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(54) Title: POLYMERIZABLE COMPOSITIONS CONTAINING ETHYLENICALLY UNSATURATED MONOMERS HAVING
EPISULFIDE FUNCTIONAL GROUPS AND RELATED METHODS

(57) Abstract: Provided is a polymerizable composition of (a) a monomer composition including ethylenically unsaturated monomer
having a epithiopropyl functional group; (b) optionally, a compound having two or more epithiopropyl functional groups but no
polymerizable ethylenically unsaturated groups; (c) an isourea functional polymerization initiator; and (d) a catalyst for reaction
between the -epithiopropyl functional groups. Also provided is a method of reducing the yellowness index of a sulfur-containing
polymerizate prepared by addition polymerization, the method including reacting in the presence of an isourea functional polymeriz -
ation initiator and a catalyst for reaction between -epithiopropyl functional groups, a polymerizable composition of: (a) a monomer
composition including ethylenically unsaturated monomer having a epithiopropyl functional group; and, optionally, (b) a compound
having two or more epithiopropyl functional groups but no polymerizable ethylenically unsaturated groups.
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POLYMERIZABLE COMPOSITIONS CONTAINING ETHYLENICALLY UNSATURATED
MONOMERS HAVING EPISULFIDE FUNCTIONAL GROUPS AND RELATED METHODS

CROSS-REFERENCE TO RELATED APPLICATIONS
{001} This application claims the benefit of priorty from U.S. Provisional Patent

Application No. 61/638,655, filed Aprit 26, 2012; and this application is a continuation-in-part
of 1.8, Patent Application No. 13/605,100, filed September 6, 2012 which claims the benefi
of priority from U.S. Provisional Patent Application No, 81/5832,275, filed September 8, 2011,

Il of which prior applications are incorporated by reference herein in their entiraty.

4]

FIELD OF THE INVENTION
{6021 The present invention relates fo polymerizable compositions that include
ethylenically unsaturated monomers having episuifide functional groups such as
B-epithiopropy!  functional groups In the monomer, and fo methods of reducing the

ellowness index of a sulfur-containing polymerizate prepared by addition polymerization.
¥ g p ¥ p

SACKGROUND OF THE INVENTION
{003]  Polymeric materials, such as plastics, have besen developed as alternatives and
replacements for silica based inorganic glass inv applications such as, oplical lenses, fiber
optics, windows and auformotive, nautical and aviation transparencies. These polymeric
materials can provide advantages relative to glass, including, shalter resistance, lighter
weight for a given application, ease of molding and ease of dyeing. Representative
examples of such polymeric materials include, poly{methyl methacrylate), polvcarbonate and

poly({diethylene glycol bis(alivicarbonate)).

[004]  The refractive indices of many polymeric materials are generally lower than that of
high index glass. For example, the refraclive index of poly{diethylene glyeol
bis(ailylcarbonate)) is aboul 1.50, compared to that of high index glass, which can range, for

axample, from 1.60 10 1.80.

[008]  Polymeric matenals {polymerizates) prepared from the polymerization of monomers
containing aromatic rings and/or sulfur typically have high refractive indices.  Polymeric
materials having a combination of high refractive indices, such as at least 1.57, and low
ievels of chromatic dispersion (e.g., having ABBE numbers of af least 30), can be prepared
from monomers containing certain hetercatoms, such as sulfur atoms. Such polymerizates
are very useful in the making of optlical elements requiring superior oplical properiies.

However, yellowing is often a problem in polymerizates that contain sulfur.  Also,
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polymerization initlators that are conventionally used in such compositions can have safety
risks associated with them. For example, peroxides are ignitable and present explosion
hazards. Certain initialors, including peroxides and azo initiators, can generate gases during
polymerization, causing safely concerns and potentially affecting the appearance of the final
polymaerizate product.

[608] it would be desirable to develop polymerizable compositions that provide desirable

optical properties, such as high refractive index, with acceptable yellowness indicss.

SUMMARY OF THE INVENTION
{06671 In sccordance with the present invention, there is provided a polymerizable
somposition comprising, () @ monomer composition comprising at feast one ethylenically
unsaturated monomer having a B-epithiopropyl functional groug; (b} optionally, & compound
having two or more [~epithiopropy! functional groups bul no polymerizable sthylenically
unsalurated groups; (¢} an isourea functional polymerization initiator; and {d} a catalyst that

effects reaction between the F-epithiopropy! functional groups.

{0081  Also provided is & method of reducing the yellowness index of a sulfur-containing
polymerizate prepared by addiion polymerization. The method comprises reacling in the
presence of an isourea functional polymerization initiator and a catalyst that effects reaction
between R-epithiopropyl functional groups, a polymerizable composition comprising: {(a) a
monomer composition comprising at least ong ethylenically unsaturated monomer having a
3-epithiopropy! functional group; and, optionally, (b} & compound having two or more

(-epithiopropy! functional groups but no polymerizable ethyienically unsaturaied groups.

DETAHLED DESCRIPTION OF THE INVENTION

{6081  As used herein, molecular weight values of polymers, such as weight average
molecular weights (Mw) and number average molecular weights {(Mn), are determined by gel
permeation chromatography using polystyrene slandards.

{0101  As used herein, polydispersity index (PD) values represent a ratio of the weight
average molscular weight (Mw) to the number average molecular weight (Mn) of the polymer
{i.e., Mw/Mn}.

{0111  As used herein, the term “polymer” means homopolymers (e.g., prepared from a
single monomer species), and copolymers (e.g., prepared from at leas! lwo monomer

species).
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{012]  As used herein, the term "(meth)acrviaie” and similar terms, such as {(meth)acryioy
and (methjacrylic acid ester, means methacrylate and acrylate.  Either or both may be
present in g composition.

{0131 As used hergin, the fernm “thio{methlacrylate”™ and similar terms, such as
thia{meth)acryloyl and thio{meth)acryiic acid ester, means thiomethacrylate and thivacrylate,
as above.

{014}  As used herein, reciations of “linear or branched” groups, such as linear or
branched alkyl, are understood {o include: a methylene group or a methyl group; groups that
are linear, such as linear C,-Cys alicyl groups; and groups that are appropriately branched,

such as branched C:-Cgs alkyl groups.

{615} As used herein, the term “halo” and similar terms, such as halo group, halogen,
halogen group, halide, and halide group means F, Cl, Br and/or 1, such as fluoro, chioro,

bromo andfor iode.

[018] Uniless otherwise indicated, all ranges or ratios disclosed herein are to be
understood fo encompass any and all subranges or subratios subsumed therein. For
example, a stated range or ratic of "1 fo 10" should be considered o include any and all
subranges betwesen (and inclusive of) the minimum value of 1 and the maximum value of 10;
that s, all subranges or subratios beginning with a minimum value of 1 or more and ending
with a maximum value of 10 orless, such as buf not limifed 1o, 11061, 3810 7.8, and 5581

10.

{0171 As used herein, the arficles "a,” "an,” and "the" include plural referents unless

otherwise expressly and uneguivocally limited to one referent.

{018) Ofher than in the opsrating examples, or where otherwise indicated, all numbers
expressing gquantities of ingredients, reaction conditions, and so forth used in the
specification and claims are o be understood as modified In all instances by the term

“about.”

[018] The polymerizable composilions of the present invention include (a) a2 monomer
composition comprising at least one ethylenically unsaturated monomer having a p-
epithiopropy! functional group.  For exampie, the monomer composition {a) may comprise g
compound having one or more (meth)acryloyl, allyl, and/or vinyl groups and one or more §-
epithiopropyl funclional groups in a molecule. Mixtures of such compounds may also be
used, Examples of suitable monomers  include, but are not  limited o,

thioglycidylmethacrylate (2, 3-gpithiopropyl methacryiate), allvithioglycidy! ether, and the like.

L)
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{0201  The ethylenically unsaturated monomer having a B-epithiopropyl functional group
may be prepared ahead of time and added to the polymerizable composition, or alternatively
may be preparad within the polymerizable composition from “precursor” reactants present in
the polymerizable composition. For example, thioglycidyimethacrylate may be formed within
the polymerizable composition as a reaction product of a reaction composition comprising

glycidyl methacrylate and thiourea.

{621]  The sthylenically unssturated monomer having a g-epithiopropyt functional group
may constitule up to 100 percent by weight of the monomer composition (a), based on the
total weight of resin solids in the monomer composition. For example, the monomer may be
present in an amount ranging from 5 to 100 percent by weight, such as from 25 {fo 100
percent by weight, or from 25 to 85 percent by weight, or from 25 {o 80 percent by weight.

{322} in the polymerizable compositions of the present invention, the monhomer
composition {a) may further comprise at least one different polymerizable ethylenically
unsaturated monomer. Ethylenically unsaturated groups include {(meth)acryloyl, albyl, and/or
vinyl groups. Useful alkyl esters of acrylic acid or methacnylic acid include aliphatic alkyl
esters containing from 1 o 30, and preferably 4 o 18 carbon atoms in the alkyl group, which
may be milear, branched, cyclic, and/or substituted. Representative altky! groups include but
are not limited to methyl, ethyl, propyl, isopropyl, butyl, isobutyl, sec-butyl, tert-butyl, pentyl,
rieopentyl, hexyl, heptyl, oclyl, nonyl, decyl, and structural isomers thereof. Representative
cycloatkyl groups include but are not fimited o cyclopropyl, cyclobuiyl, cyclopentyl,
cyclohexyl, and cyclooetyl substituents. Representative poly-fusedwring cycloalkyl groups
include but are not limited to decahydronaphthalenyl, tetradecahydroanthraceny!, and
tetradecahydrophenanthrenyl, Represeniative polycyclicalkyl groups inciude but are not
imited lo, bicyclo[2.2 1lheplanyl (norbomyl), and bicyclof2.2 2Joctanyl.  Represeniative
heterocycloalkyl groups include but are not limited to tetrahydrofuranyl, tetrahydropyranyt
and piperdingd, including  but not  limited {0 piperidin-d-yl. Representative
polycyclicheterccycloaikyt groups include but are not limited to, 7-thiabicyclo{2.2.1]heptanyi,
7-axabicyclo]2.2. 1lheplanyt, and 7-azabicyciof2 2. 1]heptanyl. Representative aralky! groups
inciude but are not limited to benzyl, and phensthyl. Examples of monomers having a single
ethylenically unsaturated radically polymerizable group that can be present in the monomer
composition {a) of the polymerizable compositions of the present invention include, but are
not fimited to: acryvlic acid; methacrylic acid; esters of acrviic acid such as methyl or ethyl
acrylate and 2-hydroxyethyl acrviale; esters of methacrylic acid, such as methyt or ethyl
methaorylate, phenoxysthyl methacryiate, iscbomyl methacrylate, cyclohexyl methacrviate

and Z-thydroxyethyl methacryale; aliyl esters, e.g., all benzoale; allyl carbonates, e.q.,
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phenyl allyl carbonate; vinyl esters such as vinyl acetate; styreng; and vinyl chioride.  in
some  embodiments, the monosthvienically unsaturated wmonomers include methyl
methacrylate, isoborny! methacrylate, phenoxyethyl methacrylate, cyclohexyl methacrylate,
styrene and mixtures thereof. Monomers having more than one sthylenically unsaturated
group, such as divinyl benzene, may also be used in the monomer composition {a). The
ethylenically unsaturated monomer{s}), when used, can be present in an amount of from 1
percent by weight o 60 percent by weight, based on the folal monomer weight of the
polymerizable composition, such as from 3 percent by weight 10 55 percent by weight, or
from 20 {0 45 percent by weight, based on the folal monomer weight of the polymerizable

composition.

{80231 The monomer compoesition {@) can be pregent in the polymerizable composition of
the present invention in an amount ranging from 5 to 100 percent by weight, such as from 25
to 100 percent by weight, or from 25 to 75 percent by weight, or from 50 to 60 percent by

weight based on the lotal weight of resin solids in the polymerizable composition.

{08241 The polymerizable compositions of the present invention can further include a
compound (b} having two or more B-epithiopropyl functional groups but no polymerizable
agthylenically  unsaturated groups. Examples of such compounds include bis(p-
apithiopropylsulfide, bis{B-epithiopropylidisulfide, and bis(p-~
epithicpropyloxyphenylipropane. The compound {b) may be prepared ahead of time and
atdded to the polymerizable compaosition, or alternatively may be prepared within the
polymerizable composition from ‘precursor” reactanis present in the polymerizable
composition. For example, bis(B-epithiopropyloxyphenylipropane may be formed within the
polymerizable composition as a reaction product of a reaction composition comprising 2,2-
bis{4-glycidyloxyphenyhpropane and thiourea. The 22-bis{4-glycidyloxyphenyhpropane
may be formed as a reaction product of a reactiony compaosition comprising 2.2-bis(4-
hydroxyphenyhpropane (Bispheno! A) and epichiorshydrin.

f025] When used, the compound (b) can be present in the polymerizable composition of
the present invention in an amount of 0.8 to 75 percent by weight, such as 25 o 55 percent
by weight, or 30 1o 55 percent by weighl, based on the {otal weight of resin solids in the
polymerizable composition,

[0268] The weight ratin of the monomer composition {a) to the compound (b} in the
polymerizable compositions of the present invention may range from 1:3 to 3:1. The ratio of

{a) to {(b) generally is 3:2.
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{0271  The polymerizable composilions of the presert invention further include an iscures
funictional polymerization initiator (¢} that is capable of initialing free radical poliymerization of
and amongst the ethylenically unsaturated groups of the monomers. Such an inifiator is
thermally activated. By “thermally activated” means the free radical initiator becomes active
at elevated temperature, such as at temperatures greater than ambient room temperature,

such as greater than 25° C, as will be described in further detall herein.

{828] The thermally aclivated free radical infliater can be selscted from G-imino-isourea
compounds, O-dialkkylamino-isourea compounds, and combinations thereof.  Suitable O-
dialkylaminc-isourea compounds are disclosed in WO 2010/079102 A1, incorporated herein
by reference in iis entirety. Such O-dialkylamino-isoureas compounds have the general

formiusia b

<Ry

R@s\;‘-"

“H

wherein Rig and Rygr are each independently of one another C-Cy alkyl or Cs-Uyp anvl; or
Raioo and Ry form togsther a mono or polycyclic heterocyclic ring, said heterccyclic ring
optionally contains further helerpatoms O, S, N and P; Ry and Ry are independently Cy-
Cyg alkyd, Cs-Cyy cycloalkyl, CorCop aryl, Crvyp aralikyd, (CH3)S1 |, said Ci-Cyg alkyl, Cs-Cip
cycloalkyl, Ce-Cig aryl, C-Cop aralky! group is optionaly interrupted by © or N atoms or
substituted by C,-Cyg alkyl groups or substituted by N containing groups selected from Cy-
Cqp alkylamine, bis{Cy-Cyg alkybamino or tris{C-Cqp alkyhammonium; Ry is H, C1-Cyp alkyl,
Cs-Cp cycloaliyl, $-Cyp aralkyl or acyl selected from the group consisting of the following
acyls:

C{=08H, -C{=0}C-Cyy alkyl, -C{=0}Cs-Cig alkenyl, -C(=00Ce-Cip aryl, -C(=0}-Cr-Cig
alkenyl-Cyg-Cqy aryi, ~-C(=0)00-C-Cig alky, ~C(=03-0-Cs-Cyp aryl, ~C(=0)NH-C+-Cig alkyl,

~C{=0NM-Ce-Chg arvl and ~C{=0)-N{C-Cyg atkyl).

{8291  The structure of {I} can be such (2.0, dimeric, trimeric, oligomeric or polymeric) that

the molecule (1) contains the isourea fragment more than once, for exampie 2 to 10 times.
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038} Suitable O-iminc-iscurea compounds are disclosed in WO 2010/128062 Aft,
incorporated herein by reference in ils entirety. Such O-imino-isourea compounids have the

general formula i

= a3y
8’? 201 ‘l\g
) oy N
R 6 ‘QZ\ A
T ey
N-bR
J 0 e
& .
R oo {1}

whereinnis 1, 2, 3or4,

Rogo and Ry are independently H, i alkyl, CoCyp cycloalkyl, Gi-Cyy and, G-Cyy
hetercanyl, Tr-0ys aralkyl, ©,-Cy4 heteroaralkyl, cyano, or Rag and Ryyy form together with
the carbon to which they are atlached a mono or polyoyalic Cs-Cyy carbooyclic or Ci-Cug

heterocyclio ring;

Rogy and Ryps are indepsndently Ci-Cyg alkyl, Ca-Cyp oycloalkyl, Ce-Cuq aryl, Co-Cyy anyd
gnce or more than once substituted by Ci-Cyp alkyl, CrCys aratkyl, {CH: )R8 or Ry and

Rogs are C-Crg atkyl, Co-Cyp cycloaltkyl, Ce-Crgaryl, C-Cosaralkyl or

Ragz and Ry are C-Cqy atkyl, Ca-Chz cveioatkyl which are intervupted or substiluted by O
or by N containing groups selected from C.-Cyy alkylaming, bis(Cy-Cys alkyllamine or

tris{C4~Cy alkyllammonium;

Ropa i nis 1is H, ©4-Cyyalkyl, Ca-Cyyp cycioaliyl, Cr-Coy aralkyl, Ta-Chg aryl or acyl selected

from the group consisting of the following acyls

~C{=0YH, ~C{=0)C-Chg alky, -C{(=Q)-C0-Cyp alkenyl, -C{(=0RCs-Cog aryl, -C{=0)C-Cyg
alkenyl-Co-Cis aryl, ~C{=030-C-C1g alkyl, ~C(=0)-0-Ce~Cyy aryl, ~C{=0pRNH-C-C1; alkyl, -
C{=0)-NH-Cs-Coa aryl and -C{=0RN{C-Cyg atkyl)y; or

Rage and Rugs if nois 1 form together with the nitrogen atom o which they ars aitached a §

to 12 membered ring which my contain additional heteroatoms,

Ropq i v is more than 1 s div, tri-, lelra-C-CHisalkyvlidane, digoyls, triacyls or ietrascyls and

salts thereof,
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031 Examples of such rings Ryee-Ruwe are: pyrrolidine, piperidine, morpholine,
e P

piperazine, Nemethylb-piperazine, hexamethyleneimine.,

{032} The structure of {il} can be such {2.g. dimeric, Irimeric, oligomeric or polymaeric)
that the molecule (I} contains the isourea fragment mors than once, for sxtample 2 {o 10
times. Preferred is a monomeric structure {n is 1} a dimeric structure {n= 2}, or a fimetic

structure n=3.

{0331 The isourea functional polymerization initiator is present an amount at least
sufficient {o iniliste polymerizalion of the components in the monomer composition {a).
Typically, only that amount that is reguired 1o initiate and sustain the polymerization reaction
is requirad, which can be referred to as an “inifialing amount”. With some embodiments, the
initiator is present in an amount of from 0.01 and 7 paris of initlalor, or from 0.1 10 3.8 parls
initiator, or from 0.5 1o 2.5 parls inftialor, in each case the parts initiator being per 100 paris

of monomer(s) (phm} present in the polymerizable composition.

[834] The polymerizable compositions of the present invention further include a catalyst
{d) that effects or promoies reaction belween the B-epithiopropy functional groups, The
catalyst is present in an amount al least sufficient to effect reaction among the B-
gpithiopropyl  functional groups in the polymerizable composition, such that the §8-
gpithiopropyl functional groups react with each other in a chemical reaction, such as a
polymerization reaction.

(0381  Suilable catalysts for uss a3 the catalyst (d) can include, but are not limited to, ons
or more of. phosphines; quaternary phosphonium salts; 1,4-diazabicyclof2.2. 2joctane, also
known as 1.4-digzabicyocle[2.2 Zloctane or triethylenediamine; other amine catalysts such as
amines having a helerocyclic ring; quaternary ammonium salls; tertiary sulfonium salts;
secondary lodonium salis; boron trihalides and complexes thereof; organic acids and eslers

thereof. and metal halides.

{036] Non-limiting examples of suilable amines having a heterocyclic ring can include
imidazoles such as  imidazole, N-methylimidazole, N-methyi-Z-mercaptoimidazole, 2-
meathylimidazols, 4-methyiimidazole, N-ethylimidazole, 2-sthviimidazole, 4-ethvlimidazole, N-
butvlimidazole, Z-butylimidazole, N-undecylimidazole, 2-undecylimidazole, N-
phenylimidazole, 2-phenviimidazole, N-benzvliimidazole, Z-benzylimidazole, 1-benzyl-2-
methylimidazole, N-(2'-cyanoethyl}-2-methylimidazale, N-{2'-cyanoethyl)-2-undecylimidazole,
N-(2'-cyanoethy-2-phenylimidazole, 3,3-bis(Z2-sthyl-4-methylimidazolylimethane, adducts of
atkylimidazole and socyanuric acid, condensates of alkylimidazole and formaldehyde, and
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the fike; and  amidines such as 1,8-diazabicycinf5.4.0lundscene, 1,5~

diazabicyciol4.3.0lnonene, 5,6-dibulylamine-1,8-diazabicyclo[5. 4. 0lundecens, and the like.

{0371  Specific non-limiting examples of suitable phosphines can include
trimethyiphosphing, triethyiphosphine, triisopropyiphosphine, tributyiphosphine,
tricyclohexyiphosphing, trioctylphosphing, triphenylphosphine, fribenzyviphosphine, tris{2-
methylphenyhphosphine, Fis{3-methyiphenyliphosphine, tris{4d-methviphenyliphiosphine,
fris{diethylamincphosphing, dimethylphenyiphosphineg, disthylphenyiphosphine,
dicyciohexyiphenyiphosphine, diethylphenylphosphine, dicyclohexyiphenyiphosphine,
athyidiphenyiphosphine, diphenyloyclohexylphosphine, chiorodiphenylphosphing, and the

fike,

{038} Suitable non-imiting examples of guaternary ammonium saits that may be used as
a catalyst can include tetramethylammoniumchionide, tetrameathviammoniambromide,
tetramethylammoniumacetate, tetrasthylammoniumchloride, tetrasthylammoniumbromide,
tetrasthylammaoniumacetate, telra-n-butylammoniumilueride, tetra-n-
butylammoniumchioride, tetra-n-butylammaniumbromide, tefra-n-butylammoniumiodide,
{elra-n-butylammoniumacetats, tetra-n-butvlammoniumborohydride, tetra-n-
butylammoniumbexaflucrophosphile, fetra-n-butvlammaoniumhydrogensulphite, fetra-n-
butvlammoniumtetrafluoreborate, tetra-n-butviammoniumtetraphenyiborate, tetra-n-
butylammoniumparaioluenesulfonate, tetra~-n-hexylammoniumchloride, tetra-n-~
hexylammoniumbromide, tetra-n-hexylammoniumacetate, tetra-n-octylammoniumchioride,
feira-n-octylammoniumbromide, telra-n-octylammoniumacetate, imethyl-n-
colylammoniumchioride, trimethylbenzylammoniumechioride,
trimethylbenzylammoniumbromide, inethyi-n-octylammaniumchioride,
triethylbenzviammoniumchioride, triethylbenzyvlammoniumbromide, ri-n-butyln-
oetvlammoniumchioride, tricn-butylbenzylaramoniumfluoride, {rin-
butylbenzviammeniumchlioride, tri-n-butylbenzylammaoniumbromideg, tri-n-
butylbenzylammoniumiodide, methyltriphenviammoniumchioride,
mathyltriphenylammoniumbromids, ethylfriphenylammoniumchloride,
gthyitriphenylammoniumbromide, n-butyvltriphenyviammoniumchioride, n-
butyitriphenyiammaoniumbromide, T-methyipyridiniumbromide, 1-ethyipyridiniumbromide, 1-
n-butyipyridiniumbromide, 1-n-hexyipyridiniumbromide, 1-n-octylpyridiniumbromide, 1-n-
dodecylpyridiniumbromide, T-phenyipyridiniumbromide, T-methyipicoliniumbromide, 1-
athyipicoliniumbromide, 1-n-butylpicoliniumbromide, 1-n-hexylpicoliniumbromide, 1-n-
octylpicoliniumbromide, 1-n-dodecylpicoliniumbromide, 1-phenylpicoliniumbromide, and the

{ike,
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{038]  Specific non-limiting examples of suilable quaternary phosphonium salts include
tetramethyiphosphoniumehloride, tetramsthyiphosphoniumbromids,
tetraethviphosphoniumchloride, tetrasthyiphosphoniumbromide, tetra-n-
butylphosphoniumchloride, tetra-n-bulylphosphoniumbromids, tetra-n-
butylphosphoniumicdide, fetra-n-hexyiphosphoniumbromide, tetra-n-
octyiphosphoniumbromide, methyliriphenylphosphoniumbromide,
methyitriphenyiphosphoniumiodide, ethyliriphenyiphosphoniumbromids,
ethyliriphenylphosphoniumiodide, rwbutyltriphenyiphosphoniumbromide, n-
butyitriphenyiphosphoniumiodide, n-hexyitriphenylphosphoniumbromide, n-
octyiiriphenyiphosphoniumbromide, letraphenyiphosphoniumbromide,
ietrakishydroxymethyiphosphoniumchloride, tetrakishydroxymethyiphosphoniumbromide,
tetrakishydroxysthylphosphoniumchioride, telrakishydroxybulyiphosphoniumehioride, and
the like.

{0401  Specific, but non-limiting examples of the tertiary sulfonium salts include
trimethyisulfoniumbromide, tristhylsulfoniumbromide, fri-n-butylsulfoniumchioride, tri-n-
butylsulfoniumbromide, tri-n-butylsulfoniumiodide, tri-n-butyisulfoniumietrafiuoroborats, tri-ne
hexyisulfoniumbromide, trn-octvisulfoniumbromide, triphenvisulfoniumchioride,

triphenylsulforiumbromide, triphenylsulforiumiodide, and the kke.

f041] Suilable secondary lodonium saltls can  include diphenyiiodoniumchicrids,

diphenyhodoniumbromide, diphenyliodoniumiodide, and the like,

{0431  Specific examples of the boron trihalides and complexes thereof can include boron
rifluoride, boron {frifluonde-sthylether complex, boron trifluoride-n-butylether complex, boron
trifluoride-phenat complex, boron trifluoride-ethyvlamine complex, boron friflucride-piperidine
complex, boron irifluotide-acetic acid complex, boron triflucride-triethanclamine complex,

bovan trifluoride-ammonia complex, and the like.

[8043] Examples of catalylic organic acids and esters thereof can includs sulfonic acid,
carboxyvlic acid, and esters thereof, Specific examples thereof include methanesulfonic acid,
trifluoromethanesulfonic acid, benzenssulfonic acid, p-toluenesulfonic acid, 10-chamfer
sulforic acid, and methvis and ethylesters thereof.

[044] Specific sxamples of melal halides can include zine chioride, ron chioride,
aluminum chioride, tin chioride, titanium chioride, msthylaluminuny dichioride, ethylaluminum
dichloride, dimethylaluminum chioride, and diethylaluminum chioride.

f045]  The amount of oatalyst {d) present in the polymerizable composition is an amount

sufficient to effect reaction between the B-epithiopropyl funclional groups in the
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polymerizable composition. The amount of the catalyst can range, for example, from 0.001
o 3% by weight, such as 0.005 to 2% by weight, based on the lotal weight of resin solids in

the polymerizable composition.

{046] The polymerizable composition can be essentially free of inorganic compounds
having sulfur andfor selenium atoms. By "essentially free of is meant that the composition
does not contain these compounds in any essential amounts such that they would be
available o parlicipate in any chemical reactions to an appreciable (measurable) degree. I

they are present at slf, it is only in trace amounts.

{8471  The thermal cure cycle used to cure the polymerizable compositions of the present
invention generally involves heating the polymerizable composition in the presence of the
initiator at room temperature {e.g., 25°C) up fo & temperature ranging from 50°C to 150 °C,
over g period of from 2 hours 1o 48 hours, or from 55°C up {0 90°C or 100°C over a period of
from 12 to 24 hours, or from 65°C up lo 115°C or 125°C over & period of from 12 to 24
hours.

{048  Polymerization of the polymerizable compuositions of the present invention results in
the formation of a polymerizate, which can be in the form of a shaped adicle. Polymerizates
obiained from polymerization of the polymerizable compositions of the present invention are
solid, and with some embodiments, transparert. Transparent polymerizates prepared from
the polymerizable compositions of the present invention, can be used in optical or

ophthalmic applications, e.g., the polymerizates can be used to prepare lenses.

jG48] Upon polymerization of the composition of the present invention and formation of a
polymerizale, the polymerizate demonstrates reduced vellowing compared to a similar
polymerizable composilion thal does not contain an isourea functional polymerization
inftiator and a catalyst for reaction of B-epithiopropy! funclional groups as described above.
Polymerizales prepared using the composition of the presert invention demonstrate
significantly lower ysllowness indices compared fo similar polymaerizable compositions that
are polymerized using conventional initiators such as peroxides or azo compounds. As
such, the present invention alse provides a method of reducing the vellowness index of a
sulfur-containing polymerizate prepared by addition polymerization, comprising reacting: (&)
a monomer composition comprising at least one ethylenically unsaturated monomer having
a S-epithiopropy! functional group; and, optionally, (b} a compound having two or more -
apithiopropyt funclional groups bul no polymerizable ethylenically unsaturated groups in the
presence of an isourea funclional polymerization initiator and a catalyst to effect reaction
betwesn the (-epithiopropyl functional groups. The ethylenically unsatwated monomer

having a J-epithiopropy! functional group {(a), and the compound (b} having two or more B~

11
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epithiopropyl functional groups bul no polymerizable ethvlenically unsaluraled groups,

respectively, are any of those described previcusly.

{0501  For purposes of the present invention yellowness index is measured in accordance

with ASTM E£313-10 as described below in the Examples.

[681]  Moreover, the use of an isourga funclional polymerization initiator and catalyst as in
the composition of the present invention can reduce gas evolution during polymerization as
compared i conventional iniliators such as peroxides. ignition and combustion risks offen
associated with the use of peroxide initiators can be avoided with the use of iscurea

funclionat polymerization initiators and the catalysts as described above.

{0821 Polymerizates prepared from the polvmerizable compositions of the present
invention typically have a refractive index of at least 1.57, or at least 1.58, or at least 1.58; an
ABBE number of al least 30, or at least 33, or at least 35, and a Fischer microhardness
value of at least 50 N/mm?, or at least 70 Nimm?, or at ieast 90 Nfmym®.  With some
embodiments, polymerizates prepared from the polymerizable compositions of the present
invention have an initial {(zero second) Barcol hardness of at least 1, or al least 10, or al least
20. The refractive index, ABBE number, and Fischer MHardness values can be delermined in
accordance with art-recognized methods. Refrastive index values (np™) and ABBE numbers
may be delermined using a Metricon Model 2010 Prism Coupler, Thin Fim Thickness /
Refractive Index Measurement System, in accordance with the manufacturer's Operation
and Maintenance Guide; and Fischer Hardness values are determined in accordance with

{SO 14577 using a Fischer Technologies H1000 Microhardness Measurement System.

[083] Polymerizates prepared from the polymerizable compositions of the present
invention can be used to form solid articles such as optical element(s) or device(s). As used
herein the term “optical’ means pertaining fo or associated with light andfor vision. For
example, the optical element or device can comprise ophthaimic elements and devices,
display elemeants and devices, windows, mirrors, andfor active and passive liquid crystal cell
elements and devices,  As used hersin the term “pphthalmic” means pertaining fo or
associated with the eve and vision. Non-limiting examples of ophthaimic slements include
corrective and non-corrective lenses, including single vision or multi~vision lenses, which
may be either segmented or non-segmented multi-vision lenses {such as, but not limited 1o,
bifocal lenses, trifocal lenses and progressive lenses), as well as other slements used fo
correct, protect, or enhance {cosmetically or otherwise) vision, including without limitation,
contact lenses, infra-ocular lenses, magnifying lenses, and protective lenses or visors., As
used herein the term “display” means the visible or machine-readable representation of

information in words, numbers, symbols, designs or drawings. Nonelimiting exampies of

12
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display elements and devices include screens, monitors, and securily elements, such as
security marks. As used herain the ferm “window” means an aperfure adapted {o permit the
transmission of radiation there~through.  Nondimiling examples of windows include
automotive and aircralt transparencies, fiters, shulters, and optlical switches., As used
herein the ferm “mirror” means & surface that specularly reflects a large fraction of incident
light.

10541  The present invention is more particularly described in the foliowing examples,
which are intendsed to be illustrative only, since numerous modifications and variations
therein will be apparent fo those skilled in the arl. Unless otherwise specified, all parts and

percentages are by welght,

EXAMPLES
{085] The preparation of Examples 1-6 and Comparative Examples {(CE)} 1-13 is
described in Part 1. FPart H describes the preparation of polymerizate sheets of Examples 1-8
and CE 1-7 and viscous liquid polymsrizates of CE 8-13. The resuits reported in Table 1
showsed that Examples 1-6 demonstrated yellowness indexes that were lower than CE 1-7.
The resuits in Table 2 showed that the isourea funclional iniflators did not show the
unexpected result of reduced yellowness when thilrane was not present in the monomer
compositions of CE 8, 11 andi3 as compared o the peroxy funclional iniliators in the

monomer compositions of CE 8, 10 and 12

Part | - Preparation of Polvmerizates of Examples 1-6 and Comparative Examples {CE) 113

Example 1

Step A

[056]  Info a B0 ml round-bottom flask under N2 was added cyclohexanone oxime (2.87
g, 25.3 mmol} and fetrahydrofuran (THF} {15 mL). The round bottom of the flask was
submersed in a room lemperalure waler bath o modulale any exotherm {however, none
was observed), and dilsopropylcarbodiimide (3.8 g, 30.1 mmel) was added, foliowed
immediaiely by ground NaOH (0.1 g, 2.5 mmol). The resulting solution was stirred for 6
hours in the room temperaiurs water bath using a magnetic stirrer, becoming twrbid at some
point. The mixiure was fitered using a Buchner funne! and Whatman #4 fitter paper. After
ceoling the resulting mibdure 1o 4°C, i was filtered and concenirated under reduced pressure
to yield a light yellow solid {3.27g). NMR showed that the product had a structure consistent

with 1,3-diisopropvi-C-(N-cyclohexylidensamino)}-isourea.

Step B



WO 2013/163532 PCT/US2013/038392

{6571  inlo a 20 mbL glase scintiliation vial was added 100 parts by weight of thioglycidyl
methacrytale which was fillered through a 0.45 um syrings filter, 1 part Nemethylimidazole
and 1 part of the product of Step A, The components were mixed and/or placed in an
ultrasonic bath at ambient temperature unfil a homogensous solution was obtained. The
mixture was injected into a glass sheet mold having a thickness of 3 mm and diameter
appropriate for the amount injecied. The mixture in the mold was cured by raising the
temperature from 30°C {o 110°C st a uniform rate over 22 hours in an oven, followsd by

cooling to 85°C at a uniform rate over 2 hours and demolding.

Comparative Example 1 (CE-1)
[05B] The procedure from Step B of Example 1 was followed except that 1 part
TRIGONOX® 421 polymerization initiater, reported to be 1,1,3,3-tetramethyibutyiperoxy-2-
ethylhexanoate, was used in place of 1 part 1,3-diisopropyl-O-(N-cyclohexylidensamino)-

isourea,

Example 2
[058]  The procedure from Step B of Example 1 was followed except that 1 part of
tetrabutyiphosphonium bromiide was used in place of 1 part of Nemethylimidazaole and 1.5

parts of 1 3-dilsopropyl-O-{N-cyclohexylidensamino-isourea was used in place of 1.0 part.

Comparative Example 2 (CE-2)
{0801  The procedure from Example 2 was followed except that 0.8 part TRIGONOX® 421

was used in place of 1.8 parts of 1,3-diisopropyl-O-{N-cyclohexylidensamine Hsourea.

Example 3
[861] The procedure from Step B of Example 1 was followed except that the following
was used: 90 parls of filered thioglycidyl methacrylate, 10 parts of bis-(B-
epithiopropylisulfide, 1 part of boron rifluoride disthyl etherate and 1 part of 1,3-diisopropyi-

O-{N-cyclohexylidensamina)-isourea.

Comparative Example 3 (CE-3)
{062} The procedure from Example 3 was followed except that 1 part of TRIGONOX®

421 was used in place of 1 part of 1,3-diisopropyi-O-(N-cyclohexylidensamino-isourea.

14
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Example 4
[083] The procedurs from Step B of Example 1 was followed except that the following
were  used: 417 parle of filered thiogheidyl methacrylate, 417 parts of 44
isopropylidenediphenol-di{ 2 3-epithiopropyliether, 12.5 parts of methyl methacrylate, 4.17

paris of butyl acrylate and 1 part of 1, 3-diisopropyl-O-(N-cyclohexylideneamino}-isourea.

Comparative Example 4 {CE-4}
{0841  The procedurs from Example 4 was followed except that 1 parf of TRIGONOX®

421 was used in place of 1 part of 1,3-dlisopropyl-U-(N-cyciohexylideneamino-isourea.

Example 8
1085]  The procedure from Step B of Example 1 was followed except that the following
were used: 465 parts of filered thiogiycidyl methacrylale, 485 parts of 44
isepropylidenediphenol-di{2,3-epithiopropylether, 4.7 paris of methyl methacrylate, 2.3 paris
of bubtyvi acrvlate, 1 part of tetrabutylphosphonium bromide and 1 part of 1,3-diisopropyl-O-(N-

cyclohexylidensamino Hsourea.

Comparative bExample § (CE-D)
[088] The procedure from Example § was followed except that 0.6 part of TRIGONQX®

421 was used in place of 1 part of 1,3-diisopropyl-O-(N-cycichexylideneamino-isourea.

Example 8
{0671 The procedure from Example 5 was followed except that 1.25 pars of 1,3-

ditsopropyt-C-{N-cyclochexylideneamino;iscurea were usad instead of 1 part.

Comparative Example 6 (CE-6)
{0681 The procedure from Example § was followed except that 0.8 part of TRIGONCOX®

421 was used in place of 1 parl of 1,3-diisopropyl-O-(N-cyclohexylideneamino-isourea.

Comparative Example 7 (CE-7)
[069]  The procedure from Example § was foliowed except that 0.8 part of LUPEROX®
288 palymerization nitiator, reported o be 2,5-gdimethyl-2,5-di-(2~
ethythexanoylperoxythexane, was used in place of 1 part of 1,3-dilsopropy-O-~{N~

cyclohexylideneamino)-isgurea.

15
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Comparative Exampie 8 (CE-8)
{070} into a 50 ml three-necked round-bottom flask equipped with a magnstic stirrer
placed under a N2 atmosphere was added 12.85 g (100 mmol) of n-bulyl methacrylate and
444 myg {1 mmol} of LUPEROX® 258, The flask was immersed into a water bath
squilibrated and held al 80°C. After & hours, the mixture became viscous and was dissolved
in wbutyl acetate. The solids level was adjusted fo 26.5% based on weight. Percent solids
described herein was determined by weighing a sample before and after heatling at 110°C
for an hour and reporting the residue weight as the percentage of the initial weight measured

before heating.

Comparative Example 8 (CE-9)

Step A

[071]  Info a 50 mL round-boliorn flask under N2 was added cyclohexanone oxime {6.56
g, 48.8 mmol) and THF (80 mL). Dicyciohexylcarbodiimide {11.34 g, 55.0 mmol) was added,
followed immediately by ground NaOH (0.2 g, § mmol). The resulting sclution was stirred for
4 hours at roon temperature, becoming reddish and turbid at some point. Dichloromethane
{25 mL) was added and the resulling mixiure was filtered and concentrated. To the resulting
figuid residus was added acetonifrile (25 mbL), and the suspension was stirred vigorously for
30 min. The resulling top layer was decanted and discarded and the remaining residue was
diluted with dichloromethane, filtered and concentrated, yielding orange ol (8.73 g). NMR
showed that the product had a structure consistent with 1, 3-dicyclohexyl-0-(N-

cyclohexylideneamino -isourea.

Siep B
{072}  The procedure of CE-8 was followed except that the product of Step A {318 mg {1

mmol}) was used in place of LUPEROX® 256,

Comparative Example 10 (CE-10)
[073] The procedure of CE-8 was followed except that after polymerization the resulting
material was dissolved in a 1:1 {weight basis) mixture of n-butyl acetate and tetrahydrofuran

(THF} and adjusted to 22.2% solids.
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Comparative Example 11 (CE-11)
{6747  The procedure of CE-B was followed except that 240 mg {1 mmaol) 1,3-dilsopropyl-
O-{N-cyclohexylideneamino}-isourea was used in place of LUPEROX® 256 and the resuiting

material was processed after polymaerization following the procedure of CE-10.

Comparative Example 12 {(CE-12)
{075] The procedure of CE-8 was followed except that 222 mg (0.5 mmol} of
TRIGONOX® 421, was used in place of LUPEROX® 258, and after polymerization, the

resulting material was dissolved in THF and adjusted to 20% solids.

Comparative Example 13 (Ck-13)
j076] The procedure of CE-8 was followed except thal 120 mg {05 wmmol} 1,3
diisopropyl-O-{N-cyclohexylideneamino-isourea was used in place of LUPEROX® 256 and

the resulting material was processed after polymerization foliowing the procedure of CE-12.

Part i ~ Properties of Polymerizates
[077]  Polymerizate sheet samples of Examples 1-6 and CE 1-7 were tested for Fischer
microhardness (FMH), refractive index and yellowness index and the resuils are reporied in
Table 1. The viscous hguid polymerizate samples of CE-8-13 were tesied for molecular

weight and yellowness index and the results are reported in Table 2.

[078] The tests were performed according fo the foliowing procedures. Fischer
microhardness was tested according fo 180 1457707 and was measured using 3
FISCHERSCOFE® H-100SMC avaiiable fromy Fischer Technology, Inc. The Fischer
microhardness (FMH) of the polymerizates, £ 3 Newtons/mm2, was measured at a load of
300 mitliNewton {mN), following a load application of (-300 mN in 15 seconds. The results
are an anthmetic average of 5 meastrements.

{0781 The refractive index of the solid samples of Examples 1-8 and CE 1.7 was
measured at 546 nm {mercury e-line} and 23°C using a METRICON® Model 2010M prism
coupler gecording {0 ASTM €C1648-06.

{0801 The yeliowness index was measured using a HunlerLab ULTRASCAN® PRO
according fo ASTM E313-10. The path length for the sheet samples of Examples 1-6 and
CE 1-¥ was equal to the sample thickness (3 mm) and the path length for the liquid samples

of CE-&-13 was 2 omy,
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{081}  The viscous polymerizates of CE-8-13 were dissolved in tetrahvdrofuran and the
weight average molecular weight (Mw) was determinad by gel permeation chromalography,

also referred fo as size exclusion chromalography, using the appropriate polystyrene

standards.
Table 1 - Properties of Polymerizates of Example 1-8 and CE-1-7
Exampie # FMH (N/mm©) Refractive index Yellowness index
1 198 1.588 28.66
CE-1 | 212 1.588 5610
2 204 | 1585 | 30,07
CE-2 213 | -~ is86 4875
3 145 1.589 7815
CE-3 174 1.581 125.44
4 193 1.585 | 10.2
CE-4 183 1.885 1.9
5 188 1.580 10.9
CE-5 193 1881 1 14.0
6 181 % 1.580 11.8
Ce-8 184 1.589 14.8
CE-7 173 1.880 13.7
Table 2 — Properties of the Polymerizates of CE-8-13
Example # M,, {grams/Mole) Yellowness Index
CE-8 218,137 5.64
CE-8 266,327 26.68
CE-10 211,568 -20.73
CET 351524 | 566
CE-12 156,046 218
CE-13 204,477 2.01

{082} The resulls reported in Table 1 showed the unexpected resuits that the yellowness
indexes of bxamples 1-8 were lower than those of Comparative Examples 1-7. In most
cases, the Comparative Examples demonstrated comparable Fischer microhardness and
refractive index results,

{8831 The vellowness indexes reported in Table 2 showed that when thiirane was not
present in the monomer compositions of Comparative Examples {CE) 8-13, the results for

the isourea functional polymerization inifiator in CE-9 and CE-11 showed higher levels of
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yellowness than the peroxyesters in CE-8 and CE-10; and similar resulls when comparing
CE-12 and CE~13. Comparable levels of polymerization were demonatrated for CE-8 to C~11

and CE~13 based on the reported weight average molecular weighis.

{684] The present invention has been described with reference o specific details of
particular embodiments thereot. i is not intended that such details be regarded as limitations
upon the scope of the invention sxcept insofar as and o the extent that they are included in

the accompanying claims.
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WHAT IS CLAIMED I8:

1. A polymerizable composition comprising:

{z) a monomer composition comprising at least one ethylenically
unsaiurated monomer having a J-epithiopropyl functional group;

{b) aptionally, a compound having fwo or more B-epithiopropy! functional
groups but no polymerizable ethylenically unsaturated groups;

{c} an isoures funclional polymerization initiator; and

{d) a calalyst present in an amount sufficient to effect reaction between

the B-epithiopropyt tunctional groups.-

2. The polymerizable composition of claim 1 wheregin, upon polymerization and
formation of a polymerizate, the polymerizate demonstrates reduced yellowing compared o
a similar polymerizable composition that does not contain the isourea functional

polymerization iniliator and the catalyst.

3 The polymerizable composition of claim 1 wherein the ethylenically
unsaturated monomer having a B-epithiopropy! functional group comprises

thicglycidylmethacryiate.

4. The polymerizable composition of claim 3 wherein the
thioglycidyimethacryiate is formed within the polymerizable composition as a reaction

product of a reaction compaosition comprising glycidyl methacrylate and thicurea,

5, The polymerizable composition of claim 1 wherein the monomer composition
‘&) further comprises at least ong different polymerizable ethylenically unsaturated
} 3 ¥

monomer.

8. The polymerizable compesition of claim 5 wherein the different polymerizable
ethylenically unsaturated monomer comprises al least one of styrene, an alky! acrylate, and

an alkyl methacrylate.

7. The polymerizable composition of claim 1 wherein the compound {b) having
two or move Brepithiopropyt functional groups but no polymerizable ethylenically unsaturated

groups is present in the polymerizable composition and is formed within the polymerizable
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composition as g reaction product of a reaction composition comprising 2,2-bis(4-

giveidyloxyphenyilpropane and thiourea.

8. The polymerizable composition of claim 7 wherein the 2,2-bis(4-
glycidyioxyphenyDpropane is a reaction product of a reaction composition comprising 2,2-

bis{4-hydroxyphenvipropane and epichiorohydrin.

8. The polymerizable composition of claim 1 wherein the isourea functional
polymerization intiator (¢} comprises at least one of an O-dialkylamino-isourea and an G-

imino-isoursa.
10. A polymerizate of the polymerizable composition of claim 2.
11. An optical element comprising the polymerizate of claim 10,

12. The polymerizable composition of claim 1 wherein the catalyst (d) comprises
at least one of 1,4-diazabicyclof2.2.2joctane, amines having a heterccydlic ring, phosphines,
quaternary ammoniunt salts, quaternary phosphonium salts, terfiary sulfonium salls,
secondary iodonium salts, boron trihalides and complexes thereof, organic acids and esters

thersof, and metal halides.

13, A method of reducing the vellowness index of a sulfur-containing
polymerizate prepared by addition polymerization, comprising reacting in the presence of an
isourea functional polymerization initiator and a calalyst that effects reaction between 3~
epithiopropy! functional groups, a polymerizable composifion comprising:

{a) a monomer composition comprising at leas! one sthylenicaily
unsaturated monomer having a B-epithicpropyt functional group; and, oplionally,
{(b) a compound having two or more B-spithiopropyl functiona! groups butl

no polymerizable ethylenically unsaturated groups.

14, The method of claim 13 wherein, upon polymerization and formation of a
polymerizate, the polymerizate demonstrales reduced yellowing compared o a similar
polymerizable composition that does not contain the isourea functional polymerization

initfator and the catalyst.
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18. The method of claim 13 wherein the sthylenicaily unsaturated monomer

having a S-epithiopropy! functional group comprises thiogivoidylmethacrylate.

18 The method of claim 15 wherein the thioglycidylmethacrylate is formed within
the polymerizable composition as a reaction product of a reaction composition comprising

giycidyl methacrylate and thiourea.

17. The method of claim 13 wherein the monomer composition (a) further

comprises at least one different polymerizable sthylerucally unsaturated monomer.

18, The method of clalm 17 wherein the different polymetrizable ethylenically
unsaturated monomer comprises af least one of styrene, an alkyl methacrylate, and an alkyt

acryiate.

19. The msthod of claim 13 whersin the compound (b) having two or more (3~
epithiopropyt functional groups but no polymerizabie ethylenically unsaturated groups is
present in the polymerizable composition and is formed within the polymerizable composition
as a reaction product of a reaction composition comprising 2,2-bis(4-

glycidyloxyphenyljpropane and thiourea.

20. The method of claim 19 wherein the 2,2-bis(4-glycidyloxyphenyljpropane is a
reaction product of a reaction composition comprising 2,2-bis{4-hydroxyphenylpropane and

gpichiorohydrin.

21, The method of claim 13 wherein the isourea functional polymerization

initiator {¢) comprises at least one of an O-dialkylaminc-isourea and an C-imino-isourea.

22. The method of claim 13 wherein the catalyst comprises at least one of 1,4-
diazabloyclo{2.2. 2loctane, amines having a heterocyclic ring, phosphines, quatermnary
ammonium salls, quaternary phosphonium salls, tertiary sulfonium salls, secondary
iodonium salts, boron trihalides and complexes thereof, organic acids and esters thersof,

and metal halides.
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