and 1,4~ isomers) (0.198 g, 0.217
mi, 1.52 x 107 mol) was injected. The cap was then quickly replaced and secured
tightly. [try reading this out loud and see how many “ands”and verbs are used] The
reaction mixiure was allowed 1o stir until gelation prevented further stirring, then the

vial was cooled to room temperature.

100262] Example 14. Copolymerization of viscosity-modified sulfur with 1,3-
diiscpropenyibenzens

(862631 In a 4 mbL vial squipped with a sliv bar were combined powderad sulfur
(0.360 g, 1.13 x 10 mol) and TPP (0.40 g, 1.53 x 10 mol). The vial was loosely
capped and heated at 185 °C with stirring at 550 rpm. The solids were allowed to
meit and form a homogeneous liquid. The cap was then removed and 13-
ditsopropenylbenzens (DIB) (0.198 g, 0.217 mb, 1.25 x 107 mol) was injected and
the cap guickly replaced and secured tightly. The mixture was allowed to stir until

gelation prevented further stirring, then the vial was cooled {o room temperature.

[B8264] Example 15, Copolymerization of viscosity-modified sulfur with 1,3-
diisopropenyibenzene and 1,10-decanediol dimethacryiate

{80265} In a 4 mbL vial equipped with a slir bar were combined powdered sulfur
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(0.380 g, 1.22 x 107 mol) and TPP (0.060 g, 2.28 x 10™ mol). The vial was loosely
capped and heated at 185 C with stirring at 550 rpm. The solids were allowed {0
meit and form a homogeneous liguid. The cap was then removed and DB (0.075 g,
81.1 pk, 2.86 x 10™ mal) and 1,10-decanedio! dimethacrylate (0.075 g, 2.42 x 10
mol} were simultanecusly injected and the cap quickly replaced and secured tightly.
The mixture was allowed o slir until gelation prevented further stirring, then the vial

was cooled to room tfemperature.

[00266] Example 16, Copolymerization of sulfur with 1,3-diisopropenyibenzense
and benzyl methacrylate

1806267] To a 4 mL vial equipped with a stir bar was added powdered sulfur (0.54 g,
2.10 x 10° mol). The vial was heated at 185 °C until a clear orange-colored molten
phase was formed. Benzy! methacrylate (0.083 g, 80.6 pL, 0.357 x 10 mol) was
then directly added to the molten sulfur via syringe. The sulfur and benzyl
methacrylate were allowed to homogenize, then DIB (0.207 g, 0.321 mi, 1.88 x 107
maol) was directly added to the molien mixiure via syringe. The resulting mixiture was
stirred at 185 °C untl a deep cherry- red solution resulied and the entire reaction
vitrified. Once vilrified the reaction was cooled to room temperature. The resulting
copolymer had a sulfur level of 80%, a DIB level of 33%, and a benzyl methacrylate
tevel of 7 wi%. Raman spectra and Differential scanning calorimetry (DSC)
thermograms of the resulling copolymer and of elemental sulfur are provided in
FIGS. 21ab and 22ab, respeclively. The Raman and DSC data indicate

substantially complete copolymerization.

[806268] Example 17. DBSC, kinetics, and thermal and rheclogical properties

106269} Sulfur-DIB polymers of varying sulfur content were made by heating mixtures
of sulfur and DIB at 185 °C. The resulting polymers were studied by DSC, along
with sulfur, thermograms are provided in FIG. 23a. The sulfur melting endotherm
was not present in any of the polymerized material. The 890 wi% sulfur material also
did not have residual unreacled Si monomer, but due to the high sulfur content in
the sulfur copolymer exhibited a weak endotherm corresponding {o melting of semi-
crystalline domains present in sulfur rich polymers. DSC data in the range of -80 °C
io 40 °C are provided in FIG. 23b. The glass transition temperature increased with

increasing DIB content.
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1062768} Shear viscosity data are provided in FIG. 24. Increasing DIB increased zero-
shear viscosity until between 30 wi% and 50 wit%, where the zero-shear viscosily
increased. While not intending to be bound by theory, the inventors surmise that
hyperbranching resulls in lower viscosity around 50 wi% DB, A 50:50 mixture of 58
and DIB was healed at 185 °C, and samples were oblained every fwo minutes,
cooled quickly, and analyzed via Raman specltroscopy and DSC for subfur
conversion, and 'H NMR for DIB vinyl group conversion. Results are shown in FIG.

25, and demonstrate complete reaction within 6 minutes.

[86271] Example 18. Preparation of sulfur/propyiene sulfide copolymaers

1806272 Polymerizations of sulfur and propylene sulfide can be performed using a
procedure similar to that described below. Polymerizations were carried oul with
benzyl dithicbenzoate (BDB) as an initiator in a degassed sealed Schisnk flask.
Propylene sulfide (0.88 mbL, 11.232 x 107 mol), sulfur (0.7188 g, 2.808 x 107 mot),
BDB (34.2 mg, 0.1404 x 107 mol), {elraphenyiphosphonium chioride (10.53 myg,
0.02808 x 107 molb), and 10 mb oluene were placed in a Schienk flask {o ensure
exclusion of adveniitious water, or oxygen, and degassed by three freeze-pump-
thaw cycles, then the mixture was siirred at 80 °C for 8 h under argon. The polymer
obtained was purified by precipitation from toluene into a large excess of methanol,

and dried in vacuum o give a pale red oil polymer.

[68273] FIG. 26 provides NMR spectra of two sulfur/thiirane copolymers and that of a
copolymer not containing sulfur. The resonances at 2.5-3.0 ppm shift with increased
sulfur  content.  Similarly, size exclusion chromalography measurements
demonstrated sulfur incorporation into the polypropylene backbone, with a broad

range of apparent molecular weights (1,000-100,000 g/mol).

100274] Example 19. Formation of sulfur/DIB prepolymer solution

180275] In a 20 mb vial eguipped with a slir bar were added powdered sulfur (1.2 g,
3.75 x 107 mol) and triphenylphosphine (0.140 g, 5.34 x 10 mol). The vial was
loosely capped and heated at 185 °C with stirring at 550 rpm. The solids were
allowed to meit and form a homogeneous liquid. The cap was then removed and
DiB (0.660 g, 0.714 mL, 3.64 x 107 mol) was injecied and the cap quickly replaced

and secured tightly. Once the mixiure began io darken o an amber color {(after
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about 2-3 minutes) the cap was removed and 1,2,4-frichlorobenzene (TCRB) (0.660 g,
(0.714 mlL) was injected. The vial was sealed and the mixture was slirred for 2-3
minutes uniil bright red in color, then cooled to room temperature o form a viscous

prepolymer solution.

[B8276] Example 20. Formation of polymer structures

{68277 Hot prepolymer solutions as described above in Example 19 were poursd
into Teflon molds of varicus geometlries and cured at 200 “C {o form free-standing
glastomer structures, an example of which is shown in FIG. 27, Glassy thin films
were prepared by drop casting the prepolymer solution as described above onio a
glass slide and curing at 200 °C. An example is shown in FIG. 27, Microsiructures
were formed by pouring the prepolymer solution as described above into PDMS
molds having piliared features (having micrometer pericdicity) and curing at 200 °C.

An example is shown in FIG. 27.

[00278] FIG. 28 is a picture of a set of spin-coated films. Film (&) was spun from 10x
diluted polv{pyromeilitic dianhydride-co-4 4’ -oxodianiline) amic acid sciution in N-
methyl pyrrolidinone (NMP), and film (b) was spun from neal poly{pyromeliitic
dianhydride-co-4,4-oxodianiline) amic acid solution.  Film {¢) is 17.5-wi% DIB
poly(S-r-DIB) film spun onto film (a), and film {d) is 20-wt% DIB poly(S-r~DIB) film
spun onto film (b). Samples a) and b} were cured at 180 °C under vacuum for 2
hours. Samples ¢) and d) were cured at 180 °C under vacuum for 10 minutes and
then at the same temperature without vacuum for an additional 10 minules. FIG. 28
is a cross-sectional micrograph of a poly(&-r-DIB) copolymer laver (2.6 uym in

thickness) formed on a polyimide layer (270 nm) on a glass substrate.

[86279] H.B Donors

1062881 In addition, the present invention features hydrogen sulfide donating sulfur
containing polymers and methods of preparing said polymers. The present invention
also features methods of reating biological conditions and inhibiting microbial growth
using HeS gas. In some embodiments, the present invention ulilizes sulfur containing
polymers prepared via a variety of synthelic processes, such as inverse
vulcanization and other existing synthetic chemical methods 0 prepare molecules,

polymers, nanomaterials, and nanccomposites that can deliver H25 under biological
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conditions.

{06281] In some embodiments, the present invention features a hydrogen sulfide
(H23) donating polymer conjugate comprising a sulfur copoiymer and ong or more
carrier polymers, wherein the carrier polymer is bonded {o the sulfur copolymer. In
some embodiments, the sulfur copolymer comprises one or more sulfur monomers
at a level between aboul 5 o 95 wi% of the sulfur copolymer, and one or more
comonomers each selected from a group consisting of amine monomers, thiol
monomers, sulfide monomers, alkynylly unsaturated monomers, nitrone monomers,
aldehyde monomers, ketone monomers, epoxide monomers, thirane monomers,
and ethylenically unsalurated monomers at a level between aboui & to 95 wit% sulfur
copolymer. In some embodiments, at least one sulfur moiety of the suifur monomer
is bonded {o at least one reactive functional group of the comonomers. Non-limiting
examples of other monomers are described in U.S. Provisional Patent Application

No. 62/039,588, filed August 20, 2014, which are incorporated herein by reference.

{08282} In some embodiments, the sulfur copolymer of the polymeric conjugate
comprises one or more sulfur monomers at a level in the range of about § to about
10 wi% of the sulfur copolymer. The sulfur copolymer may comprise one or more
sulfur monomers al a level in the range of about 10 to 20 wi%, or about 20 o 30
wi%, or about 30 to 40 wi%, or about 40 o 50 wi%, or about 50 to 680 wi%, or about
80 1o 70 wi%, or about 70 to 80 wi%, or about 80 to 90 wi%, or about 90 to 95 wi%

of the sulfur copolymer.

{08283} In some embodiments, the sulfur copolymer of the polymeric conjugate
comprises one or more monomers at a level in the range of about 5 wi% to 15 wi%
af the sulfur copolymer. The sulfur copolymer may comprise one or more monomers
at a level in the range of about 15 wit% to 25 wit%, or about 25 wit% 1o 35 wi%, or
about 35 wi% to 45 wi%%, or about 45 wi% fo 55 wi%, or about 55 wit% 1o 85 wt%, or
about 65 wi% to 75 wi%, or about 75 wi% {o 85 wt%, or about 85 wi% o 95 wit% of

the sulfur copolymer.

{60284} In some embodiments, the carrier polymer is selected from a group

consisting oft N-(Z-hydroxvipropyhimsthacrylamide (HPMA) copolymer, a poly-L-
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glutamic acid, a poly(ethylene glycol) (PEG), Dextran, vinyls, alkynyls, epoxides,
thiiranes, amines, sulfides, ethers, norbornenes, amides, peplides, polyssiers,

polyamides, polyethers, and sugars.

180285] In some embodiments, the one or more comonomers are one or rmore
amine  monomers. in some embodiments, the amine monomer is m-
phenvlenediaming or p-phenylenediamine. In some embodiments, the one or more
comonomers are one or more thiol monomers. In some embodiments, the thiol
monomer is 4.4-thicbis{benzenethiol}. In some embodiments, the one or more
comonomers are a combination of one or more amine monomers and one or more
thiol monomers. In some embodiments, the one or more ComMonomers are one or
more alkynylly unsaturated monomers.  In some embodiments, the alkynylly
unsaturated monomer is T-phenyipropyne. in some embodiments, the one or more
comonomers are one or more thirane monomers. In some embodiments, the
thilrane monomer is propylens sulfide. In some embodiments, the one or more
COMONOMErs are ong or more epoxide monomers. In some embodiments, the one or
more of the epoxide monomers are benzyl glycidyl  ether, tris{4-

hydroxyphenylimethane triglycidyt ether, or a combination thersof.

[86286] In some embodiments, the sulfur monomer is at a level of at least about 20
wi% of the sulfur copolymer. In some embodiments, the sulfur monomer is at a level
of at least about 50 wi% of the sulfur copolymer. In some embodiments, the sulfur
monomer is al a level between about 60 and 80 wi% of the sulfur copolymer. iIn
some embodiments, the sulfur monomer is at a level between about 70 and 95 wi%

of the sulfur copolymer.

{86287 In some embodiments, the present invention features a hydrogen sulfide
{(H23) donating sulfur copolymer comprising one or more sulfur monomers at a level
between about & {o 95 wi% of the sulfur copolymer and one or more comonomers
gach selected from a group consisting of amine monomers, thiol monomers, sulfide
monomers, alkynyily unsaturated monomers, nifrone  monomers, aldehyde
monomers, kelone monomers, epoxide monomers, thirane monomers, and
athylenically unsaturated monomers at a level belween about § 1o 95 wi% of the

sulfur copolymer.  In some embodiments, at least one sulfur molety of the sulfur
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monomer is bonded to at least one reactive functional group of the comonomers.

{86288] In some embaodiments, the sulfur monomers form a sulfur containing core of
the sulfur copolymer. In some embodiments, the comonomers exiend ocutwardly from

the sulfur containing core. In some embodiments, the sulfur copolymer is linear.

082891 In some embodiments, the present invention features a hydrogen sulfide
(H,S} donating sulfur copolymer comprising one or more sulfur monomers at a level
of at a level between about & to 95 wit% of the sulfur copolymer and one or more
comonomers gach selected from a group consisting of amine monomers, thiol
monomers, sulfide monomers, alkynylly unsaturated monomers, nitrone monomers,
aldehyde monomers, ketone monomers, epoxide monomers, thirane monomers,
and ethylenically unsaturated monomers at a level between about 5 1o 95 wi% of the
sulfur copolymer. In some embodiments, al least one sulfur moiety of the sulfur
monomer is bonded o at least one reactive functional group of the comonomers. In
some embodiments, the sulfur monomers form a sulfur containing core of the suifur
copolymer. In some embodiments, the comonomers extend outwardly from the sulfur

containing core.

(86286} In some embodiments, the one or More COMONCIMErs are one or More amine
monomers. in some smbodiments, amine monomer is m-phenyiensdiamine or p-
phenylensdiamine. In some embodimenis, the one or more comonomers are one or
more thiol monomers. in some embodiments, the thiol monomer is 4.4'-
thiobis{benzenethiol). In some embodiments, the one or more comonomers are a
combination of one or more amine monomers and one or more thiol monomers. in
some embodiments, the one or more comonomers are one or more alkynylly
unsaturated monomers. In some embodiments, the alkynyily unsaturated monomer
is 1-phenylpropyne. In some embodiments, the one or more Comonomers are one or
more thilrane monomers. In some embodimenis, the thiirane monomer is propylene
sulfide. In some embodiments, the one or morg comonomers are one or more
epoxide monomers. In some embodiments, one or more of the epoxide monomers
are benzyl glycidyl ether, iris{d-hydroxyphenymethane triglycidyl sther, or a

combination thersof.
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1862811 In some embodiments, the sulfur monomer is at a leval of at least about 20
wi% of the sulfur copolymer. In some embodiments, the sulfur monomer is at a level
of at least about 50 wi% of the suifur copolymer. In some embodiments, the sulfur
monomer is at a level between about 80 and 80 wt% of the sulfur copolymer. In
some embodiments, the sulfur monomer is at a level between about 70 and 95 wi%

of the sulfur copolymer.

{80292} In some embodiments, at ieast one funclional group of the comonomers
solubilizes the sulfur copolymer. In some embodiments, at least one functional group

of the comonomers is biocompatible.

186293} In some embodiments, the sulfur copolymer further comprises a one or more
carrier polymers, wherein the carrier polymer is bonded to the sulfur copolymer. In
some embodiments, the carrier moiety is selected from a group consisting of: an N-
{(2-hydroxylpropyhimethacrylamide (HPMA) copolymer, a poly-L-giutamic acid, a
poly{ethylens glyeol) (PEG), and Dexiran, vinyls, alkynvls, epoxides, thiiranes,
amines, sulfides, sthers, norbornenes, amides, peptides, polyesters, polyamides,

polyethers, and sugars.

{86224} In some embodiments, the present invention fealures a method of treating a
biological condition in a mammal in need thereof. in some embodiments, the method
comprises administering a therapeutically effective amount of a2 hydrogen sulfide
(H:S) donating polymer conjugate according o any of the aforementioned polymer
conjugates. In some embodiments, the polymer conjugate releases a siow and

continuous amount of HxS gas, wherein the H)S triggers a biological response.

{00295} In some embodiments, the biclogical condition is inflammation. In some
embaodimentis, the biclogical condition is heart disease. In some embodiments, the
binlogical condition is inflammation. In some embodiments, the biological condition is
hypertension.in some embodiments, the biclogical condition is ischemia reperfusion.
in some embodiments, the polymer conjugate is administered dermally, orally,
transmucosally, subcutaneocusly or infravenously. In some embodiments, the
polymer conjugate is localized at or near an area affected by the biological condition.

In some smbodiments, the mammal is & human.
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186296} In another embodiment, the present invention features a method of freating a
biological condition in a mammal in need thereof. in some embodiments, the method
comprises administering a therapeutically effective amount of a hydrogen sulfide
(H:S) donating sulfur copolymer according {o any of the aforementioned sulfur
copolymer. In some embodiments, the sulfur copolymer releases a slow and
continuous amount of HzS gas, wherein the H;S triggers a biological response. In
some embodiments, modulation of the H;S release can be achieved by coniroliing
the sulfur composition in the sulfur copolymer or polymer conjugate and the design

and incorporation of the functional organic comonomers.

1806297] In some embodiments, the biological condition is inflammation. In some
embaodiments, the biclogical condition is heart disease. In some embodiments, the
biclogical condition is inflammation. In some embodiments, the biclogical condition is
hyperiension. In some embodiments, the bioclogical condition is ischemia
reperfusion. In some embodiments, the sulfur copolymer is administered dermally,
arally, transmucosally, subcutanecusly or intravenously. In some embodiments, the
sulfur copolymer is localized at or near an area affected by the biological condition.

In some embodiments, the mammal is 8 human.

1806298} In some embodiments, the method further comprises administering an HS
catalyst, wherein the catalyst promotes the release of H;S gas. In some
embodiments, the catalyst is cysieine or glutathione, or other thicl-containing

compounds.

{60299} In some embodiments, the present invention fealures a method of producing
an H,S donating polymer conjugate according to any of the aforementioned polymer
conjugates.  In some embodiments, the method comprises providing a sulfur
copolymer and altaching a carrier polymer to the sulfur copolymer. In some
embodiments, the siep of providing a sulfur copolymer comprises providing
elemental sulfur, heating the elemental sulfur info molten sulfur, and polymerizing
one or more comonomers with the molten sulfur, thereby forming the sulfur
copolymer. In some embodiments, a technigue of polymerizing is selecied from a
group consisting of: free radical polymerization, controlled radical polymerization,

ring-opening polymerization, ring-opening metathesis polymerization, step-growth
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polymerization, or chain-growth polymerization.

{86386} In some embodiments, the present invention features a method of producing
an H:S donating sulfur copolymer according to any of the aforementioned sulfur
copolymers. In some embodiments, the method comprises providing elemental
sulfur, heating the elemental sulfur info a molten sulfur, and polymerizing one or
more comonomers with the molten sulfur, thereby forming the sulfur copolymer. In
some embodiments, a technigue of polymerizing is selected from a group consisting
of free radical polymerization, controlled radical polymerization, ring-opening
polymerization, ring-opening metathesis polymerization, step-growth polymerization,
or chain-growth polymerization. In some embodiments, the lechnique can be
conducted in bulk liquid sulfur, organic solvents, water, or other sclvent systems {o

prepare the branched copolymers containing a controllable amount of 5-8 bonds.

{08381} The following reaction scheme is a non-limiting example of ring-opening

polymerization (o form the sulfur copolymer:

{86382} In some embodiments, the present invention features an HyS donaling sulfur

polymer conjugate comprising a sulfur copolymer linked o a carrier polymer,

N
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wherein the sulfur copolymer comprises at least one branched or cross-linked sulfur
chain, wherain the sulfur content of the sulfur polymer conjugate ranges from about
5-85 wi%.

188383] In other embodiments, the present invention features an H;S donating sulfur
polymer conjugate comprising a sulfur copolymer linked to a carrier polymer, the
sulfur copolymer having a portion comprising:  -R-5-(8)}-5-Ry-, wherein n ranges
from O to 8, wherein the sulfur content of the sulfur polymer conjugate ranges from
about 5-95 wt%.

{86384} In some embodiments, the present invention features an HyS donaling sulfur
copolymer comprising at least one branched or cross-linked sulfur chain, wherein the

sulfur content of the sulfur copolymer ranges from about 5-95 wi%.

188385 In some embodiments, the present invention features an HyS donating sulfur
copolymer having a portion comprising: -Rq-5-{5)-3-Ro-, wherein n ranges from § io

8, wherein the sulfur content of the sulfur copolymer ranges from about 5-85 wi%.

{08306} In some embodiments, Ry may be any of the aforementioned amine
monomers, thiol monomers, sulfide monomers, alkynylly unsaturated monomers,
nifrone monomers, aldehyde monomers, ketone monomers, epoxide monomers,
thiirane monomers, and ethylenically unsaturated monomers bonded {o the S moiety
by the monomer’s appropriaie reactive funciional group. In some embodiments, Ry
may be any of the aforementioned amine monomers, thiol monomers, sulfide
monomers, alkynyily unsaturated monomers, nitrone  monomers, aldehyde
monomers, ketone monomers, epoxide monomers, thirane monomers, and
ethylenically unsaturated monomers bonded to the S molety via the monomer’s

appropriate reactive functional group.

(86367} In some embodiments, the sulfur chain comprises at least one branch or
cross-link armt. In some smbodiments, the branch or cross-link arm may be any of
the gforementioned amine monomers, thiol monomers, sulfide monomers, alkynylly
unsaturated monomers, nitrone monomers, aldehyde monomers, kelone monomers,
epoxide monomers, thilrane monomers, and ethylenically unsaturated monomers
bonded to the S moisty of the sulfur chain via the monomer's appropriate reaclive

G4
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functional group.

{86388} In some embodiments, the present invention features a method of inhibiling
microbial growth, said method comprising impregnating a microbial film with an H.S
donating sulfur copolymer according to any of the aforementioned sulfur copolymers.
in some embodiments, the sulfur copolymer releases H,S gas thereby killing a

microbe of the microbial film.

[66309] Example 21. H.S Evolution
HS

N room temp. _
overmignt 128 + PUCHCO,), - PhS

2 (0.5 M in HyO, 15 mb)
“ g {10 mi}

Poly(S-r-DiB-50 %) + ||

[68318] Experimental As shown in FIG. 32, the following is a non-limiting example
of a procedure for HxS Evolution

{08311} 1. To a 25 mL Schienk flask along with a magnetic stir bar was added a
powder of poly(S-r-DiB-50%, 1.0 g).

[86312] 2. Tygon tube was attached at the gas outlet of the Schienk flask and a
needie attached at the end of tygon tube was submerged into a 0.5 M aqueocus
solution of lead(ll} acetate {15 mlL) contained in 24 mb vial.

[86313] 3. The Schienk flask and vial were sealed with rubber septum and then the
needle was aitached on top of the rubber septum used for sealing the vial.

{00314} 4. A positive argon flow was mainiained and then benzyl mercaptan (10 miL,
85.2 mmol) was added.

{88315] 5. The resulting mixture was stirred at room temperature for overnight under
positive argon flow.

88316} ©. HyS evolution was monitored by the formation of lead(ll) sulfide in 0.5 M
aqueous solution of lead{ll) acetats.

[683171 7. The 05.M aqueous solution was centrifuged at 10,000 rpm for 10 minutes,
foliowed by drying under vacuum at 50 °C for overnight, and 11 mg of resulting

lead{ll) sulfide was isciated from the 0.5 M agueous solution of lead{il) acetate.

{00318 Non-limiting preferred embodiments
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186319} In one preferred embodiment, “Embodiment 17 as used herein, the
copolymer material comprises a sulfur copolymer at a level in the rangs of about 5
wi% to about 95 wi% of the copolymer material. The sulfur copolymer comprises one
or more sulfur monomers, at a level at least about 50 wi% of the sulfur copolymer,
and one or more comonomers each selected from a group consisting of amine
monomers, thiol monomers, sulfide monomers, alkynylly unsaturated monomers,
epoxide monomers, nitrone monomers, aldehyde monomers, kelone monomers,
thiirane monomers, and ethylenically unsaturated monomers at a level in the range

of about 0.1 wi% to aboul 50 wit% of the suifur copolymer.

186328 The copolymer material of Embodiment 1 may further comprise one or more
gpoxide monomers at a level in the range of about & wit% {o about 95 wi% of the
copolymer material. Al least one epoxy functional group of the epoxide monomers is
honded {o a funclional group of the sulfur copolymer. When one or more 5-5 bonds
of the sulfur copolymer are broken, the S-8 bonds are reconnected by thermal

reforming.

{86321} The sulfur copolymer of Embodiment 1 may further comprise an slemental
carbon material dispersed in the sulfur copolymer at a level in the range of up o

about 50 wt% of the sulfur copolymer.

188322] The sulfur copolymer of Embodiment 1 may further comprise one or more
photoactive monomers at a level in the range of about 0.1 wi% {o about 50 wi% of

the sulfur copolymer. Each photoactive monomer may have the structure:

(08323} The “A” of sach photoaclive monomer is a ring sysltem. "A” may be a
photoactive chromophore, and is selected from a group consisting of perylenes,
pyrenes, couramins, cyanine dyes, fluorescents, and derivatives thereof,
polythiophenes, polyanilines, Ti02, CdSe, Cd&, CdSe-CdS, natural and synthsetic
dyes, aromatics, heterocycles, conjugaled organic  polymers, inorganic

chromophores, nanocomposite chromophores, organic chromophores, photoactive

&6
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agents, and semiconductor nanoparticles. The “B” of each photoactive monomer
comprises a polymerizable moiely selecled from a group consisting of a carboxylate
moiety, an sthylenically unsaturated moiety, an epoxide moiety, a thiirane moisty, an
amine moiety, a thiol moiety, a sulfide moisty, an alkynylly unsaturated moiety, a
nitrone moiety, an aldehyde moiety and a ketone moiety. The “n” of each photoactive
monomer may be 1, 2, 3, 4, §, 6, 7 or 8. The photoactive monomer can absorb
visible radiagtion, infrared radiation, or solar radiation. Each B can include the
polymerizable moiety and a 1-6 atom long linker, wherein each linker is selected
from a group consisting of an alkylene linker and a mono, di- or tri{ethylene glycol)

linker.

{08324] Photoactive species from the copolymer material of Embodiment 1 may be
formed by a method comprising contacting the copolymer material with an aquecus
medium, and irradialing the copolymer malerial in the aqueous medium with
radiation that is al least partiaily absorbed by the one or more pholoactive
chromophores. The radiation is infrared, visible, or solar radiation. The irradiation
causes the formation of hydrogen from the agueous medium and a sulfur radical
cation, polaron, or oxidized sulfur species from a sulfur of the copolymer material.
The oxidized sulfur species is one or more of sulfate, sulfonates, sulfile, sulfoxides

and sulfones.

[68325] The sulfur copolymer of Embodiment 1 may further comprise one or morg
polyfunctional monomers selected from a group consisting of a polyvinyl monomer, a
polyisopropenyl monomer, a polvacryl monomer, a polymethacryl monomer, a
polyunsaturated hydrocarbon monomer, a polyepoxide monomer, a polythiirane
monomer, a polyalkynyl monomer, a polydiene monomer, a polvbutadiene
monomer, a polyisoprene monomer, a polynorbornene monomer, a polyamine
monomer, a polythiol monomer, a polysulfide monomer, a polyalkynylly unsaturated
monomers, a polynitrone monomers, a polyaldehyde monomers, a polvketone

monomers, and a polyethylenically unsaturated monomers.

{00326} The copoiymer material of Embodiment 1 may further comprise a
nucleophiiic viscosity modifier at a level up to about 10 wt% of the copolymer

material.
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186327] The copolymer material of Embodiment 1 may further comprise one or more
carrier polymers bonded to the sulfur copolymer 1o Torm a hydrogen sulfide donating
polymer conjugate. The carrier polymer may be selected from a group consisting of
an N-(Z-hydroxylpropylimethacrylamide (HPMA) copolymer, a poly-L-glutamic acid,
a poly(ethvlene glycol) (PEG), Dextran, vinyls, alkynyls, epoxides, thiiranes, amines,
sulfides, ethers, norbornenes, amides, peplides, polyesiers, polyamides, polyethers,

and sugars.

[80328] At least one suifur moiety of the sulfur monomer is bonded 1o at least one
reactive functional group of the comonomers. The sulfur monomers form a sulfur
containing core of the sulfur copolymer with the comonomers exltending outwardly
from the sulfur containing core. At least one functional group of the comonomers
solubilizes the sulfur copolymer and at least one functional group of the comonomers

is biocompatible.

{08329] The copolymer malerial of Embodiment 1 may be used {o treat a biological
condition in a mammal in need thereof. The method of freatment may comprise
administering a therapeutically effective amount of the copolymer material according
to Embodiment 1 or alternate embodiments of Embodiment 1. The sulfur copolymer
may be administered dermally, orally, subcutaneously or intravencusly. Without
wishing o limit the present invention to a particular theory or mechanism, it is
helieved that the sulfur copolymer releases a slow and continuous amount of HyS
gas that triggers a biological response. Biological conditions thal are freated may be

inflammation, heart disease, hypertension, and ischemia reperfusion.

{80336} An H.S calalyst may be further administered to promote the release of the
slow and confinuous amount of HxS gas. The calalyst may be a cysieine, a
glutathione, or any other thiol-containing compounds. Alternatively, the release of the
slow and continucus amount of H,8 gas may be triggered by other chemical means,

mechanical means, or pholoirradiation.

[#8331] The copolymer material of Embodiment 1 may be used for inhibiting

microbial growth. The copolymer material of Embodiment 1 can be impregnated into

68
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a microbial film and the sulfur copolymer releases H:S gas that kills the microbes iin

the microbial film.

1086332] The copolymer material of Embodiment 1 may be produced by providing
elemental sulfur, heating the elemental sulfur into a molten sulfur, and polymerizing
one or more comonomers of Embodiment 1 with the molten sulfur, thereby forming
the sulfur copolymer. The technigue of polymerizing may be free radical
polymerization, controlled radical polymerization, ring-opening polymerization, ring-
opening metathesis polymerization, step-growth polymerization, or chain-growth

polymerization,

186333] The copolymer material of Embodiment 1 may further comprise a second
comonomer to form a terpolymer material. The second comonomer is selecied from
a group consisting of one or more monomers of epoxides, isocyanates, acid
chiorides, carboxylic acids, esters, and alkyl halides. The terpolymer material may
he produced by providing elemental sulfur, heating the elemental sulfur into a molten
sulfur, polymerizing one or more comonomers of Embodiment 1 with the molien
sulfur fo form a sulfur copolymer, and reacting an available reactive functional group
on the sulfur copolymer with one or more monomers of the second comonomer {0
form the terpolymer malerial. The technique of reacting is selected from a group

consisting oft oxidative coupling, polymerization, or copolymerization.

{68334} An arlicle may be formed from the copolymer material of Embodiment 1 by
heating the copolymer material al a temperature in the range of about 160 °C to
about 230 °C, forming the copolymer material into a shape of the article, and heating
the formed copolymer material to yield the arlicle. Allernatively, the article may be
formed from the copolymer material of Embodiment 1 by admixing the copolymer
material in a solvent, forming the admixed copolymer material info a shape of the

article, and removing the solvent from the copolymer material {o yield the arlicle.

{88335] In an oil-in-water emulsion, the copolymer material of Embodiment 1 may be
as a colicidal phase suspended in the agueous solution. A surfactant may or may

not be present in the aqueous solution.
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1863356] The copolymer material of Embodiment 1 may be formed as an optical
slement of a substantially optically transparent body. The copolymer material has a
refractive index in the range of about 1.7 {o about 2.2 and at least cne wavelength in

the range of about 300 nm to about 10 pm.

[683371 The copolymer material of Embodiment 1 may be used in an
electrochemical cell. The electrochemical cell may comprise an anode comprising
metallic lithium, a cathode comprising the copolymer material of Embodiment 1, and
a non-aqueous electrolyte interposed belween the cathode and the anode. The
copolymer generates soluble additive species in sifu upon discharge, and the soluble
addilive species are co-deposiied with lower sulfide discharge products onto the

cathode by an electrochemical reaction or a non-electrochemical reaction.

180338] The chemistry via the copolymerization of the one or more monomers of
amine monomers, thiol monomers, sulfide monomers, alkynylly unsaturated
monomers, nitrone monomers, aldehyde monomers, and kelone monomers in liguid

as used herein produce these advaniageous sulfur copolymer compositions.

186339} For example, the amine monomer, such as those on aromatic compounds,

results in direct C-5 bond formation and copolymerization with sulfur concurrently.

[88348] For example, the thiol monomers from a wide range of comonomer
precursors widely used in the preparation of condensalion polymers can be
dissoived and copolymerization with liguid sulfur to afford high sulfur content
copolymers. Unexpeciedly, the thiol derived copolymer was solution processable

despite the high content of sulfur and rigid aromatic moietlies.

{68341} For example, the sulfide monomer can copolymerize with sulfur via either
ionic, or free radical processes. Unexpecledly, the sulfide monomer was able to

afford both low glass fransition polymers, or higher glass transition polymers.

{08342] For example, the alkymyily unsaturated monomer is expected o react via
known thiol-yne processes, however, unexpectedly, the alkynyvily unsaturated

monomer was able {0 afford polythiophene and other heterocyles.

180343] For example, the nitrone monomer is expected to react via free radical
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polymerizations with sulfur radicals. Unexpecledly, the nitrone monomer was

designed to afford polymeric materials when copcolymerized with elemental sulfur,

1806344] Aldehyde hased monomers are not expected o react with sulfur radicals,
however, the formation of polymers was cobserved when the appropriate di-, or

multifunctional aldehydes are copolymerized with sulfur.

[803458] Ketone based monomers are not expecied {0 react with sulfur radicals,
however, the formalion of polymers was observed when the appropriate di-, or

rmultifunctional ketones are copolymerized with sulfur.

[80346] As used herein, the term “aboul” refers fo plus or minus 10% of the

referenced number.

(86347} Various modifications of the invention, in addition to those described herein,
will be apparent to those skilled in the art from the foregoing description. Such
maodifications are also intended to fall within the scope of the appended claims. Each
reference cited in the present application is incorporated herein by reference in its

entirety.

{68348} 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
maodifications may be made thereto which do not exceed the scope of the appended
claims. Therefore, the scope of the invention is only 10 be limited by the following
claims. In some embodiments, the figures presented in this patent application are
drawn to scale, including the angles, ratics of dimensions, efc. In some
embaodiments, 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 preseni invention using the phrase

‘consisting of” is met.
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WHAT 18 CLAIMED:

1. A copolymer material comprising a sulfur copolymer at a level in the range of
about 5 wi% to about 95 wi% of the copolymer malerial, said sulfur copolymer
comprising:

a) one or more sulfur monomers, at a level al least about 50 wi%

of the sulfur copolymer; and

b} one or more comonomers each selected from a group
consisting of amine monomers, thiol monomers, sulfide
monomers,  alkynylly  unsaturated  monomers,  epoxide
monomers, nitrone monomers, aldehyde monomers, ketone
monomers, thiirane monomers, and ethylenically unsaturated
monomers at a level in the range of about 0.1 wt% to about 50

wit% of the sulfur copolymer.

2. The copclymer material of claim 1 further comprising one or more epoxide
monomers at a level in the range of about 5 wi% to about 85 wi% of the
copolymer malerial, wherein at least one epoxy funclional group of the
epoxide monomers is bonded to a functional group of the sulfur copolymer,
wherein when one or more 5-5 bonds of the sulfur copolymer are broken, the

$-S bonds are reconnecied by thermal reforming.

3. The copolymer material of claim 1, wherein the sulfur copolymer further
comprises an elemental carbon material dispersed in the sulfur copolymer at

a level in the range of up to about 50 wi% of the sulfur copolymer.

4. The copolymer material of claim 1, wherein the sulfur copolymer further
comprises one or more pholoaciive monomers at a level in the range of about
0.1 wt% 1o about 50 wit% of the sulfur copolymer, sach photoactive monomer

having the structurs:

wherein A is a ring system, wherein A is a photoactive chromophore;
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wherein A is selected from a group consisting of perylenes, pyrenss,
couramins, cvanine dyes, fluorescents, and derivatives thereof,
polythiophenes, polvanilines, Ti0O,, CdSe, CdS, CdSe-CdS, natural and
synthetic dyes, aromatics, heterocycles, conjugated organic polymers,
inorganic  chromophores, nanogcomposite  chromophores, organic

chromophores, photoachive agents, and semiconductor nanoparticles;

wherein B comprises a polymerizable moisty, wherein the polymerizable
moiety is selecled from a group consisting of a carboxylate moisty, an
ethylenically unsaturated moiety, an epoxide moiety, a thirane moiely, an
amine moiely, a thiol moiely, a sulfide molely, an alkynylly unsaturated

moiety, a nitrone moiely, an aldehyde moiety and a ketone moiety;
whereinnis 1, 2,3, 4, 5,6, 7or §;
wherein A absorbs visible radiation, infrared radiation, or solar radiation; and

wherein each B includes the polymerizable moiety and a 1-6 atom long
linker, wherein each linker is selected from a group consisting of an alkylene

linker and a mono, di- or Iri{ethylene glveol) linker.

5. A method of forming photoactive species from the copolymer material of claim
4, said method comprising:
a. contacting the copcolymer material with an aqueous medium;
and
b. irradiating the copolymer material in the agusous medium with
radiation that is at least partially absorbed by the one or more

photoactive chromophores;

wherein the irradiation causes the formation of hydrogen from the agueous

medium;

wherein the irradiation causes the formation of a sulfur radical cation, polaron,

or oxidized sulfur species from a sulfur of the copolymer material;

~J
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8.

wherein the oxidized sulfur species is one or more of sulfale, sulfonates,

suffite, sulfoxides and suifones; and
whereain the radiation is infrared, visible, or solar radiation.

The copolymer material of claim 1, wherein the sulfur copolymer further
comprises one or more polyfunctional monomers selecled from a group
consisting of a polyvinyl monomer, a polyisopropenyl monomer, a polyacryl
monomer, & polymethacryl monomer, a polyunsaturated hydrocarbon
monomer, a polyepoxide monomer, a polvthiirane monomer, a polyalkynyl
monomer, a polydiene monomer, a polybuladiens monomer, a polyisoprens
monomer, a polynorborneneg monomer, a polyaming monomer, a polythicl
monomer, a polysulfide monomer, a polyalkynyily unsaluraied monomers, a
polynifrone monomers, a polyaldehyde monomers, a polvketone monomers,

and a polyethylenically unsaturated monomers.

The copolymer material of claim 1 further comprising a nucleophilic viscosity

maodifier al a level up to about 10 wi% of the copolymer malerial.

The copolymer malerial of claim 1 further comprising one or more carrier
polymers, whersin the carrier polymer is bonded to the sulfur copolymer to

form a hydrogen sulfide (H2S) donating polymer conjugate;

wherein the carrier polymer is selected from a group consisting of an N-{(2-
hydroxylpropyhmethacrylamide (HPMA) copolymer, a poly-L-glutamic acid, a
poly(ethvlene glycol} (PEG), Dexiran, vinyls, alkynyls, epoxides, thiiranes,
amines, sulfides, ethers, norbornenes, amides, peptides, polyesters,

polyamides, polyethers, and sugars;

wherein at least one sulfur moiely of the sulfur monomer is bonded to at least
one reactive functional group of the comonomers, wherein the sulfur
monomers form a sulfur confaining core of the sulfur copolymer, wherein the

comonomers extend outwardly from the sulfur containing core; and

wherein at least one functional group of the comonomers solubilizes the sulfur

copolymer, wherein at least one funclional group of the comonomers is

- =
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biocompatible,

8. A method of treating a biclogical condition in a mammal in need thereof, said
method comprising adminisiering a therapeutically effective amount of the
copolymer material according to claim 1, wherein the suifur copolymer
releases a slow and continuous amount of HS gas, wherein the H.S triggers

a biological response;

wherein the biclogical condition that is treated is selected from a group
consisting of inflammmation, heart disease, inflammation, hypertension, and

ischemia reperfusion;

wherein the sulfur copolymer is administered dermally, orally, subcutanecusly

or intravenously.

10. The method of claim ¢ further comprising administering an HpS catalyst,
wherein the catalyst promotes the release of the slow and continucus amount
of HS gas, wherein the catalyst is cysteine, glutathione, or other thicl-

containing compounds,

11. The method of claim 8, wherein the release of the slow and continuous
amount of HyS gas is triggered by chemical means, mechanical means, or

photoirradiation.

12. A method of inhibiling microbial growth, said method comprising
impregnating a microbial film with the copolymer material according to claim
1, wherein the sulfur copolymer releases H:S gas thereby killing a microbhe of

the microbial film.

13. A method of producing the copolymer material according fo claim 1, said
method comprising:
a. providing elemental sulfur;
b. heating the elemental sulfur into a molien sulfur; and
c. polymerizing one or more comonomers according o claim 1 with the

molten sulfur, thereby forming the suifur copolymer;
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whersin a technigue of polymerizing is selected from a group
consisting oft free radical polymerization, controlled radical
polymerization, ring-opening polymerization, ring-opening metathesis
polymerization,  siep-growth  polymerization, or  chain-growth

polymerization,

14. The copolymer material of claim 1 further comprising a second comonomer {o
form a terpolymer material, wherein the second comonomer is selecied from
a group consisting of one or more monomers of epoxides, isocyanaies, acid

chiorides, carboxyvlic acids, esters, and alkyl halides,

15.A method of making a terpolymer material according to claim 14, said method
comprising:

a. providing elemental sulfur;

b. heating the elemental sulfur into a molien sulfur;

c. polymerizing one or more comonomers according o claim 1 with the
molten sulfur, thereby forming a sulfur copolymer; and

d. reacting an available reactive functional group on the sulfur copolymer
with one or more monomers of the second comonomer to form the

terpolymer material;

wherein a technigue of reacting is selecled from a group consisting of

oxidative coupling, polymerization, or copolymerization; and

wherein a technique of polymerizing is selected from a group consisting of:
free radical polymerization, conirolled radical polymerization, ring-opening
polymerization,  ring-opening  metathesis  polymerization,  step-growth

polymerization, or chain-growth polymerization.

16. A method of making an article formed from the copolymer material of claim 1,
said method comprising:
a. healing the copoiymer material at a temperalure in the range of about
160 °C to about 230 °C;

b. forming the copolymer material into a shape of the ardicle; and

-3
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¢. heating the formed copolymer material {0 vield the article,

17. A method of forming an article from the copolymer material of claim 1, said
method comprising admixing the copolymer material in a solvent, forming the
admixed copolymer material into a shape of the arlicle; and removing the

solvent from the copolymer material to vield the article.

18. An cil-in-water emuision comprising the copolymer material of claim 1 as a
colicidal phase suspended in aqueous solution with or without the presence of

a surfactant.

19. An optical elernent comprising the copolymer material of claim 1 formed as a
substantially oplically transparent body, wherein the copolymer material has a
refractive index in the range of about 1.7 o about 2.2 and at least one

wavelength in the range of about 300 nm to about 10 pm.

20. An electrochemical cell comprising:
a. an anode comprising metatllic lithium;
b. a cathode comprising the copolymer maierial of claim 1, and
c. a non-agueocus electrolvte inferposed between the cathode and the

anods;

wherein the copolymer generates soluble additive species in situ upon
discharge, wherein the soluble additive species are co-deposited with
lower sulfide discharge products onto the cathode by an

electrochemical reaction or a non-electrochemical reaction.

21. A polymeric composition comprising a sulfur copolymer, the sulfur copolymer
comprising:
a. one or more sulfur monomers, at a level in the range of at least
about 50 wi% of the sulfur copolymaer; and
b. one or more monomers selected from a group consisting of amine
monomers, thiol monomers, sulfide monomers, alkynyily unsaturated
monomers, nitrone  monomers, aldehyde monomers, kelone

monomers, thirane  monomers, epoxide monomers, and
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athylenically unsaturated monomers at a level in the range of about
0.1 wt% to about 50 wi% of the sulfur copolymer,
wherein the ethylenically unsaturated monomers are present as copolymers

with at least one additional monomer.

22. The polymeric compaosition according to claim 21, wherein the one or more

IMONOMErs are one or Moreg aniine monomers.

23. The polymeric composition according o claim 22, wherein the amine

monomer is m-phenylenediamine or p-phenylenediamine.

24. The polymeric composition according to claim 21, wherein the one or more

monomers ars one or more thicl monomers.

25. The polymeric composition according o claim 24, wherein the thiol monomer

is 4,4'-thiobis{benzensthiol).

26.The polymeric composition according to claim 21, wherein the one or more
monomers are a combination of one or more aming monomers and one or

more thiol monomers.

27.The polymeric composition according to claim 21, wherein the one or more

monomers are one or more alkynylly unsaturated monomers.

28. The polymeric composition according to claim 27, whersin the alkynylly

unsaturated monomer is 1-phenyipropyne.

29. The polymeric composition according {o any of claims 21-28, wherein the
sulfur copolymer comprises one or more sulfur monomers at a level in the
range of about 50 {0 about 88 wi% of the sulfur copolymer, and one or more
monomers at a level in the range of about 1 wi% {o about 50 wt% of the sulfur

copolymer.

3C. The polymeric composition according o any of claims 21-28, wherein the
sulfur copolymer comprises one or more sulfur monomers at a level in the

range of about 50 o about 97.5 wit% of the sulfur copolymer, and one or more

~J
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monomers at a level in the range of about 2.5 wi% to about 50 wi% of the

sulfur copolymer.

31. The polymeric composition according to any of claims 21-28, wherein the
sulfur copolymer comprises one or more sulfur monomers at a level in the
range of about 50 {o about 95 wi% of the sulfur copolymer, and one or more
monomers at a level in the range of about 5 wi% {0 about 50 wi% of the sulfur

copolymer.

32. The polymeric composition according {o any of claims 21-31, wherein the
sulfur copolymer comprises one or more sulfur monomers at a level of at least

about 60 wi% of the sulfur copolymer.

33. The polymeric composition according to any of claims 21-31, wherein the
sulfur copolymer comprises one or more sulfur monomers at a level of al least

about 70 wit% of the sulfur copolymer.

34. The polymeric composition according to any of claims 21-28, wherein the
sulfur copolymer comprises one or more sulfur monomers at a level in the

range of about 70 to about 95 wi% of the sulfur copolymer.

-

35. The polymeric composition according to claim 34, wherein the suifur
copolymer comprises one or more monomers at a level in the range of about

5 wit% to about 30 wi% of the sulfur copolymer.

36. The polymeric composition according to any of claims 21-35, in the form of a
polymeric composite comprising the sulfur copolymer and an elemental
carbon material dispersed in the copolymer al a level in the range of up o

about 50 wi% of the composition.

37. The polymeric composition according to claim 38, wherein the polymeric
composition includes the copoivmer, comonomers at a level in the range of
about 10 o about 45 wi% of the sulfur of the copolymer, and the elemental

carbon material at a level up to about 40 wi% of the sulfur of the copolymer.

38. A methaod for making a polymeric composition according to any of claims 21-
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37, the method comprising heating a mixture comprising sulfur and one or
more monomers at a femperature in the range of about 120°C o about
230°C.

38. A method of making an article formed from the polymeric composition of any
of claims 21-37, the method comprising:
a. heating a mixture comprising sulfur and one or more monomers at
a temperature in the range of about 160 °C to about 230 °C {o form
a prepolymer;
b. forming the prepolymer intc the shape of the arlicls, to vield a
formed prepolymer shape; and

¢. heating the formed prepolymer shape 1o yield the article.

40. The method according to claim 39, wherein the prepolymer is provided as a

mixture with a sclvent for forming.

41, The method according o claim 38 or claim 40, wherein the prepclymer is

coated and cured as a thin film on a substrate.

42. The method according to claim 398 or claim 40, wherein the prepolymer is

shaped and cured using a mold.

43, A method of forming an article formed from the polymeric composition of any
one of claims 21-37, the method comprising admixing the polymeric
composition in a nonpolar organic solvent, forming the admixed polymeric
composition into the shape of the article; and removing the solvent from the

polymeric composition to vield the article.

44, An cil-in-water emulsion comprising the polymeric composition according o
any of claims 21-37 as the colloidal phase suspended in agueous solution

with, or without the presence of a surfactant

45. An optical element comprising the polymeric composition of any of claims 21-
37 formed as a substaniially optically transparent body having an optical

transparency in the visible and infrared spectrum.
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46. The optical element according to claim 45, wherein the polymeric
composition has a refractive index in the range of about 1.7 {o about 2.2 at at

least one wavelength in the range of about 300 nm to about 10 pm.

47. An electrochemical cell comprising:
a. an anode comprising metallic lithium;
b. a cathode comprising the polymeric compgosition of any of claims
24-37; and
c. a non-agqueous elecirolyte interposed between the cathode and the

anode.

48. The electrochemical cell according to claim 47, wherein the cathode is

flexible.

49. The slectrochemical cell according to claim 27 or claim 48, having a capacity
in the range of about 200 fo about 1400 mAh/g.

5C. The electrochemical cell according to claim 27 or claim 48, having a capacity
in the range of about 600 o about 1000 mAh/g.

51. An electrochemical cell comprising:

a. an anode comprising metallic lithium;

b. a cathode comprising a sulfur containing polymer which generates
soluble additive species in situ upon discharge, and wherein the
soluble additive species co-deposit with lower sulfide discharge
products onio the cathode; and

¢ a non-aquecus slectrolvie interposed belwsen the cathode and the
anode,

52.The sleclrochemical cell of claim 51, wherein the elecirolyle andior a

separator comprises a sulfur containing polymer.

53. The electrochemical cell of claim 51 or 52, wherein the sulfur containing
polymer is a copolymer of elemental sulfur and one or more of organic

monomers.
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54. The electrochemical cell of claim 53, wherein the sulfur containing polymer
comprises comonomers and copolymers of sulfur, ethylenically unsaturated
monomaers,  alkynylly unsaturated monomer, amine moenomers, thiol

monomer, nitrone monomers, aldehyde monomers, and ketone monomers.

55. The slectrochemical cell of any one of claims 51-54, wherein the sulfuris at a

tevel in the range of at least about 50 wi% of the copolymer.

56. The electrochemical cell of any one of claims 51-55, whersin the copolymer

generates soluble organosulfur species upon dischargs.

57. The electrochemical cell of any one of claims 51-56, wherein the soluble
additive species are co-deposited with the lower sulfide discharge products,

by an electrochemical reaction or a non-electrochemical reaction.

58. A method of using the elecirochemical cell of any one of claims 47-57 in

electric vehicle applications.

58, A method of using the electrochemical cell of any one of claims 47-57 in
portable consumer devices, motorized wheelchairs, golf carts, electric
bicycles, electric forklifts, {ools, automobile starters, and uninterruptible power

supplies.

60. A method for modifying the polymeric composition of any of claims 41-57, the
method comprising reacting an available reactive functional group on the
polymeric compaosition with a second comonomer o form a new copolymer

material.

61. The method of claim 80, wherein the reactive functional group is an amine or

a thiol.

82. The method of claim 81, wherein the second comonomer comprises an

epoxide, isocyanate, acid chioride, carboxylic acid, ester, or alkyl halide

group.

63. The method of claim 60, wherein the reaclive functional group is an amine,



WO 2015/123552

PCT/US2015/015870

and the new copolymer material is a polyurethans or a polyamide.

84. The method of dlaim 80, wherein the reactlive functional group is an aniline or

a phenvylenediamine, and the new copolymer material contains oligo- or

polyaniiine segments.

85. The method of claim 80, wherein the reaciive functional group is a thiophene

and the new copolymer material contains oligo- or polythicphene segments.

66. The method of claim 60-88, wherein reacling is oxidative coupling,

polymerization, or copolymerization,

67. A copolymer material comprising:

a} a sulfur copolymer at a level in the range of about 5 wi% lo aboul 85

wi% of the copolymer matenal, said sulfur copolymer comprising:

¢} one or more sulfur monomaers, at a level at least about 50 wt%

of the sulfur copolymer; and

dy one or more comonomers each selgcted from a group

consisting of amine monomers, thiol monomers, sulfide
monomers, alkynylly unsaturated monomers, nitrone monomers,
aldehyde monomers, ketone monomers, thirane monomers,
and ethylenically unsalurated monomers at a level in the range

of about 0.1 wt% {o about 50 wi% of the sulfur copolymer; and

b} one or more epoxide monomers at a level in the range of about 5 wit%

{0 about 95 wit% of the copolymer material;

wherein at least one epoxy functional group of the epoxide monomers

is bonded 1o a funclional group of the sulfur copolymer.

68.The copolymer material according o claim 67, wherein the one or more

COMONOMErs are one or More amineg monomers.

88. The copolymer material according 1o claim 68, whersin the amine monomer is
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m-phenylenadiamine or p-phenylenediamine.

70.The copolymer material according to claim 87, wherein the one or more

COMONOMers are one or more thiol monomers.

71.The copolymer maierial according to claim 70, wherein the thiol monomer is
4 4'-thicbis{benzenethiol).

72.The copolymer material according to claim 67, wherein the one or more
comonomers are a combination of one or more amine monomers and one or

more thiol monomers.

73.The copolymer material according to claim 87, wherein the one or morg

comonomers are one or more alkynylly unsaturated monomers.

74.The copolymer material according to claim 73, wherein the alkynylly

unsaturated monomer is 1-phenyipropyne.

75.The copolymer material according to claim 67, wherein the one or more

COMONOMeArs are one or more thiirane monomers.

76. The copolymer material according to claim 75, wherein the thilrane monomer

is propylene sulfide.

77.The copolymer material according to any one of claims 67-76, wherein one or
more of the epoxide monomers are benzyl glycidyl ether, tris{4-

hydroxyphenylimethane triglycidyl ether, or a combination thergof.

78. The copolymer material according o any one of claims 67-76, wherein the
sulfur copolymer is at a level of at least about 60 wi% of the copolymer

material.

79.The copolymer material according to any one of claims 67-76, wherein the
sulfur copolymer is at a level of al least aboul 70 wi% of the copolymer

material.

80.The copolymer material according to any one of claims 67-76, wherein the
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sulfur copolymer is at a level between about 60 and 80 wi% of the copolymer

material.

81.The copolymer material according to any one of claims 67-76, wherein the
sulfur copolymer is at a level between about 70 and 95 wi% of the copolymer

material.

82.The copolymer material according to any one of claims 67-76, wherein the

copolymer malerial is a thermoset.

83.The copolymer material according {o any one of claims §7-76, wherein the

copolymer material is a thermoplastic,

84.The copolymer material according {o any one of claims §7-76, wherein the

copolymer material is self-healing.

85. The copolymer material of claim 84, wherein when one or more 5-3 bonds of
the sulfur copolymer are broken, the §-8 bonds are reconnected by thermal

reforming.

86. A self-healing sulfur copolymer comprising:
a} one or more sulfur monomers, at a level at least about 50 wi¥% of the

self-healing sulfur copolymer; and

b} one or more comonomers each selected from a group consisting of
amine monomers, thiol monomers, sulfide monomers, alkynylly
unsaturated monomers, nitrone monomers, aldehyde monomers,
ketone monomers, epoxide monomers, thirane monomers, and
ethylenically unsaturated monomers at a level in the range of about 0.1

wi% to about 50 wit% of the self-healing sulfur copolymer;

wherein when one or more 5-8 bonds of the sulfur copolymer are

broken, the S-S bonds are reconnected by thermal reforming.

87. A self-healing and reworkable epoxy resin comprising:

a) a seli-healing sulfur copolymer at a level in the range of about 5 wi% to
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about 895 wi% of the spoxy resin, said sulfur copolymer comprising:

(i)

(i)

one or more sulfur monomers, at a level at least about 50 wi%

of the self-healing sulfur copolymer; and

one ofr more comonomers each selected from a group
consisting of amine monomers, thiol monomers, sulfide
monomers, alkynyily unsaturated monomers, nitrone monomers,
aldehyde monomers, ketong monomers, epoxide monomers,
thiirane monomers, and ethylenically unsaturated monomers at
a level in the range of about 0.1 wi% 1o about 50 wi% of the

seif-healing sulfur copolymer; and

b} one or more epoxide monomers at a level in the range of about 5 wi%

to about 95 wi% of the epoxy resin;

wherein at least one epoxy funclional group of the epoxide monomers

is bonded to a funclional group of the sulfur copolymer;

wherein when one or more 5-8 bonds of the sulfur copolymer are

broken, the S-S bonds are reconnected by thermal reforming.

88. A method of repairing a polymeric substrate, said method comprising:

a) providing the polymeric substrale comprising a ssif-healing sulfur

copolymer, the sulfur copolymer comprising:

(i)

{ii)

one or more sulfur monomers, at a level at least about 50 wi%

of the self-healing sulfur copolymer; and

one oF more comonomers each selected from a group
consisting of amine monomers, thiol monomers, sulfide
monomers, alkynyily unsaturated monomers, nitrone monomers,
aldehyde monomers, ketone monomers, epoxide monomers,
thiirane monomers, and ethylenicaily unsaturated monomers at
a level in the range of about 0.1 wi% o about 50 wi% of the

seif-healing sulfur copolymer,; and;
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wherein ong or more S-S bonds of the sulfur copolymer are

broken; and

b} heai treating the polymeric substrate al a healing temperalure for a
period of time in order {0 reconnect the S-8 bonds of the sulfur

copolymer.

89. The method of claim 88, wherein the polymeric substrate further comprises
one or more epoxide monomers at a level in the range of about 5 wi% to
about 95 wit% of the polymeric subsirale, wherein at least one epoxy
functional group of the epoxide monomers is bonded {o a functional group of

the sulfur copolymer.

80.The method of claim 88, wherein the healing temperature is between about
80°C and 100°C.

91.The method of claim 88, wherein the healing temperature is belween about
100°C and 150°C.

92.The method of claim 88, wherein the healing temperature is at or near the

meiting point of the polymeric substrate.

83. The method of claim 88, wherein the period of time is between aboul 4 and 15

Hours.

894. The method of claim 88, wherein the period of time is between about 8 and 12

hours.

85. An electrochemical cell comprising:
a} an anocde comprising metallic lithium;
b} a cathode comprising the composite material of any one of claims 1 {o
10 and 20; and
¢} a norn-aqueous electrolyte disposed between the cathode and the
anode,
86. The electrochemical cell of claim 95, wherein the eleclrochemical cell has a

capacity of between about 200 and about 1,400 mAh/g.

88
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7. The electrochemical cell of claim 85, whersin one or more of the epoxide
monomers are benzyl glycidyl ether, tris(d-hydroxyphenyhimethane trighycidyl

ether, or a combination thereof.

88. A composite material comprising:
a) a sulfur at a level at least about 50 wit% of the composite material; and
by a metal or ceramic composite having a formuia MR, and at a level

between about 0.1 and about 50 wi% of the composite material;

wherein M is selecled from a group consisting of Ag, Al, As Ay, B, Ba,
Bi, Ca, Cd, Ce, Co, Cr, Cu, ku, Fe, Ga, Gd, Ge, Hf, Hg, In, La, Li, Mg,
Mn, Mo, Na, Nb, Nd, Ni, P, Pb, Pd, Pr, b, Se, 3§, 8n, Sr, Ta, Ti, TL V,
W, Y, Yh Znand Zr;

wherein R is selected from a group consisting of C, N, and 5,

wherein x ranges between about 1 and about 30, and wherein y ranges

between about 1 and about 10.

899. The composite material of claim 98, whersin the metal or ceramic composite

is dispersed in the sulfur.

100. The composite malerial of claim 98, wherein when R is C, M is
selected from a group consisting of Al, B, Ca, Cr, Hf, Mo, Nb, S, Ta, Ti, V, W,
Y, and Zr.

101. The composite material of claim 88, wherein when R is N, M is
selected from a group consisting of Al, B, Ba, B, Ca, Cr, Cu, kEy, Fe, Ga, G4,
La, Li, Mg, Mn, Nb, Nd, Pr, Si, 8r, Ta, Ti, V, Zn or Zr.

102. The composite material of claim 98, wherein when R is § M is
selected from a group consisting of Ag, Al, As, Au, Ba, Bi, Cd, Ce, Co, Cu, Fe,
Ga, Ge, Hg, In, Li, Mn, Mo, Na, Ni, P, Pb, Pd, 8b, Se, Sn, Sr, Ti, TI, W, Yb,
and Zn.

103. A compuosite material comprising:
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a) a sulfur at a level at lsast about 50 wi% of the composite material; and

) a
by a metal sulfur composite having a formula P,SM, and al a level

between about 0.1 and about 50 wi% of the composite malerial;
wherein P is selected from a group consisting of Li and Na;

wherein M is selected from a group consisting of Ag, Al, As Au, B, Ba,
Bi, Ca, Cd, Ce, Co, Cr, Cu, kEy, Fe, Ga, Gd, Ge, Hi, Hg, In, La, Li, Mg,
Mn, Mo, Na, Nb, Nd, Ni, P, Pb, Pd, Pr, Sb, Se, &I, Sn, Sr, Ta, Ti, TL V,
W.Y ., Yb, Znand Zr;

wherein x ranges between about 1 and about 10, y ranges between
about 1 and about 10, and whersin z ranges between aboul 1 and
about 30; and

wherein the metal sulfur composite is a uniform single phase.

104. The composite material of claim 103, wherein the metal sulfur

composite is dispersed in the sulfur.

105. The composile material according o any one of claims 88-104,
wherein the composite material is copolymerized with a sulfur copolymer,
wherein the sulfur copolymer comprises one or more sulfur monomers, at a
tevel in the range of al least about 50 wi% of the suilfur copolymer, and one or
more comonomers each selected from a group consisting of amine
monomers, thiol monomers, sulfide monomers, alkynylly unsaturated
monomers, nilrong monomaers, aldehyde monomers, kelone monomers,
epoxide monomers, thirane monomers, and ethylenically unsaturated
monomers at a level in the range of about 0.1 wi% o about 50 wi% of the

sulfur copolymer.

106. The composite material of claim 105, wherein the polymeric material
further comprises one or more epoxide monomers at a level in the range of
about 5 wt% to about 85 wi% of the polymeric material, wherein at least one
epoxy functional group of the epoxide monomers is bonded o a functional

group of the sulfur copolymer.
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107. The composite material according o any one of claims 98-104,
wherein the composite material is copolymerized with a polymeric material
comprising:

{a} a sulfur copolymer, wherein the sulfur copolymer comprises:

{(iy one or more sulfur monomers, at a level in the range of at least

about 50 wi% of the sulfur copolymer; and

{iy one or more comonomers each selected from a group
consisting of amine monomers, thiol monomers, sulfide
monomers,  alkkynyily  unsaturated  monomers,  nifrone
monomers, aldehyde monomers, kelone monomers, epoxide
monomers, thirane monomers, and ethvienically unsaturated
monomers at a level in the range of about 0.1 wi% to about 50

wi% of the sulfur copolymer; and

{b} one or more spoxide monomers at a level in the range of about 5 wit%
to about 85 wi% of the polymeric material, wherein at least one epoxy
functional group of the epoxide monomers is bonded to a functional

group of the sulfur copolymer.

108. The composite material according of claim 105, wherein the composite

material is seif-healing.

108. The composiie malerial according of claim 107, wherein the composile

material is seif-healing.

110. The composite material of claim 105, wherein when one or more S-8
bonds of the sulfur copolymer are broken, the 8-5 bonds are reconnected by

thermal reforming.

111, The composile material of claim 107, wherein when one or more 5-8
bonds of the sulfur copolymer are broken, the -8 bonds are reconnecied by

thermal reforming.

112 An electrochemical cell comprising:



WO 2015/123552 PCT/US2015/015870

a} an anocde comprising metallic lithium;

b} a cathode comprising the compaosite material of any one of claims 32 to
38; and

¢} a non-aqueonus eleclrolyte disposed between the cathode and the

anode.

113, The electrochemical cell of claim 112, wherein the slectrochemical call

has a capacity of between about 200 and about 1,400 mAh/g.

114, An optical substrate comprising a polymeric composition accerding to
any of claims 67-78, 86, 87, or 88-104.

115. The optical substrate of claim 114, wherein the oplical substirate is

substantially formed into an optically transparent substrats.

116. The optical substrate of claim 114, wherein the polymeric compaosition
has a refractive index in the range of about 1.7 {o about 2.2 at least one

wavelength in the range of about 300 nm to about 10 pm.
117. A method of producing a sulfur copolymer, said method comprising:
a} providing elemental sulfur,
b} heating the elemental sulfur into a molten sulfur; and

¢} adding one or more comonomers o the molten sulfur, thereby forming

the sulfur copolymer.

118, The method of claim 117, wherein the elemental sulfur is healed o 8
temperature of about 120 to 230 °C.

110, The method of claim 117, wherein the one or morg comonomers are
selected from a group consisting of amine monomers, thiol monomers, sulfide
monomers, alkynylly unsaturated monomers, nitrone monomers, aldehyde
monomers, kelone monomers, epoxide monomers, thilrane monomers, and

ethylenically unsaturated monomers.
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120. The method of claim 117, wherein the elemental sulfur is at a8 level of

at least about 50 wit% of the sulfur copolymer.

121. The method of claim 117, wherein the one or more comonomers are at

a level of about 1 1o 50 wi% of the sulfur copolymer.
122, A method of producing a copolymer material, said method comprising:
a} providing a sulfur copolymer, wherein the method comprises:
{iy providing elemental sulfur;
(il heating the elemental sulfur into a molten sulfur; and

{iiy adding one or more comonomers {o the molten sulfur, thereby

forming the sulfur copolymer,; and
b} mixing the sulfur copolymer with one or more epoxide monomers; and
¢} melling the sulfur copolymer and epoxide mixture;
d} mixing the melted sulfur copolymer and epoxide mixiure; and

g} adding an alcohol lo the to the melted sulfur copolymer and epoxide

mixture, thereby forming the copolymer material.

123. The method of claim 122, wherein the elemental sulfur is heated {o a

temperature of about 120 to 230 °C.

124. The method of claim 122, wherein the sulfur copolymer and epoxide

mixture is heated o a temperature of about 80 to 80 °C.

125. The method of claim 122, wherein the one or more comonomers are
selected from a group consisting of amine monomers, thicl monomers, sulfide
monomers, alkynylly unsaturated monomers, nitrone monomers, aldehyde
monomers, ketone monomers, epoxide monomers, thiirane monomers, and

ethylenically unsaturated monomers.

126. The method of claim 122, wherein the sulfur copolymer is at a level in

32
AN
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the range of about 5 wi% 1o about 95 wi% of the copolymer material.

127. The method of claim 122, wherein the elemental sulfur is at a level of

at least about 50 wit% of the sulfur copolymer.

128. The method of claim 122, wherein the one or more comonomers are at

a level of about 1 1o 50 wi% of the sulfur copolymer.

126. The method of claim 122, whersin the one or more epoxide monomers
are at a level in the range of about 5 wit% {o about 85 wi% of the copolymaer

material.
130. A method of producing a composiie material, said method comprising:
a) providing elemental sulfur;

b} mixing a metal or ceramic composite with the elemental sulfur fo form a

mixture; and

c} heating the mixture until vilrification, thereby forming the composite

material,

131. The method of dlaim 130, wherein the mixiure is heated o a
temperature of about 160 to 200 °C.

132. The method of claim 130, wherein the elemental sulfur is at a level of

at least about 50 wi% of the composiie material.

133, The method of claim 130, wherein the metal or ceramic composite is

at a level of about 1 to 50 wi% of the composite material.

134, The method of claim 130, wherein the metal or ceramic composite has
a formula M,R,, wherein M is selected from a group consisting of Ag, Al As
Au, B, Ba, Bi, Ca, Cd, Ce, Co, Cr, Cu, ku, Fe, Ga, Gd, Ge, Hf, Hy, In, La, Li,
Mg, Mn, Mo, Na, Nb, Nd, Ni, P, Pb, Pd, Pr, Sb, Se, 5i, &n, Sr, Ta, Ti, TL V, W,
Y, Yb, Zn and Zr, wherein R is selected from a group consisting of C, N, and

S, wherein x ranges between about 1 and about 30, and wherein y ranges
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betweean about 1 and about 10,

135. A sulfur epoxy resin comprising at least one branched or cross-linked
sulfur chain, wherein at leasl one branch or cross-link of the sulfur chain
comprises an ether bond, wherein the sulfur content of the epoxy resin ranges

from about 5-95 wi%.

136. A sulfur epoxy resin comprising a portion comprising -R-5-(8)-5-Ry-,
wherein n ranges from 0 {0 6; and at least one cross-link of the epoxy resin
comprising an ether bond, wherein the sulfur content of the epoxy resin

ranges from about 5-95 wi%

137. A sulfur composite material comprising a plurality of metal or ceramic
composite particles having a formula MR, dispersed in a polymeric sulfur,

wherein a sulfur content of the sulfur composite material is at least 50 wi%.

138, A sulfur composite material comprising a plurality of metal or ceramic
composite paricles having a formula P,M,R, dispersed in a polymaeric sulfur,

wherein a sulfur content of the suifur compaosite material is at least 50 wi%.

139, A copolymer material comprising:
a} one or more sulfur monomers at a level in the range of about 5 wt%

o about 85 wi% of the copolymer material;

b} one or more comonomers each selected from a group consisting of
amine monomers, thiol monomers, sulfide monomers, alkynylly
unsaturated monomers, nitrone monomers, aldehyde monomers,
ketone monomers, thirane monomers, and  ethylenically
unsaturated monomers at a level in the range of about § wi% to

about 50 wit% of the copolymer malerial; and

c} ong or more epoxide monomers at a level in the range of about 5

wi% to about 85 wt% of the copolymer material;

wherein at least one epoxy functional group of the spoxide monomers

is bonded to a funclional group of the comonomer, a sulfur moiety of
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the sulfur monomer, or a combination thersof.

140. A polymeric composition comprising a sulfur copolymer, the suilfur
copolymer comprising:
a. one or more sulfur monomers, at a level in the range of at least
about 50 wit% of the copolymer; and
b. oneg or more photoactive monomers at a level in the range of about
0.1 wit% io about 50 wi% of the copolymer, esach pholoactive
monomer having the structure:

wherein A is a ring system, wherein A is a photoactive chromophore;

whersin A is selected from a group consisting of perylenes, pyrenes,
couramins, cyanine dyes, fluoresceins, and derivatives theredf,
polythiophenes, polvanilines, TiQ;, CdSe, CdS, CdSe-CdS, natural and
synthetic dyes, aromatics, hetsrocycles, conjugated organic polymers,
inorganic  chromophores, nanocomposiie  chromophores, organic

chromophores, pholoactive agents, and semiconductor nanoparticles;

wherein B comprises a polymerizable moiety, wherein the
polymerizable molety is selected from a group consisting of a carboxylate
moiety, an ethylenically unsaturaled moiely, an epoxide moiely, a thiirane
moiety, an amine moiety, a thiol moiely, a sulfide moiety, an alkynylly
unsaturated moiely, a nifrone moiety, an aldehyde moiety and a ketone

moiety; and
whereinnis 1,2,3,4,5,6, 7 or8.

141, The polymeric composition of claim 140, wherein the sulfur copolymer
further comprises one or more monomers selecled from a group consisting of
ethylenically unsaturated monomers, epoxide monomers, thiirane monomers,

amine monomers, thiol monomers, sulfide monomers, alkynylly unsaturated
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monomers, nitrone monomers, aldehyde monomers and ketone monomers,

at a level up to about 50 wi% of the sulfur copolymer.

142. The polymeric composition according to claims 140, wherein nis 1-4.
143. The polymeric composition according o claims 141, wherein nis 1-4.
144, The polymeric composition of any of claims 140-143, wherein each B

includes the polymerizable moiety and a 1-6 atom long linker.

1485, The polymeric composition of claim 144, wherein each linker is
selected from a group consisting of an alkylene linker and a mono, di- or

iri{ethylene ghycol} linker.

146. The polymeric composition of any of claims 144, wherein each B
includes an ethylenically unsaturated moiety, an epoxide moiety or a thiirane

maoiety.

147. The polymeric composition of any of claims 144-148, wherein each B

includes one or more carboxylic anhydrides.

148, A polymeric composition comprising a sulfur copolymer, said sulfur
copolymer Comprises:

a. one or mors sulfur monomers, at a level in the range of at least about
50 wi% of the copolymer;

b. one or more additional monomaers selected from a group consisting of
ethylenically unsaturated monomers, epoxide monomers, thirane
monomers, aming monomers, thiol monomers, sulfide monomers,
atkynylly  unsaturated monomers, nitrone  monomers, aldehyde
monomers and ketone monomers, at a level in the range of about 0.1
to about 50 wi% of the copolymer; and

¢c. one or more pholoactive monomers, at a level in the rangs of about 0.1
wi% to about 50 wi% of the copolymer, each photoactive monomers

having a structure
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wherein A is a ring system, wherein A is a photoactive chromaophore;

whersin A is selected from a group consisting of perylenes, pyrenes,
couramins, cyanine dyes, fluoresceins, and derivatives  thersof,
polythiophenes, polyanilines, Ti02, CdSe, Cd8, CdSe-CdS, natural and
synthetic dyes, aromatics, hetsrocycles, conjugated organic polymers,
inorganic  chromophores, nanocomposiie  chromophores, organic

chromophores, pholoactive agents, and semiconductor nanoparticles;

wherein B comprises a polymerizable moiety, wherein the
polymerizable molety is selected from a group consisting of a carboxylate
moiety, an sthylenically unsaturated moiety, an epoxide moiely, a thiirane
moiety, an amine moiety, a thiol moiely, a sulfide moiety, an alkynylly
unsaturated moiety, a nifrone moiety, an aldehyde moiety and a ketone

moiety; and
wherainnis 1, 24,3, 4,5, 6, 7 or 8.

149, The polymeric composition according o any of claims 140-148,

wherein each photoactive monomer is a photosensilizer.

150. The polymeric composition according o any of claims 140-148,

wherein each photoactive monomer is a perylene diimide.

151. The polymeric composition according io any of claims 140-148,

wherein each photoactive monomer is a perylene bisimide,

152. The polymeric composition according o any of claims 140-148,

wherein each photoactive monomer is a polycyalic organic chromophore.

153. The polymeric composition according o any of claims 140-152,

wherein the photoactive monomer absorbs visible radiation.
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154, The polymeric composition according to any of claims 140-183,

wherein the photoactive monomer absorbs infrared radiation.

155. The polymeric composilion according to any of claims 140-154,

wherein the photoactive monomer absorbs solar radiation.

156. The polymeric composition according o any of claims 140-154,
wherein the one or more photoactive monomers are present at a level of

about 0.1 wit% (o about 40 wi% of the sulfur copolymer.

157, The polymeric composition according o any of claims 140-1586,
wherein the one or more additional monomers are one or more ethylenically

unsaturated monomers,

158, The polymeric composition according io any of claims 140-156,

wherain the one or more monomers are ong or more epoxide monomaers,

158. The polymeric composilion according to any of claims 140-156,
wherein the one or more monomers are a combination of one or more

ethylenically unsaturated monomers and one or more epoxide monomers.

160. The polymeric composition according o any of claims 140-1586,
whersin the ons or more monomers are g combination of one or more thilrans

monomers and one or more gpoxide monomers.

161. The polymeric composition according o any of claims 140-160,
wherein the sulfur copolymer comprises one or more sulfur monomers at a
level in the range of about 50 o about 88.89 wi% of the copolymer, and the
other monomers at a total level in the range of about 0.1 wi% to about 50 wi%

of the copolymer.

162. The polymeric composition according o any of claims 140-180,
wherein the sulfur copolymer comprises one or more sulfur monomers at a
level in the range of about 50 fo about 99 wi% of the copolymer, and the other
monomers at a {otal level in the range of about 1 wi% to about 50 wt% of the

copolymer.
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163. The polymeric composition according to any of claims 140-160,
wherein the sulfur copolymer comprises one or more sulfur monomers at a
fevel in the range of about 50 io about 87.5 wit% of the copolymer, and the
one or more monomers at a level in the range of about 2.5 wit% 1o about 50

wi% of the copolymer.

164, The polymeric composition according o any of claims 140-160,
wherein the sulfur copolymer comprises one or more sulfur monomers at a
tevel in the range of about 50 {0 about 95 wi% of the copolymer, and the other
monomers at a level in the range of aboul 5 wi% to about 50 wi% of the

copolymer.

165. The polymeric composilion according to any of claims 140-160,
wherein the sulfur copolymer comprises one or more suifur monomers at a

level of at least about 60 wi% of the copolymer.

1686. The polymeric composition according o any of claims 140-160,
wherein the sulfur copolymer comprises ong or more sulfur monomers at a

tevel in the range of about 70 to about 92 wi% of the copolymer.

167. The polymeric composition according to claim 166, wherein the suifur
copolymer comprises the other monomers at a level in the range of about 8

wi% to about 30 wit% of the copolymer.

168. The polymeric composition of any of claims 140-167, wherein the sulfur

copolymers further comprises one or more polyfunctional monomers.

169. The polymeric compuosition of claim 168, wherein the one or more
polyfunctional monomers is selected from a group consisting of a polyvinyl
monomer, a polyisopropenyl monomer, a polyacryl monomer, a polymethacryl
monomer, a polyunsaturated hydrocarbon monomer, a polyepoxide
monomer, a polythiirane monomer, a polyalkynyl monomer, a polydiene
monomer, a polybutadiene monomer, a polyiscpreng monomer, a
polynorbomene monomer, a polyamineg monomer, a polythiol monomer, a

polysulfide monomer, a polyalkynylly unsaturated monomers, a polynitrone

[e»]
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monomers, a polyaldehyde monomers, a polyketone monomers, and a

polyethylenically unsaturated monomers.

170. The polymeric composition of claim 168, wherein the one or more
polyfunctional monomers is selected from a group consisting of a
divinylbenzene, a disopropenyibenzene, an alkylens dilmethjacrylate, a
bisphenol A di{fmeth)acrylate, a terpene, a carotene, a divinyl (heterolaromatic

compound and a diisopropeny! {heterc)aromatic compound.

171. The polymeric composition according o any of claims 140-170,
wherein the sulfur copolymer further comprises a nucleophilic viscosity

modifier at a level up 1o about 10 wi% of the copolymer.

172. The polymeric composition according to any of claims 140-171,
wherein the sulfur copolymer comprises:
a. one or more sulfur monomers, at a level of about 50 to about 898 wit% of
the copolymer,
b. one or more polyfunctional monomers, at a level of about 2 to about 50
wi% of the copolymer; and
¢. one or more monofunctional monomers, at a level up o about 10 wi%

of the copolymer,

wherein the one or more sulfur monomers, the one or more polyfunctional
monomers and the one or more monofunctional monomers are present at a

level of at least about 70 wi% of the polymeric compaosition,

wherein the monofunctional monomers are photoactive monomers or

additional monomers, and

wherein the polyfunctional monomers can be pholoactive monomers or

additional monomers.

173. The polymeric compaosition according to claim 172, wherein the one or
more sulfur monomers, the one or more polyfunctional monomers and the
optional one or more monofunctional monomers are present at a level of at
least about 85 wit% of the polymeric composition.

104
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174, The polymeric composition according to any of claims 140-156,
wherein the sulfur copolymer comprises:
a. one or more suifur monomers, at a level in the range of about 70 {o

about 92 wi% of the sulfur copolymer;

b. one or more polyfunctional monomers selected from a group consisting
of a divinylbenzene, a diisopropenyibenzene and an alkylense
difmeth)acrylate, at a level in the range of about 8 to about 30 wt% of

the sulfur copolymer;

¢. one or more monofunctional monomers, at a level up 1o about 1.5 wi%

of the sulfur sulfur; and

d. iriphenyiphosphine at a level up {0 about 20 wi% of the sulfur

monomer,

wherein the monofunctional monomers are photoactive monomers or
additional monomers, and wherein the polyfunctional monomers are

photoactive monomers or additional monomers.

175. The polymeric composition according o any of claims 140-174,

wherein the polymeric composition is a photosentizable material.

176. The polymeric composition according o claim 175, wherein the
polymeric composition is photosensitizable by visible or near-infrared

radiation.

177. The polymeric composition according o claim 175, wherein the

polymeric composition is phoiosensitizable by sclar radiation.

178. The polymeric composition according o any of claims 140-177,

wherein the polymeric composition is in a photosensitized state.

179. The polymeric composition according to any of claims 140-177,
wherein the polymeric composition is processable via solution or melt

processing methods.
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180. The polymeric composition according to any of claims 140-179,

wherein the polymeric composition is in the form of a thin film.

181. The polymeric composilion according to any of claims 140-179,
wherein the polymeric composition is in the form of a three-dimensional solid

having a smailest dimension at least 1 mm in size.

182. A method comprising contacting the polymeric composition according
io any of claims 140-181 with an aguecus medium and irradialing the
polymeric composition with radiation that is at least partially absorbed by the

one or more photoactive chromophores.

183. The method according o claim 182, wherein the irradiation causes the

formation of hydrogen from the aqueous medium.

184. The method according to claim 182 or claim 183, wherein the
irradiation causes the formation of oxidized sulfur species from the sulfur of

the polymeric composition.

188, The method according to claim 184, wherein the oxidized sulfur

spacies is ong or more of sulfate, sulfonates, sulfile, sulfoxides and sulfones.

186. The method according to claim 184, wherein the oxidized sulfur

species is sulfoxide, sulfonate and/or sulfate.

187. The method according to any of claims 182-186, wherein the method is

performed atl a temperature in the range of 0 °C to about 100 °C.

188. The method according to any of claims 182-187, wherein the aquesus
solution and the polymeric material are present in a weight ratio in the range
of about 100:1 {o about 1:10.

189. The method according to any of claims 182-188, wherein the irradiation
causes the formation of a sulfur radical cation or polaron in the polymeric

composition.

o
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190. The method according to any of claims 182-188, wherein the radiation

is solar radiation.

191. The method according to any of claims 182-189, wherein the radiation

is visible radiation.

192. The method according to any of claims 182-188, wherein the radiation

is near-infrared radiation.

193. The method according to any of claims 182-192, wherein the irradiation

forms pholoactive species.

194, A hydrogen sulfide (H»S) donaling polymer conjugate comprising:
a) a sulfur copolymer, said sulfur copolymer comprising:
{iy one or more sulfur monomers at a level between about § 1o 85

wi% of the sulfur copolymer; and

(il one or more comonomers each selected from a group
consisting of amine monomers, thiol monomers, sulfide
monomers, alkynyily unsaturated monomers, nitrone monomers,
aldehyde monomers, ketone monomers, epoxide monomers,
thiirane monomers, and ethylenically unsaturated monomers at

a level between about 5 {0 95 wi% sulfur copolymer;

wherein af least one sulfur moiety of the sulfur monomer is bonded ©

at least one reactive functional group of the comonomers; and

b} one or more carrier polymers, wherein the carrier polymer is bonded to the

sulfur copolymer.

195. The H.8 donaling polymer conjugate of claim 194, wherein the carrier
polymer is  selected from & group  consisting off N-(2-
hydroxylpropylimethacrylamide (HPMA) copolymer, a poly-L-glutamic acid, a
poly{ethvlene glyeoly (PEG), Dextran, vinvls, alkynyls, epoxides, thiiranes,
amines, sulfides, ethers, norbornenes, amides, peplides, polyesters,

polyamides, polysthers, and sugars.

104



WO 2015/123552 PCT/US2015/015870

196. The H:S donating polymer conjugate of claim 184, wherein the one or

mMore COMONOMEArs are one of More amine monomsrs.

197. The H:S donatling polymer conjugate of claim 196, wherein the amine

monomer is m-phenylenediamineg or p-phenylenediamine,

198. The H.S donating polymer conjugate of claim 194, wherein the one or

more comonomers are one or more thiol monomers.

199. The H.S donating polymer conjugate of claim 188, wherein the thiol

monomer is 4,4'-thiobis{benzensthiol).

200. The H,S donating polymer conjugate of claim 194, wherein the one or
morg comonomers are a combination of oneg or more amine monomers and

one or more thiol monomers.

201. The H:S donating polymer conjugate of claim 194, wherein the one or

more comonomers are one or more alkynylly unsaturated monomers.

202. The H;S donaling polymer conjugate of claim 201, wherein the

alkynylly unsaturated monomer is 1-phenvipropyne.

203. The H,S donating polymer conjugate of claim 184, wherein the one or

more comonomers are one or more thilfrane monomers.

204, The H:S donating polymer conjugate of claim 203, wherein the thiirane

monomer is propylens sulide.

205, The H:S donating polymer conjugate of claim 194, wherein the one or

More CoOmMOonomers are gne aor more epoxide monomers.

208, The H,S donating polymer conjugate of claim 205, wherein one or
more of the epoxide monomers are benzyl glycidyl ether, tris{4-

hydroxyphenyhimethane triglycidy ether, or a combination thereof.

207. The H)5 donating polymer conjugate of claim 184, wherein the sulfur

monomer is at a level of al least about 20 wi% of the sulfur copolymer.

o
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208. The H:S donating polymer conjugate of claim 194, wherein the sulfur

monomer is at a level of at least about 50 wi% of the sulfur copolymer,

208. The H)5 donating polymer conjugate of claim 184, wherein the sulfur

monomer is at a level between about 60 and 80 wi% of the sulfur copolymer,

210. The H.S donating polymer conjugate of claim 184, wherein the sulfur

monomer is at a level between about 70 and 95 wit% of the sulfur copolymer.

211 A hydrogen sulfide (H25) donating sulfur copolymer comprising:
a. one or more sulfur monomers at a level between about 5 1o 95

wit% of the sulfur copolymer; and

b. one or more comenomers each selected from a group
consisting of amine monomers, thiol monomers, sulfide
monomers, alkynylly unsaturated monomaers, nifrone monomers,
aldehyde monomers, ketone monomers, epoxide monomers,
thiirane monomers, and ethylenically unsaturated monomers at

a level between about 5 10 95 wi% of the sulfur copolymer;

wherein af least one sulfur moiety of the sulfur monomer is bonded fo

at least one reactive functional group of the comonomers.

212. The H,S donating sulfur copolymer of claim 211, wherein the suifur

monomers form a sulfur containing core of the sulfur copolymer.

213. The HS donating sulfur copolymer of cdaim 212, wherein the

comonomers extend outwardly from the sulfur containing core.

214. The HS donating sulfur copolymer of claim 184, wherein the sulfur

copolymer is linear.

215. A hydrogen sulfide (H.S) donating sulfur copolymer comprising:
a. one or more sulfur monomers at a level of at a level bebween

about 5 to 95 wi% of the sulfur copolymer; and

b. one or more comonomers each sslected from a group

TN
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congisting of amine monomers, thiol monomers, sulfide
monomers, alkynylly unsaturated monomers, nitrone monomers,
aldehyde monomers, ketone monomers, epoxide monomers,
thiirane monomers, and ethyvlenically unsaturated monomers at

a level between about 5 10 95 wi% of the sulfur copolymer;

wherein af least one sulfur moiety of the sulfur monomer is bonded fo
at least one reactive functional group of the comonomers, wherein the
sulfur monomers form a sulfur containing core of the sulfur copolymer,
and wherein the comonomers extend outwardly from the sulfur

containing core,

216. The H»S donaling sulfur copolymer according o any of claims 211-215,

wherein the one or more COMonNomers ars one or More amine Monomers.

217. The HS donating sulfur copolymer of claim 216, wherein the amine

monomer is m-phenylenediamine or p-phenylenediamine.

218. The HaS donating sulfur copolymer according to any of claims 211-215,

wherein the one or more CoOMonNoMmers are gne or more thiol monomaers.

219, The H,S donating sulfur copolymer of claim 218, wherein the thiol

monomer is 4,4'-thiobis{benzensthiol}.

220. The H.S donating sulfur copolymer according to any of claims 211-
215, wherein the one or more comonomers are a combination of one or more

aming monomers and one or more thiol monomers.

221. The H,S donating sulfur copolymer according to any of claims 211-
215, wherein the one or more comonomers are one or more alkynylly

unsaturated monomers.

222, The Ho5 donating sulfur copolymer of claim 221, wherein the alkynyily

unsalurated monomer is 1-phenyipropyne.

223. The H,S donating sulfur copolymer according o any of claims 211-

o
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215, wherein the ong or more comonomers are one or more thirans

monomers.

224. The H,S donating sulfur copolymer of claim 223, wherein the thilrane

monomer is propylene sulfide.

225. The H,S donating sulfur copolymer according to any of claims 211-
215, wherein the one or more COMONOMErs are one or more epoxide

Monomers.

228. The H,S donating sulfur copolymer of claim 225, wherein one or more
of the epoxide monomers are benzyl glycidyl ether, tris{é-

hydroxyphenylimethane trigiycidyl ether, or a combination thereof.

227, The H,S donating sulfur copolymer according to any of claims 211-
215, wherein the sulfur monomer is at a level of at least about 20 wit% of the

sulfur copolymer.

228. The H,S donating sulfur copolymer according to any of claims 211-
215, wherein the sulfur monomer is at a level of at least about 50 wit% of the

sulfur copolymer.

229, The HS donating sulfur copolymer according o any of claims 211-
215, wherein the sulfur monomer is at a level between about 60 and 80 wi%

of the sulfur copolymer.

230. The H.S donating sulfur copolymer according to any of claims 211-
215, wherein the sulfur monomer is at a level between aboul 70 and 85 wit%

of the sulfur copolymer.

231. The H,S donating sulfur copolymer according to any of claims 211-
215, whersin al least one functional group of the comonomers sclubilizes the

sulfur copolymer.

232 The HS donating sulfur copolymer according to any of claims 211-

215, wherein al ieast one functional group of the comonomers is

[e»]
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biocompatible,

233. The H,S donating sulfur copolymer according to any of claims 211-
215, wherein the sulfur copolymer further comprises a one or more carrier

polymers, wherein the carrier polymer is bonded {o the sulfur copolymer.

234. The HpS donating sulfur copolymer of claim 233, wherein the carrier
moiety s selected  from a group  consisting of: N-{2-
hydroxylpropyhimethacrylamide (HPMA) copolymer, a poly-L-glutamic acid, a
poly{ethvlene glyeol} (PEG), Dextran, vinyls, alkynyls, epoxides, thiiranes,
amines, sulfides, ethers, norbornenes, amides, peplides, polyesters,

polyamides, polyethers, and sugars.

235. A method of treating a biological condition in a mammal in need
thereof, said method comprising administering a therapsutically effective
amount of a hydrogen sulfide (H.S) donating polymer conjugate according to
any of claims 1-17, wherein the polymer conjugate releases a slow and
continuous amount of HyS gas, wherein the HS triggers a biological

response.

238, The method of claim 235, whersin the biclogical condition is

inflammation.

237. The method of claim 235, wherein the biological condition is heart
disgase.

238. The method of claim 235, wherein the bioclogical condition is
inflammation.

234, The method of claim 235, wherein the biclogical condition is

hypertension.

240, The method of claim 235, wherein the biological condition is ischemia

reperfusion.

241, The method of claim 235, wherein the polymer conjugale is

[e»]
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administered  dermally, orally, ftransmucosally, subcutaneously or

infravenously.

242, The method of claim 235, wherein the polymer conjugate is localized

at or near an area affected by the biological condition.
243. The method of claim 2385, wherein the mammal is a human.

244, A method of treating a biclogical condition in a mammal in need
thereof, said method comprising administering a therapeutically effeclive
amount of a hydrogen sulfide (HS) donaling sulfur copolymer according to
any of claims 211-215, wherein the sulfur copolymer releases a slow and

continuous amount of H,S gas, wherein the H;S triggers a biclogical

response.

245, The method of claim 244, wherein the biological condition is
inflammation.

2486. The method of claim 244, wherein the biological condition is heart
disease.

247. The method of claim 244, wherein the biclogical condition is
inflammation.

248, The method of claim 244, wherein the biclogical condition is

hypertension.

240, The method of claim 244, wherein the biclogical condition is ischemia
reperfusion.
250. The method of claim 244, wherein the sulfur copolymer is administered

dermally, orally, subculaneously or intravenously.

251. The method of claim 244, wherein the sulfur copolymer is localized at

or near an area affected by the biclogical condition.

252, The method of claim 244, wherein the mammal is a human.
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253. The method of claims 235 or 244 further comprising administering an
H,S catalyst, wherein the catalyst promotes the release of H,S gas.

254, The method of claim 253, wherein the calalyst is cysieine, glutathione,

or a thiol-containing compound.

255. The method of claims 235 or 244, wherein the release of the slow and
continuous amount of H,S gas is triggered by chemical means, mechinal

means, or photoirradiation.

256, A method of producing an H;S donating polymer conjugate according
o any of claims 184-210, said method comprising:

a} providing a sulfur copolymer,; and
b} attaching a carrier polymer o the sulfur copolymer.

257. The method of claim 256, wherein the step of providing a sulfur
copolymer comprises:

a} providing elemental sulfur;
b} heating the elemental sulfur into a molten sulfur; and

¢} polymerizing one or more comonomers with the molten sulfur, thereby

forming the sulfur copolymer.

258, The method of claim 257, wherein a technique of polymerizing is
selected from a group consisting of: free radical polymerization, conirolied
radical polymerization, ring-opening polymerization, ring-opening meiathesis

polymerization, step-growth polymaerization, or chain-growth polymerization.

258, A method of producing an HxS donating sulfur copolymer according to
any of claims 211-215, said method comprising:

a} providing elemental sulfur;
b} healing the slemental sulfur into a2 molten sulfur; and

¢} polymerizing one or more comonomers with the molten sulfur, thereby
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forming the sulfur copolymer.

280, The method of claim 257, wherein a technique of polymerizing is
selected from a group consisting of. free radical polymerization, controlled
radical polymerization, ring-opening polymerization, ring-opening metathesis

polymerization, step-growth polymerization, or chain-growth polymerization.

261. An H,S donating sulfur polymer conjugate comprising a sulfur
copolymer linked o a carrier polymer, wherein the sulfur copolymer
comprises at least one branched or cross-linked sulfur chain, wherein the

sulfur content of the sulfur polymer conjugate ranges from about 5-85 wi%.

262. An HxS donating sulfur polymer conjugate comprising a suffur
copolymer linked to a carrier polymer, the sulfur copolymer having a portion
comprising: -~R+S5-(8)-S-Ry-, wherein n ranges from 0 io 6, wherein the

sulfur content of the sulfur polymer conjugate ranges from about 5-85 wit%.

263. An H,S donating sulfur copolymer comprising at least one branched or
cross-linked suifur chain, wherein the sulfur content of the sulfur copolymer

ranges from about 5-95 wi%

284, An M5 donating sulfur copolymer having a portion comprising:
~R4-5-(8)-5-Rp-, wherein n ranges from O {o 6, wherein the sulfur content of

the sulfur copolymer ranges from about 5-85 wi%.

265. A method of inhibiting microbial growth, said method comprising
impregnating a microbial film with an H:S donating sulfur copolymer according
o any of claims 211-215 or 263-264, wherein the sulfur copolymer releases

HoS gas thereby killing a microbe of the microbial film,
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Box No. 11 Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. D Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. ?A‘ Claims Nos.: 32, 33, 36-50, 55-66, 112-116, 147, 149-193, 253-255
because they are dependent claims and are not drafied in accordance with the second and third sentences of Rule 6.4(a).

{ Box No. 111  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This Intenational Searching Authority found multiple inventions in this international application, as follows:

- Please See Extra Sheet -

1. D As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims, -

2. D As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees. ’

3. D As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. }vA{ No (equired 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.: :

1-20, 67-97, 139, 194-252, 256-265

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee. ’
D 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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INTERNATIONAL SEARCH REPORT International application No.

'PCT/US 15/15870

Continued from Box No. lll, Observations where unity of invention is lacking,

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees must be paid.

Group I: Claims 1-20, 67-97, 139, 194;252. and 256-265, drawn to a copolymer material.
Group II: Claims 21-31, 34, 35, and 117-129, drawn to a polymeric composition.

Group IiI: Claims 51-54, drawn to an electrochemical cell.

Group IV: Claims 98-111, 130-134, 137, and 138, drawn to a composite material.

Group V: Claims 135 and 136, drawn to a sulfur epoxy resin.

Group VI: Claims 140-146 and 148, drawn to a copolymer and composition comprising a photoactive chromophore.

Special Technical Features

The inventions listed as Groups |, i, il IV, V, and VI do not relate to a single general inventive concept under PCT Rule 13.1 because,
under PCT Rule 13.2, they lack the same or comresponding special technical features for the following reasons:

Groups II, lll, IV, V, and VI do not require a copolymer material comprising:

a) one or more sulfur monomers, at a level at least about 50 wt% of the sulfur copolymer; and

b) one or more comonomers each selected from a group consisting of amine monomers, thiol monomers, sulfide monomers, alkynylty
unsaturated monomers, epoxide monomers, nitrone monomers, aldehyde monomers, ketone monomers, thiirane monomers, and
ethylenically unsaturated monomers at a level in the range of about 0.1 wt% to about 50 wt% of the sulfur copolymer;

(optional) c) a sulfur copolymer at a level in the range of about 5 wt% to about 95 wt% of the copolymer material; and

{optionat) d) one or more epoxide monomers at a level in the range of about 5 wi% to about 95 wt% of the copolymer material; wherein
at least one epoxy functional group of the epoxide monomers is bonded to a functional group of the sulfur copolymer;

(optional) a self-healing sulfur copolymer wherein when one or more S-S bonds of the sulfur copotymer are broken, the S-S bonds are
reconnected by thermal reforming;

(optional) self-healing and reworkable epoxy resin; :

(optional) method of repairing a polymeric substrate comprising heat treating the polymeric substrate at a healing temperature for a
period of time in order to reconnect the S-S bonds of the sulfur copolymer;

(optional) wherein at least one epoxy functional group of the epoxide monomers is bonded to a functional group of the comonomer, a
sulfur moiety of the sulfur monomer, or a combination thereof;

(optional) a hydrogen sulfide (H2S) donating polymer conjugate comprising one or more carrier polymers, wherein the carrier polymer is
bonded to the sulfur copolymer;

(optional) a hydrogen sulfide (H2S) donating polymer conjugate wherein at least one sulfur moiety of the sulfur monomer is bonded to at
least one reactive functional group of the comonomers, wherein the sulfur monomers form a sulfur containing core of the sulfur
copolymer, and wherein the comonomers extend outwardly from the sulfur containing core; .
(optional) H2S donating sulfur polymer conjugate comprising a sulfur copolymer linked to a carrier polymer, wherein the sulfur copolymer
comprises at least one branched or cross-linked sulfur chain, wherein the sulfur content of the sulfur polymer conjugate ranges from
about 5-95 wt%; :
(optional) H2S donating sulfur polymer conjugate comprising a sulfur copolymer linked to a carrier polymer, the sulfur copolymer having
a portion comprising: -R1-S-(S)n-S-R2-, wherein n ranges from 0 to 6, wherein the sulfur content of the sulfur polymer conjugate ranges
from about 5-95 wt%;

(optional) H2S donating sulfur copolymer comprising at least one branched or cross-linked sulfur chain, wherein the sulfur content of the
sulfur copolymer ranges from about 5-35 wt%,; or

(optional) H2S donating sulfur copolymer having a portion comprising: -R1-S-(S)n-S-Rr, wherein n ranges from 0 to 6, wherein the sulfur
content of the sulfur copolymer ranges from about 5-95 wt%, as required by Group |. :
Group |, 1ll, IV, V, and VI do not require that the ethylenically unsaturated monomers are present as copolymers with at least one
additional monomer;

a method of producing said composition comprising a) providing elemental sulfur; b} heating the elemental sulfur into a molten sulfur;
and c) adding one or more comonomers to the molten sulfur, thereby forming the sulfur copolymer; :

a method of producing a material, said method comprising: a) providing a sulfur copolymer, wherein the method comprises: (i) providing
elemental sulfur; (ii) heating the elementa! sulfur into a molten sulfur; and (iii) adding one or more comonomers to-the molten sulfur,
thereby forming the sulfur copolymer; and b) mixing the sulfur copolymer with one or more epoxide monomers; and c) melting the sulfur
copolymer and epoxide mixture; d) mixing the melted sulfur copolymer and epoxide mixture; and e} adding an alcohol to the to the
melted sulfur copolymer and epoxide mixture. thereby forming the copolymer material, as required by Group Il.

Group |, I1, IV, V, and VI do not require electrochemical cell comprising: a. an anode comprising metallic lithium; b. a cathode comprising
a sulfur containing polymer which generates soluble additive species in situ upon discharge, and wherein the soluble additive species co
-deposit with lower sulfide discharge products onto the cathode; and c. a non-aqueous electrolyte interposed between the cathode and
the anode, as required by Group Ill.

-~ Please See Extra Sheet —

Form PCT/ISA/210 (extra sheet) (January 2015)
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Continued from Box No. Ill, Observations where unity of invention is lacking,

Group 1, fi, ll1, V, and VI do not require a composite material comprising

a) a sulfur at a level at least about 50 wt% of the composite material; and

either b) a metal or ceramic composite having a formula MxRy and at a level between about 0.1 and about 50 wt% of the composite
material; wherein M is selected from a group consisting of Ag, Al, As Au, B, Ba, Bi, Ca, Cd, Ce, Co, Cr, Cu, Eu, Fe, Ga, Gd, Ge, Hf, Hg,
In, La, Ui, Mg, Mn, Mo, Na, Nb, Nd, Ni, P, Pb, Pd, Pr, Sb, Se, Si, Sn, Sr, Ta, Ti, T1,V, W, Y, Yb, Zn and Zr; wherein R is selected from a
group consisting of C, N, and S; wherein x ranges between about 1 and about 30, and wherein y ranges between about 1 and about 10
or b) a meta! sulfur composite having a formula PxSyMz and at a level between about 0.1 and about 50 wt% of the composite material;
wherein P is selected from a group consisting of Li and Na;

wherein M is selected from a group consisting of Ag, Al, As Au, 8, Ba, Bi, Ca, Cd, Ce, Co, Cr, Cu, Eu, Fe, Ga, Gd, Ge, Hf, Hg, In, La, Li,
Mg, Mn, Mo, Na, Nb, Nd, Ni, P, Pb, Pd, Pr, Sb, Se, Si, Sn, Sr, Ta, Ti, T, V, W, Y, Yb, Zn and Zr;

wherein x ranges between abotit 1 and about 10, y ranges between about 1 and about 10, and wherein z ranges between about 1 and
about 30; and .

wherein the metal sulfur composite is a uniform single phase; or

a method of producing a composite material, comprising a) providing elemental sulfur;

b) mixing a metal or ceramic composite with the elemental sulfur to form a mixture; and

¢) heating the mixture until vitrification, thereby forming the composite material, as required by Group IV.

Group |, I, 111, IV, and VI do not require a sulfur epoxy resin, comprising:

sulfur epoxy resin'’comprising at least one branched or cross-linked sulfur chain, wherein at least one branch or cross-link of the sulfur
chain comprises an ether bond, wherein the sulfur content of the epoxy resin ranges from about 5-35 wt%,;

a portion comprising -R1-S-(S)n-S-R2-, wherein n ranges from 0 to 6; and at least one cross-link of the epoxy resin comprising an ether
bond, wherein the sulfur content of the epoxy resin ranges from about 5-95 wt%; or ’

a plurality of metal or ceramic composite particles having a formula MxRy dispersed in a polymeric sulfur, wherein a sulfur content of the
sulfur composite material is at least 50 wt%, as required by Group V.

Group |, Il, lIl, IV, and V do not require a one or more photoactive monomers at a level in the range of about 0.1 wit% to about 50 wt% of
the copolymer, each photoactive monomer having the structure: A wherein A is a ring system, wherein A is a photoactive chromophore;
wherein A is selected from a group consisting of perylenes, pyrenes, couramins, cyanine dyes, fiuoresceins, and derivatives thereof,
polythiophenes, polyanilines, TiO2, CdSe, CdS, CdSe-CdS, natural and synthetic dyes, aromatics, heterocycles, conjugated organic
polymers, inorganic chromophores, nanocomposite chromophores, organic chromophores, photoactive agents, and semiconductor
nanoparticles; wherein B comprises a polymerizable moiety, wherein the polymerizable moiety is selected froma group consisting of a
carboxylate moiety, an ethylenically unsaturated moiety, an epoxide moiety, a thiirane moiety, an amine moiety, a thiol moiety, a sulfide
moiety, an alkynylly unsaturated moiety, a nitrone moiety, an aldehyde moiety and a ketone moiety; and whereinniis 1,2, 3,4, 5,6, 7 or
8, as required by Group Vi.

Shared Common Features

The only feature shared by Groups | and I that would otherwise unify the groups, is the elementitechnical feature. However, this shared
technical feature does not represent a contribution over prior art, because the shared technical feature is anticipated by US
2013/0175481 A1 to Blouin, et al. {hereinafter ‘Blouin’). Blouin discloses one or more monomers selected from a group consisting of
amine monomers, thiol monomers, sulfide monomers (para [0010}), alkynylly unsaturated monomers, nitrone monomers, aldehyde
monomers, ketone monomers, thiirane monomers, epoxide monomers (para {0063]), and ethylenically unsaturated monomers at a level
in the range of about 0.1 wt% to about 50 wt% of the sulfur copolymer, wherein the ethylenically unsaturated monomers are present as
copolymers with at least one additional monomer (para [0043]).

The only feature shared by Groups |, }I, and VI that would otherwise unify the groups, is the element/technical feature. However, this
shared technical feature does not represent a contribution over prior art, because the shared technical feature is anticipated by US
2005/0165213 A1 to Dang, et al. (hereinafter 'Dang’). Dang discloses one of more sulfur monomers, at a level in the range of at least
about 50 wt% of the sulfur copolymer {para {0029]). ’

The only feature shared by Groups Il and Ill that would otherwise unify the groups, is the element/technical feature. However, this
shared technical feature does not represent a contribution over prior art, because the shared technical feature is anticipated by Dang.
Dang discloses a sulfur polymer (para [0007]).

The only feature shared by Groups IV and V that would otherwise unify the groups, is the element/technical feéture. However, this
shared technical feature does not represent a contribution over prior art, because the shared technical feature is anticipated by Dang.
. Dang discloses a composite comprising sulfur (para [0003], [0007], fue! cell composite.).

The only feature shared by Groups |, If, and V that would otherwise unify the groups, is the element/technical feature. However, this
shared technical feature does not represent a contribution over prior art, because the shared technical feature is anticipated by Blouin.
Blouin discloses an epoxy/epoxide resin/monomer (para [0030], [0063]).

The only feature shared by Groups | and V that would otherwise unify the groups, is the element/technical feature. However, this shared
technical feature does not represent a contribution over prior art, because the shared technical feature is anticipated by Blouin. Blouin
discloses a branched or cross-linked sulfur chain (para [0008}-[0010], [0013], [0014], X is S and P is crosslinkable group.).

As the technical features were known in the art at the time of the invention, this cannot be considered a special technical feature that
would otherwise unify the groups. Groups i, i, i), IV, V, and VI therefore lack unity under PCT Rule 13 because they'do not share a
same or corresponding special technical feature.

Form PCT/ISA/210 (extra sheet) (January 2015)



	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - description
	Page 40 - description
	Page 41 - description
	Page 42 - description
	Page 43 - description
	Page 44 - description
	Page 45 - description
	Page 46 - description
	Page 47 - description
	Page 48 - description
	Page 49 - description
	Page 50 - description
	Page 51 - description
	Page 52 - description
	Page 53 - description
	Page 54 - description
	Page 55 - description
	Page 56 - description
	Page 57 - description
	Page 58 - description
	Page 59 - description
	Page 60 - description
	Page 61 - description
	Page 62 - description
	Page 63 - description
	Page 64 - description
	Page 65 - description
	Page 66 - description
	Page 67 - description
	Page 68 - description
	Page 69 - description
	Page 70 - description
	Page 71 - description
	Page 72 - description
	Page 73 - description
	Page 74 - claims
	Page 75 - claims
	Page 76 - claims
	Page 77 - claims
	Page 78 - claims
	Page 79 - claims
	Page 80 - claims
	Page 81 - claims
	Page 82 - claims
	Page 83 - claims
	Page 84 - claims
	Page 85 - claims
	Page 86 - claims
	Page 87 - claims
	Page 88 - claims
	Page 89 - claims
	Page 90 - claims
	Page 91 - claims
	Page 92 - claims
	Page 93 - claims
	Page 94 - claims
	Page 95 - claims
	Page 96 - claims
	Page 97 - claims
	Page 98 - claims
	Page 99 - claims
	Page 100 - claims
	Page 101 - claims
	Page 102 - claims
	Page 103 - claims
	Page 104 - claims
	Page 105 - claims
	Page 106 - claims
	Page 107 - claims
	Page 108 - claims
	Page 109 - claims
	Page 110 - claims
	Page 111 - claims
	Page 112 - claims
	Page 113 - claims
	Page 114 - drawings
	Page 115 - drawings
	Page 116 - drawings
	Page 117 - drawings
	Page 118 - drawings
	Page 119 - drawings
	Page 120 - drawings
	Page 121 - drawings
	Page 122 - drawings
	Page 123 - drawings
	Page 124 - drawings
	Page 125 - drawings
	Page 126 - drawings
	Page 127 - drawings
	Page 128 - drawings
	Page 129 - drawings
	Page 130 - drawings
	Page 131 - drawings
	Page 132 - drawings
	Page 133 - drawings
	Page 134 - drawings
	Page 135 - drawings
	Page 136 - drawings
	Page 137 - drawings
	Page 138 - drawings
	Page 139 - drawings
	Page 140 - drawings
	Page 141 - drawings
	Page 142 - drawings
	Page 143 - drawings
	Page 144 - drawings
	Page 145 - wo-search-report
	Page 146 - wo-search-report
	Page 147 - wo-search-report
	Page 148 - wo-search-report

