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POLYTHIOETHER SEALANTS WITH EXTENDED WORKING TIME

FIELD

|0001] The present disclosure relates to thiol-terminated polythioether compositions
and scalants prepared from the thiol-terminated polythioether compositions having

extended working time and fast cure rates.

BACKGROUND

[0002]  Thiol-terminated polythioethers are well-known to be usetul 1n aerospace
sealant applications. Acrospace sealants must meet a number of challenging
performance requirements that including adhesion, tensile strength, elongation, fuel
resistance, and high temperature stability. Typical polythioether-based sealants are
characterized by a relatively short working time of less than 12 hours.

[0003] Thiol-terminated polythioether-based sealant formulations exhibiting
extended working time and that cure rapidly at the end of the working time are

desired.
SUMMARY

[0004] Epoxy-cured, thiol-terminated polythioether-based sealants that include a
latent amine catalyst exhibit extended working time and meet the demanding
performance requirements of acrospace scalant applications.

[0005] In a first aspect, compositions are provided, comprising a thiol-terminated
polythioether prepolymer, an epoxy curing agent, and a latent amine catalyst.

[0006] In a sccond aspcct, a cured scalant preparcd from a composition provided
by the present disclosure arc provided.

10007] In a third aspect, methods of sealing one or more surfaces are provided,
comprising applying a composition provided by the present disclosure to one or more

surfaces, and curing the composition to seal the one or more surfaces.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIG. 1 1s a graph showing the curing status with time of sealants provided
by the present disclosure.

[0009] Reference 1s now made to certain embodiments of compositions and
methods. The disclosed embodiments are not intended to be limiting of the claims. To
the contrary, the claims are intended to cover all alternatives, modifications, and

equivalents.
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DETAILED DESCRIPTION

[0010] For purposes of the following detailed description, 1t 1S to be understood
that embodiments provided by the present disclosure may assume various alternative
variations and step sequences, except where expressly specified to the contrary.

Moreover, other than in any operating examples, or where otherwise indicated, all

and claims are to be understood as being modified 1n all instances by the term
“about.” Accordingly, unless 1indicated to the contrary, the numerical parameters set
forth 1n the following specification and attached claims are approximations that may
vary depending upon the desired properties to be obtained by the present invention. At
the very least, and not as an attempt to limit the application of the doctrine of
equivalents to the scope of the claims, each numerical parameter should at least be
construed m light of the number of reported significant digits and by applying
ordinary rounding techniques.

[0011]  Notwithstanding that the numerical ranges and parameters setting forth the
broad scope of the invention are approximations, the numerical values set forth in the
specific examples are reported as preciscly as possible. Any numerical valuc,
however, inherently contains certain errors necessarily resulting from the standard
variation found 1n their respective testing measurements.

[0012]  Also, 1t should be understood that any numerical range recited herein is
intended to include all sub-ranges subsumed therein. For example, a range of “1 to
10 1s intended to include all sub-ranges between (and including) the recited
minimum value of 1 and the recited maximum value of 10, that 1s, having a minimum
value equal to or greater than 1 and a maximum value of equal to or less than 10.
[0013] A dash (“—"") that 1s not between two letters or symbols 18 used to indicate
a point of bonding for a substituent or between two atoms. For example, -CONH2> 18
attached through the carbon atom.

[0014] “Alkancdiyl” refers to a diradical of a saturated, branched or straight-
chain, acyclic hydrocarbon group, having, for example, from 1 to 18 carbon atoms
(Ci-18), from 1 to 14 carbon atoms (Ci-14), from 1 to 6 carbon atoms (Ci.s), from 1 to 4
carbon atoms (Ci.4), or from 1 to 3 hydrocarbon atoms (Ci.3). It will be appreciated
that a branched alkanediyl has a minimum of three carbon atoms. In certain
embodiments, the alkanediyl 1s Cz-14 alkanediyl, Co.10 alkanediyl, Cog alkanediyl, Cos

alkanediyl, C»-4 alkanediyl, and 1n certain embodiments, Ca.3 alkanediyl. Examples of

2
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alkanediyl groups include methane-diyl (—CHz-), ethane-1,2-diyl (—-CH2CH>-),
propane-1,3-diyl and 1so-propane-1,2-diyl (¢.g., -CH2CH>CH»>— and —CH(CH3)CH»>-),
butane-1,4-diyl (-CH,CH;CH2CH;-), pentane-1,5-diyl (-CH,CH,CH2CH2CH»-),
hexane-1,6-d1yl (-CH>,CH,CH,CH>CH,CH>—), heptane-1,7-d1yl, octane-1,8-d1yl,
nonane-1,9-diyl, decane-1,10-diyl, dodecane-1,12-diyl, and the like.

[0015] “Alkanccycloalkanc™ refers to a saturated hydrocarbon group having onc
or more cycloalkyl and/or cycloalkanediyl groups and one or more alkyl and/or
alkanediyl groups, where cycloalkyl, cycloalkanediyl, alkyl, and alkanediyl are
defined herein. In certain embodiments, each cycloalkyl and/or cycloalkanediyl
group(s) 1s Ca, Cs.s, and 1n certain embodiments, cyclohexyl or cyclohexanediyl. In
certain embodiments, each alkyl and/or alkanediyl group(s) 1s Ci.¢, Ci-4, Ci3, and in
certain embodiments, methyl, methanediyl, ethyl, or ethane-1,2-diyl. In certain
embodiments, the alkanecycloalkane group 1s Cas.18 alkanecycloalkane, Ca-16
alkanecycloalkane, Cs.12 alkanecycloalkane, Cs.g alkanecycloalkane, Ce-12
alkanecycloalkane, Ce.10 alkanecycloalkane, and in certain embodiments, Ce.
alkanecycloalkane. Examples of alkanecycloalkane groups include 1,1,3,3-
tectramcthylcyclohexane and cyclohexylmethance.

10016] “Alkanecycloalkanediyl” refers to a diradical of an alkanecycloalkane
group. In certain embodiments, the alkanecycloalkanediyl group 1s C4.13
alkanecycloalkanediyl, C4.16 alkanecycloalkanediyl, C4.12 alkanecycloalkanediyl, C4.g
alkanecycloalkanediyl, Cs.12 alkanecycloalkanediyl, Ce.19 alkanecycloalkanediyl, and
in certain embodiments, Ceo alkanecycloalkanediyl. Examples of
alkanecycloalkanediyl groups include 1,1,3,3-tetramethylcyclohexane-1,5-diyl and
cyclohexylmethane-4,4’-diyl.

[0017] “Alkyl” refers to a monoradical of a saturated, branched or straight-chain,
acyclic hydrocarbon group having, for example, from 1 to 20 carbon atoms, from 1 to
10 carbon atoms, from | to 6 carbon atoms, from 1 to 4 carbon atoms, or from 1 to 3
carbon atoms. It will be appreciated that a branched alkyl has a minimum of threce
carbon atoms. In certain embodiments, the alkyl group 1s Ci.6 alkyl, Ci-4 alkyl, and 1n
certain embodiments, Ci-3 alkyl. Examples of alkyl groups include methyl, ethyl, n-
propyl, iso-propyl, n-butyl, 1so-butyl, tert-butyl, n-hexyl, n-decyl, tetradecyl, and the
like. In certain embodiments, the alkyl group 1s Ci.6 alkyl, Ci.4 alkyl, and 1n certain
embodiments, Ci-3 alkyl. It will be appreciated that a branched alkyl has at least three

carbon atoms.



[0018] “Cycloalkanediyl” refers to a diradical saturated monocyclic or polycyclic
hydrocarbon group. In certain embodiments, the cycloalkanediyl group 18 Cs.12
cycloalkanediyl, Cs.s cycloalkanediyl, Cs.¢ cycloalkanediyl, and in certain
embodiments, Cs- cycloalkanediyl. Examples of cycloalkanediyl groups include
cyclohexane-1,4-diyl, cyclohexane-1,3-diyl, and ' cyclohexane-1,2-diyl.

[0019] As used herein, “polymer” refers to oligomers, homopolymers, and
copolymers, which may be cured or uncured. Unless stated otherwise, molecular
weights are number average molecular weights for polymeric materials indicated as
“My” as determined, for example, by gel permeation chromatography using a
polystyrene standard in an art-recognized manner. Unless stated otherwise, molecular
weights are number average molecular weights for polymeric materials indicated as
“Mn” as may be determined, for example, by gel permeation chromatography using a
polystyrene standard in an art-recognized manner.

[0020] “Prepolymers” refer to polymers prior to curing. In general, prepolymers
provided by the present disclosure are liquid at room temperature. “Adducts” refer to
prepolymers that are functionalized with a reactive terminal group; however,
prepolymers may also contain terminal functional groups. Thus, the terms prepolymer
and adduct are used interchangeably. The term adduct is often used to refer to a
prepolymer that is an intermediate in a reaction sequence used to prepare a prepolymer.
[0021] Reference is now made in detail to certain embodiments of compounds,
compositions, and methods. The disclosed embodiments are not intended to be limiting
of the claims. To the contrary, the claims are intended to cover all alternatives,
modifications, and equivalent.s.

[0022] Compositions provided by the present disclosure include a thiol-terminated
polythioether prepolymer, an epoxy curing agent, and a latent tertiary amine catalyst. In
certain cmbodiments, a composition i1s formulated as a scalant, such as an aerospace '
sealant.

0023 ] Compositions and sealant formulations provided by the present disclosure
include a thiol-terminated polythioether prepolymer.

[0024]  Examples of suitable thiol-terminated polythioether prepolymers are
disclosed, for example, in U.S. Patent No. 6,172,179,

CA 2969845 2019-03-20
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[0023] In certain embodiments, a thiol-terminated polythioether prepolymer
comprises a thiol-terminated polythioether prepolymer comprising a backbone

comprising the structure of Formula (1):

~R'[-S—(CH2)>-O-[-R*~O-]m~(CH2)>-S-R']s~ (1)
wherein,
cach R! is independently selected from a Ca.10 n-alkanediyl group, a

Ci6 branched alkanediyl group, a Ceg cycloalkanediyl group, a Ce.10

alkanecycloalkanediyl group, a heterocyclic group, a —[(-CHR?-),—X-]q
(CHR?)— group, wherein each R is selected from hydrogen and methyl;
each R” is independently selected from a Ca-j0 n-alkanediyl group, a Cs.

¢ branched alkanediyl group, a Ce.¢ cycloalkanediyl group, a Ce.14

alkanecycloalkanediyl group, a heterocyclic group, and a —|(—CH>—),—X—]|q
(CH2)— group;

cach X 1s independently selected from O, S, and -NR—, wherein R 1s
selected from hydrogen and methyl;

m ranges from 0 to 50;

n 1s an integer ranging from 1 to 60;

p 18 an integer ranging from 2 to 6;

q 1s an integer ranging from 1 to 5; and

r1s an integer ranging from 2 to 10.

[0026] In certain embodiments of a prepolymer of Formula (1), R' is -[-(CHR?),—

X-]q—(CHR?),— wherein each X is independently selected from -O— and —-S—. In
certain embodiments wherein R! is -[-(CHR?),—X-]q—(CHR?)—, each X is —O— and in

certain embodiments, each X 1s —S—.

[0027] In certain embodiments of a prepolymer of Formula (1), R! is —[-(CH2)p—

X—]q¢—(CH>)— wherein each X 1s independently selected from —O— and —S—. In certain
embodiments wherein R! is -[-(CH»)y—X—]—(CHa)—, cach X is —O— and in certain

embodiments, cach X 15 —S—.

[0028] In certain embodiments or a prepolymer of Formula (1), R! is —[(~CH2—),—
X—]q—(CH2)—, where pis 2, X is O, qis 2, r is 2, R? is ethanediyl, m is 2, and n is 9.

[0029]  In certain embodiments of a prepolymer of Formula (1), each R' is derived
from dimercaptodioxaoctane (DMDO) and in certain embodiments, each R' is derived

from dimercaptodicthylsulfide (DMDS).
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[0030] In certain embodiments of Formula (1), each m 1s independently an integer
from 1 to 3. In certain embodiments, each m 1s the same and 1s 1, 2, and 1n certain
embodiments, 3.

[0031] In certain embodiments of Formula (1), n 1s an integer from 1 to 30, an
integer from 1 to 20, an integer from 1 to 10, and 1n certain embodiments, and an
integer from 1 to 5. In addition, in certamn ecmbodiments, n may be any integer from 1
to 60.

10032] In certain embodiments of Formula (1), each p 1s independently selected
from 2, 3, 4, 5, and 6. In certain embodiments, each p is the same and 1s 2, 3, 4, 5, or
0.

[0033]  Examples of suitable thiol-terminated polythioether prepolymers are
disclosed, for example, in U.S. Patent No. 6,172,179. In certain embodiments, a thiol-
terminated polythioether prepolymer comprises Permapol® P3.1E, available from
PRC-DeSoto International Inc., Sylmar, CA.

[0034] In certain embodiments, a thiol-terminated polythioether prepolymer
comprises a thiol-terminated polythioether prepolymer selected from a thiol-
terminatcd polythiocther of Formula (2a), a thiol-terminated polythiocther prepolymer

of Formula (2b), and a combination thereof:

HS-R'-[-S—(CH3)>-0—(R*-0)m—~(CH2)-S-R'-],-SH (2a)

{I‘IS—];(1 [ S (CH2)2 O (RQ—O)m—(CH2)2 S RI—]n_S—V,—}zB
(2b)

wherein,

each R! independently is selected from Ca.19 alkanediyl, Ces
cycloalkanediyl, Cs.14 alkanecycloalkanediyl, Cs_g heterocycloalkanediyl, and

—[(-CHR*-)p—X~]q—(~CHR"-)—, wherein,

p 18 an integer from 2 to 6;

q 1s an integer from 1 to 5;

r 1S an mnteger from 2 to 10;

each R” is independently selected from hydrogen and methyl;

and
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cach X 1s independently selected from —O—, —S—, and —-NR—,
wherein R 18 selected from hydrogen and methyl;
each R” is independently selected from Ci.1p alkanediyl, Ce.
cycloalkanediyl, Ce.14 alkanecycloalkanediyl, and —[(—CHR?-),—X—]q—(—
CHR’-)—, wherein p, q, 1, R’, and X are as defined as for R';

m 18 an integer from 0 to 50;
n 18 an integer from 1 to 60;
B represents a core of a z-valent, polytunctionalizing agent B(—V);
wherein,
z 18 an integer from 3 to 6; and
cach V 18 a moiety comprising a terminal group reactive with a
thiol; and

cach —V’'— 18 derived from the reaction of —V with a thiol.

[0035] In certain embodiments of Formula (2a) and in Formula (2b), R! is —[(
CH>—)p—X—]q—(CH2)—, where p is 2, X is —O—, q is 2, r is 2, R? is ethanediyl, m is 2,

andnis 9.

[0036]  In certain embodiments of Formula (2a) and Formula (2b), R! is sclected
from Ca. alkanediyl and —[-(CHR?),—X—];—(CHR?),—.

|0037] In certain embodiments of Formula (2a) and Formula (2b), R! is —[—
(CHR?),—X-]q—(CHR?)—, and in certain embodiments X is —O— and in certain

embodiments, X 18 —S—.

[0038] In certain embodiments of Formula (2a) and Formula (2b), where R' is —[-
(CHR?)y—X-]—(CHR?)—, pis 2, ris 2, qis 1, and X is —S—; in certain embodiments,
wherem pi1s 2, q1s 2, ri1s 2, and X 1s —O—; and 1n certain embodiments, p1s 2, r1s 2, q
1s 1, and X 18 —O-.

[0039]  In certain embodiments of Formula (2a) and Formula (2b), where R! is [
(CHR?),—X-]q—(CHR?)—, each R is hydrogen, and in certain embodiments, at least

10040 ] In certain embodiments of Formula (2a) and Formula (2b), each R! is the
same, and in certain embodiments, at least one R! is different.

[0041]  Various methods can be used to prepare thiol-terminated polythiocthers of
Formula (2a) and Formula (2b). Examples of suitable thiol-terminated polythioethers,
and methods for their production, are described in U.S. Patent No. 6,172,179. Such

thiol-terminated polythioethers may be difunctional, that 1s, lincar polymers having

7
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two terminal thiol groups, or polyfunctional, that 1s, branched polymers have three or
more¢ terminal thiol groups. Suitable thiol-terminated polythioethers are commercially
available, for example, as Permapol® P3.1E, from PRC-DeSoto International Inc.,

Sylmar, CA.
[0042] In certain embodiments, a thiol-terminated polythiocther prepolymer may

terminated polythioethers may have the same or different functionality. In certain
embodiments, a thiol-terminated polythioether prepolymer has an average
functionality from 2 to 6, from 2 to 4, from 2 to 3, from 2.05 to 2.8, and 1n certain
embodiments, from 2.05 to 2.5. For example, a thiol-terminated polythiocther
prepolymer can be selected from a difunctional thiol-terminated polythioether, a
trifunctional thiol-terminated polythioether and a combination thereof.

10043 ] In certain embodiments, a thiol-terminated polythioether prepolymer can
be prepared by reacting a polythiol and a diene such as a divinyl ether, and the
respective amounts of the reactants used to prepare the polythioethers are chosen to
yield terminal thiol groups. Thus, 1n some cases, (n or >n, such as n+1) moles of a
polythiol, such as a dithiol or a mixture of at Icast two ditferent dithiols and about
0.05 moles to 1 moles, such as 0.1 moles to 0.8 moles, ot a thiol-terminated
polyfunctionalizing agent may be reacted with (n) moles of a diene, such as a divinyl
ether, or a mixture of at least two different dienes, such as a divinyl ether. In certain
embodiments, a thiol-terminated polyfunctionalizing agent 1s present in the reaction
mixture in an amount sufficient to provide a thiol-terminated polythioether having an
average functionality of from 2.05 to 3, such as from 2.1 to 2.8, or from 2.1 to 2.6.
10044 ] The reaction used to make a thiol-terminated polythioether prepolymer
may be catalyzed by a free radical catalyst. Suitable free radical catalysts include azo
compounds, for example azobisnitrile compounds such as azo(bis )isobutyronitrile

(AIBN); organic peroxides, such as benzoyl peroxide and t-butyl peroxide; and

irradiation with ultraviolet light either with or without a radical
initiator/photosensitizer. lonic catalysis methods, using either inorganic or organic
bases, e.g., tricthylamine, may also be used.

[0045] Suitable thiol-terminated polythioether prepolymers may be produced by
reacting a divinyl ether or mixtures of divinyl ethers with an excess of dithiol or a

mixtures of dithiols.
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[0046] Thus, 1n certain embodiments, a thiol-terminated polythioether prepolymer
comprises the reaction product of reactants comprising:

(a) a dithiol of Formula (3):

HS-R'-SH (3)
wherein,
R!is selected from Ca alkanediyl, Csg cycloalkanediyl, Cs.10
alkanecycloalkanediyl, Cs.s heterocycloalkanediyl, and —[-(CHR?),—
X-]¢—(CHR?)—; wherein,

each R is independently selected from hydrogen and
methyl;

cach X 18 independently selected from —O—, —S—, -NH-,
and —NR— wherein R 1s selected from hydrogen and methyl,;

p 18 an integer from 2 to 6;

q 1s an integer from 1 to 5; and

r 1s an integer from 2 to 10; and

(b) a divinyl cther of Formula (4):

CH,=CH-O-[-R?*-0-]:n—CH=CH: (4)

wherein,

cach R” is independently selected from Ci-1o alkanediyl, Ce.g

cycloalkanediyl, Ce 14 alkanecycloalkanediyl, and —[(—-CHR*-),—X-],

(—CHR?-)—, wherein p, q, 1, R®, and X are as defined above; and

m 18 an integer from 0 to 50.
And, in certain embodiments, the reactants may comprise (¢) a polyfunctional

compound such as a polyfunctional compound B(—V),, where B, —V, and z are as

defined herein.

[0047] In ccrtain embodiments, dithiols suitable for use in preparing thiol-

terminated polythioether prepolymers include those having the structure of Formula

(3):

HS-R'-SH (3)

wherein,
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R!is selected from Ca alkanediyl, Ce.g cycloalkanediyl, Ce.10
alkanecycloalkanediyl, Cs.g heterocycloalkanediyl, and -[-(CHR*),—X—]—

(CHR*)—; wherein,
each R’ is independently selected from hydrogen and methyl;

cach X 1s independently selected from —O—, —S—, and ~-NR-

wherem R 18 sclected from hydrogen and methyl;

p 18 an 1nteger from 2 to 6;

q 1s an integer from 1 to 5; and

r 1s an mteger from 2 to 10.
[0048]  In certain embodiments of a dithiol of Formula (3), R' is -[-(CHR?),—X—
J—(CHR®)—
[0049] In certain embodiments of a compound of Formula (3), X 1s selected from
—O- and -S—, and thus -[«(CHR?),—X—],—(CHR?)~ in Formula (3) is -[(-CHR’-),—
O—],—(CHR?)~ or —[(-CHR*»-),—S—]—(CHR?)—. In certain embodiments, p and r are

cqual, such as where p and r are both two.

[0050] In certain embodiments of a dithiol of Formula (3), R' is selected from Ca6

alkanediyl and —[«(CHR?),—X-]—(CHR?)—.
[0051]  In certain embodiments of a dithiol of Formula (3), R! is -[-(CHR?),—X~

]l—(CHR"),—, and in certain embodiments X is —O—, and in certain embodiments, X is

S—.
[0052]  In certain embodiments of a dithiol of Formula (3) where R' is —[—
(CHR?),—X-]—~(CHR?)—, pis 2, ris 2, q is 1, and X is —S—; in certain embodiments,
whereinp 1s 2, g 1s 2, r1s 2, and X 1s —O—; and 1n certain embodiments, p1s 2,118 2, q
18 1, and X 18 —O—.

[0053]  In certain embodiments of a dithiol of Formula (3) where R! is —[—
(CHR?),-X—]q—(CHR?)—, each R? is hydrogen, and in certain embodiments, at least
one R’ is methyl.

[0054]  In certain embodiments of a dithiol of Formula (3), cach R! is derived
from dimercaptodioxaoctane (DMDO) and in certain embodiments, each R' is derived
from dimercaptodicthylsultide (DMDS).

[0055]  In certain embodiments of Formula (3), each m 1s independently an mteger

from 1 to 3. In certain embodiments, each m 1s the same and 1s 1, 2, and 1n certain

embodiments, 3.

10
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[0056] In certain embodiments of Formula (3), n 1s an integer from 1 to 30, an
integer from 1 to 20, an integer from 1 to 10, and 1n certain embodiments, and an
integer from 1 to 5. In addition, 1n certamn embodiments, n may be any integer from 1

to 60.

[0057] In certain embodiments of Formula (3), each p 1s independently selected

0.

10058 Examples of suitable dithiols include, for example, 1,2-cthanedithiol, 1,2-
propanedithiol, 1,3-propanedithiol, 1,3-butanedithiol, 1,4-butanedithiol, 2,3-
butanedithiol, 1,3-pentanedithiol, 1,5-pentanedithiol, 1,6-hexanedithiol, 1,3-
dimercapto-3-methylbutane, dipentenedimercaptan, ethylcyclohexyldithiol (ECHDT),
dimercaptodiethylsulfide, methyl-substituted dimercaptodiethylsulfide, dimethyl-
substituted dimercaptodicthylsulfide, dimercaptodioxaoctane, 1,5-dimercapto-3-
oxapentane, and a combination of any of the foregoing.

[0059] In certain embodiments, a dithiol may have one or more pendant groups
selected from a lower (¢.g., Ci-¢) alkyl group, a lower alkoxy group, and a hydroxy
group. Suitable alkyl pendant groups include, for example, Ci.6 lincar alkyl, Ca6
branched alkyl, cyclopentyl, and cyclohexyl.

10060 Other examples of suitable dithiols include dimercaptodiethylsulfide
(DMDS) (in Formula (3), R! is —[(~CH2—-),—X-]q—(CH2),—, wherein p is 2, r is 2, q is
1, and X is —=S-); dimercaptodioxaoctane (DMDO) (in Formula (3), R" is —[(~CH2—),—

X—]q¢—(CH2)—, wheremp1s 2, g1s 2, r1s 2, and X 18 —O-); and 1,5-dimercapto-3-

oxapentane (in Formula (3), R' is —-[(-CH»—),—X-]q—(CH2)—, wherein pis 2, ris 2, q
1S 1, and X 18 —O-). It 1s also possible to use dithiols that include both heteroatoms 1n
the carbon backbone and pendant alkyl groups, such as methyl groups. Such
compounds include, for example, methyl-substituted DMDS, such as HS—
CH>CH(CH3)-S—CH>CH»>-SH, HS—CH(CH3)CH>-S—CH>CH>-SH and dimethyl
substitutcd DMDS, such as HS—CH>CH(CH3)-S—CHCH3;CH>—SH and HS—-
CH(CH:)CH>—S—CH>CH(CHz3)-SH.

[0061] Suitable divinyl ethers for preparing thiol-terminated polythioethers

include, for example, divinyl ethers of Formula (4):

CH,=CH-O—(-R?>-0-),—CH=CH> (4)

11
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where R? in Formula (4) is selected from a Ca6 n-alkanediyl group, a Cs.¢ branched

alkanediyl group, a Cess cycloalkanediyl group, a Cs.10 alkanecycloalkanediyl group,

and —[(—CH2—),—O-]q—(—CH2—)—, where p 1s an integer ranging from 2 to 6, 18 an
integer from 1 to 35, and r 15 an integer from 2 to 10. In certain embodiments of a
divinyl ether of Formula (4), R? is a C>6 n-alkanediyl group, a Cs.6 branched
alkancdiyl group, a Css cycloalkanediyl group, a Ce-10 alkanecycloalkanediyl group,
and 1n certain embodiments, —[(—CH>—)p—O—]—(—CH2—)—.

10062 ] Suitable divinyl ethers include, for example, compounds having at least
one oxyalkanediyl group, such as from 1 to 4 oxyalkanediyl groups, 1.¢., compounds
in which m 1n Formula (4) is an integer ranging from 1 to 4. In certain embodiments,
m 1n Formula (4) 1s an integer ranging from 2 to 4. It 18 also possible to employ
commercially available divinyl ether mixtures that are characterized by a non-integral
average value for the number of oxyalkanediyl units per molecule. Thus, m 1n
Formula (4) can also take on rational number values ranging from 0 to 10.0, such as
from 1.0 to 10.0, from 1.0 to 4.0, or from 2.0 to 4.0.

[0063] Examples of suitable vinyl ethers include, divinyl ether, ethylene glycol
divinyl cther (EG-DVE) (R? in Formula (4) is cthancdiyl and m is 1), butanediol
divinyl ether (BD-DVE) (R” in Formula (4) is butanediyl and m is 1), hexanediol
divinyl ether (HD-DVE) (R? in Formula (4) is hexanediyl and m is 1), diethylene
olycol divinyl ether (DEG-DVE) (R? in Formula (4) is ethanediyl and m is 2),
triethylene glycol divinyl ether (R* in Formula (4) is ethanediyl and m is 3),
tetracthylene glycol divinyl ether (R” in Formula (4) is ethanediyl and m is 4),
cyclohexanedimethanol divinyl ether, polytetrahydrofuryl divinyl ether; trivinyl ether
monomers, such as trimethylolpropane trivinyl ¢ther; tetrafunctional ether monomers,
such as pentacrythritol tetravinyl ether; and combinations of two or more such
polyvinyl ether monomers. A polyvinyl ether may have one or more pendant groups
selected from alkyl groups, hydroxy groups, alkoxy groups, and amine groups.

[0064] In certain embodiments, divinyl cthers in which R? in Formula (4) is Ci.s
branched alkanediyl may be prepared by reacting a polyhydroxy compound with
acetylene. Examples of divinyl ethers of this type include compounds in which R? in
Formula (4) 1s an alkyl-substituted methanediyl group such as —-CH(—CH3)—, for
which R” in Formula (4) is ethanediyl and m is 3 or an alkyl-substituted ethanediyl.

12
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[0065] Other useful divinyl ethers include compounds in which R* in Formula (4)
1S polytetrahydrofuryl (poly-THF) or polyoxyalkanediyl, such as those having an
average of about 3 monomer units.

[0066] Two or more types of polyvinyl ether monomers of Formula (4) may be
used. Thus, m certain embodiments, two dithiols of Formula (3) and one polyvinyl
cther monomer of Formula (4), once dithiol of Formula (3) and two polyvinyl cther
monomets of Formula (4), two dithiols of Formula (3) and two divinyl ether
monomers of Formula (4), and more than two compounds of one or both Formula (3)
and Formula (4), may be used to produce a varicty of thiol-terminated polythioethers.
[0067]  In certain embodiments, a polyvinyl ether monomer comprises 20 to less
than 50 mole percent of the reactants used to prepare a thiol-terminated polythioether,
and 1n certain embodiments, 30 to less than 50 mole percent.

0068 In certain embodiments provided by the present disclosure, relative
amounts of dithiols and divinyl ethers are selected to yield polythioethers having
terminal thiol groups. Thus, a dithiol of Formula (3) or a mixture of at least two

different dithiols of Formula (3), can be reacted with of a divinyl ether of Formula (4)

such that the molar ratio of thiol groups to alkenyl groups 1s greater than 1:1, such as

from 1.1 to 2.0:1.0.

[0069]  The reaction between dithiols and divinyl ethers and/or polythiols and
polyvinyl ethers may be catalyzed by a free radical catalyst. Suitable free radical
catalysts include, for example, azo compounds, for example azobisnitriles such as
azo(bis)isobutyronitrile (AIBN); organic peroxides such as benzoyl peroxide and t-
butyl peroxide; and 1norganic peroxides such as hydrogen peroxide. The catalyst may
be a free-radical catalyst, an 1onic catalyst, or ultraviolet radiation. In certain
embodiments, the catalyst does not comprise acidic or basic compounds, and does not
produce acidic or basic compounds upon decomposition. Examples of free-radical
catalysts include azo-type catalyst, such as Vazo®-57 (Du Pont), Vazo®-64 (Du Pont),
Vazo®-67 (Du Pont), V-70® (Wako Specialty Chemicals), and V-65B® (Wako
Specialty Chemicals). Examples of other free-radical catalysts are alkyl peroxides,
such as t-butyl peroxide. The reaction may also be etfected by 1rradiation with
ultraviolet light either with or without a cationic photoinitiating moiety.

[0070]  Thiol-terminated polythioether prepolymers provided by the present

disclosure may be prepared by combining at least one dithiol of Formula (3) and at
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least one divinyl ether of Formula (4) followed by addition of an appropriate catalyst,
and carrying out the reaction at a temperature from 30 °C to 120 °C, such as 70 °C to
90 °C, for a time from 2 hours to 24 hours, such as 2 hours to 6 hours.

[0071] As disclosed herein, thiol-terminated polythioether prepolymers may

comprise a polyfunctional polythioether prepolymer, 1.e., may have an average

functionality of greater than 2.0. Suitable polyfunctional thiol-terminated

polythioethers include, for example, those having the structure of Formula (2b):

(HS-R!'-{-S—(CH2),-O—(R%-O)m~(CH2)>-S-R'-],-S-V’-},B (2b)

wherein z has an average value of greater than 2.0, and, in certain embodiments, a
value between 2 and 3, a value between 2 and 4, a value between 3 and 6, and 1n
certain embodiments, 1s an integer from 3 to 6.

[0072] Polyfunctionalizing agents suitable for use in preparing such
polyfunctional thiol-terminated polymers include trifunctionalizing agents, that is,
compounds where z i1s 3. Suitable trifunctionalizing agents include, for example,
triallyl cyanurate (TAC), 1,2,3-propanetrithiol, isocyanurate-containing trithiols, and
combinations thereof, as disclosed in U.S. Application Publication No. 2010/0010133,
and 1socyanurates as disclosed, for example, in U.S. Application Publication No.
2011/0319559. Other usetul polyfunctionalizing agents include trimethylolpropane
trivinyl ether, and the polythiols described in U.S. Patent Nos. 4,366,307; 4,609,762;
and 5,225,472, Mixtures of polyfunctionalizing agents may also be used. As a result,
polythioethers provided by the present disclosure may have a wide range of average

functionality. For example, trifunctionalizing agents may afford average

functionalities from 2.05 to 3.0, such as from 2.1 to 2.6. Wider ranges of average
functionality may be achieved by using tetratfunctional or higher functionality

polytunctionalizing agents. Functionality may also be determined by factors such as

stoichiometry, as will be understood by those skilled in the art.

10073]  In certain embodiments, compositions provided by the present disclosure

comprise a polyepoxy curing agent. A polyepoxy refers to a compound having two or
more reactive epoxy groups. In certain embodiments, a polyepoxy resin is difunctional

and 1n certain embodiments, includes a combination of polyepoxies

14
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having different epoxy functionalities. In certain embodiments, a polyepoxy may
include a combination of polyepoxy resins. In certain embodiments, a polyepoxy
resin 18 liquid at room temperature.

10074] Examples of suitable polyepoxy curing agents include, for example,
polyepoxide resins such as hydantoin diepoxide, diglycidyl ether of bisphenol-A,
diglycidyl cther of bisphenol-F, Novolac® type cpoxides such as DEN™ 438 and
DEN™ 431, certain epoxidized unsaturated resins, and combinations of any of the
foregoing.

[0075] In certain embodiments, a polyepoxy comprises a polyepoxy selected from
a Novolac® epoxy resin such as DEN® 431, a bisphenol A/epichlorohydrin derived
epoxy resin such as EPON® 828, or a combination thereof. In certain embodiments,
the a polyepoxy curing agent is a combination of a Novolac® epoxy resin and a
bisphenol A/epichlorohydrin derived epoxy resin. In such embodiments, the weight
ratio of Novolac® epoxy resin to bisphenol A/epichlorohydrin derived epoxy resin is
from about 0.25:1 to about 4:1:, from about 0.5:1 to about 2:1, from about 0.75:1 to
about 1.5:1 and 1n certain embodiments, about 1:1.

[0076] In certain embodiments, a composition provided by the present disclosure
includes from 1 wt% to 13 wt% of the total weight of the composition, from 2 wt% to
12 wt%, trom 3 wt% to 11 wt%, from 4 wt% to 10 wt%, from 5 wt% to 9 wt%, from
6 wt% to 8 wt%, and 1n certain embodiments, about 7 wt%.

[0077] Other examples of suitable polyepoxy resins include a bispheno! A type
cpoxy resin, a brominated bisphenol A tvpe cpoxy resin, 4 bisphenol F type epoxy
resin, a biphenvl type epoxy resin, a Noveolac type epoxy resin, an alicyclic epoxy
resin, 4 naphthalene type ¢poxy resin, an cther series or polyvether sries ¢poxy resim,
an oxirane ring-contaming polybutadicne, and a sitlicone ¢poxy copolymer.

[0078]  Additional exampics of suttable polvepoxy resins inciude a bisphenol A
type epoxy resm having an average molecular weight of about 400 or less; a branched
polyfunctional bisphenol A type cpoxy resin such as p-glveidyioxyphonyl
dimethyltolvibisphenol A digiveidyl ether; a bisphenol F tvpe epoxy resin; 4 phenol
novolac type epoxy resim having an average molecuiar weight of about 5780 or iess; an
alicyclic epoxy resin such as vinyi{3,4-cyclohexenejdioxide, racthyi 3,4-

epoxyceyetohexvicarboxylate (3,4-epoxyeyciohexyl), bis{(3,4-epoxy-6-

.

ol

methyicyclohexyhmethyly adipate and 2-(3,4-¢poxyeyciohexyi)-5, 1-spiro{3,4-

epoxycyclohexyl-m-dioxane; a biphenyl type epoxy resin such as 3,3°.,5,5'-

15



CA 029%69845 2017-06-05

WO 2016/090221 PCT/US2015/063935

tetramethyl-4,4’-diglvcidyloxybiphenyl; a glveidyl ester type epoxy resin such as
diglveidyl hexahvydropthalate, diglyeidyl 3-methvihexahydro phthalate and
diglycidyl hexahvdroterephthalate; a glvcidvliamine tvpe epoxy resin such as
diglycidvianiline, diglyaidyltoluidme, tnglyveidvl-p-aminophenol, tetraglycidyl-m-
xyiene diamine, tetragiveidylbis{ammomethvljcyciohexaneg; a hydantom type epoxy
resin such as 1,3-diglycidyl-S-methyi-3-cthyvlhvdantom; and 4 naphthaicne ring-
contamihg epoxy resin may be mentioned. Also, an epoxy resin having silicone such
as 1, 3-bis(G-glvadoxy-propyli-1, 1,3, 3-tetramethyvidistioxane may be used. Morcover,
a diepoxide compound such as (polyviethylene glycol diglycdyl ether, {(polypropylene
glyeol diglyeidyl ether, butanediol dighycidyl ether and neopentyl glveoi digiveidyl
ether; and a tniepoxide cornpound such as trimethylolpropane tnglyeidyl ether and
giyvcerin trigiyeidyl ether,
[0079] Examples of commercially available ¢poxy resins suitable for use
compaositions provided by the present disclosure inciude polyglycidyt denivatives of
phenolic compounds, such as those available under the trade namcs EPON 82§,
EPON 1061, EPON 1009, and EPON 1031, from Resolution Performance Products
LLC, and DER 331, DER 332, DER 334, and DER 547 from Dow Chemuical Co.
{Jther suitable epoxy resins mnclude polyepoxides prepared from polyols and the hike
and polyelyeidyl derivatives of phenol-formaldehyde Novelacs, the latter of which
are commercially available under the trade names DEN 431, DEN 438, and DEN 439
from Dow Chemical Company. Cresol analogs are also avalable commercially ECN
1235, ECON 1273, and ECN 1299 from Ciba Specialty Chemicals, Inc. SU-X 15 a
bisphenol A-type epoxy Novelac available from Reselution Performance Products
LLC. Polyglycidyl adducts of amines, aminoalcohols and polycarboxylic acids arc
also useful m thys wvention, commercially available resins of which mclude
GLYAMINE 133, GLYAMINE 125, and GLY AMINE 115 from F.LC. Corporation;
ARALDITE MY-720, ARALDITE MY-721, ARALDITE 0500, and ARALDITE

Witliaras Co.

[0080] Compositions provided by the present disclosure include one or more
latent amine catalyst.

[0081] A latent amine catalyst refers to an amine catalyst that 1s slowly released
or diffuses from a barrier at room temperature. The release or diffusion of the amine

catalyst may be accelerated at increased temperature, however, at room temperature
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the time for release provides for an extended working time or pot life of the
composition. Thus, a composition containing a latent aminge catalyst provides for a
long shelf life and when mixed with reactants such as a thiol-terminated polythiocther
and a polyepoxy, provide for an extended working time and a fast curing time. A
latent amine catalyst does not necessarily require activation such as by exposure to
clevated temperature to release the catalyst.

0082 ] A suitable amine catalyst for use in compositions of the present disclosure
1S capable of catalyzing the reaction between thiol and epoxy groups. In certain
embodiments, an amine catalyst 1s a tertiary amine catalyst such as, for example, N, V-
dimethylethanolamine, triethylene diamine (TEDA), bis(2-dimethylaminoethyl)ether
(BDMAE), N-ethylmorpholine, N’°,N’-dimethylpiperazine, N NN’ ,N’,N"-
pentamethyl-dicthylene-triamine (PMDETA), N,N-dimethylcyclohexylamine
(DMCHA), N,N-dimethylbenzylamine (DMBA), N,N-dimethylcethylamine,
N,N,N'N"" N’ -pentamethyl-dipropylene-triamin<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>