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BENZOXAZOLE-BASED MATERIALS FOR VULCANIZATION ACCELERATOR APPLICATIONS

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority from U.S. Provisional Patent Application No.
61/823,424 filed on May 15, 2013, the contents of which are incorporated hercin by
reference.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT

[0002] This invention was made with government support under grant No. FA9550-
10-1-0254 awarded by Air Force Office of Scientific Research. The government has
certain rights in the invention.

FIELD OF THE INVENTION

[0003] One or more embodiments of the present invention relate to the use of
benzoxazole sulfenamide compounds in rubber compositions such as cure systems for

vulcanizing rubber and asphalt and polymer compositions.

BACKGROUND OF THE INVENTION

[0004] Vulcanization is a chemical process that converts a soft and tacky rubber into
harder and more durable materials with greatly improved resistance to wear and abrasion.
In the tire industry, the economically most important method remains to be the sulfur
vulcanization in the presence of various vulcanization accelerators. Thiazoles such as
mercaptobenzothiazole (MBT) and its sulfenamide derivatives are among the accelerators
of highest economic importance. As a consequence of vulcanization, the crosslink density
is increased to a certain level within the rubber species, which is accompanied with
increasing mechanical properties. The rubber system using MBT, however, often exhibits
weakness in terms of reversion stability, meaning that the crosslink density could decrease
after passing the vulcanization optimum.

[0005] Despite intense interests in developing benzothiazole-based accelerators, little
attention has been paid to the benzoxazole analogues. Early studies suggest that
benzothiazole-based accelerators exhibit much lower accelerating power than and are
much less active than current accelerators.

[0006] Presently a need exists in the industry - for an accelerator that provides low

reversion and provides less danger of over-vulcanization.
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SUMMARY OF THE INVENTION

[0007] A first embodiment provides a method of vulcanizing rubber comprising:heating
a rubber in the presence of sulfur compound and a benzoxazole sulfenamide defined by

the formula:

[0008] where R1 and R2 are each individually selected from hydrogen atoms, alkyl
groups, substituted alkyl groups, and aromatic groups, or where R1 and R2 join to form an
alkane or substituted alkane group.

[0009] A second embodiment provides a method as in the first embodiment, where
the rubber is selected from the group consisting of natural rubber, polybutadiene rubbers
(BR), styrene-butadiene rubbers (SBR), polyisoprene, isoprene rubbers (IR) and
polychloroprene.

[0010] A third embodiment provides a method as in the ecither the first or second
embodiment, where the sulfur compound is elemental sulfur, an allotrope of sulfur, a
sulfur donor, or a combination thercof.

[0011] A forth embodiment provides a method as in any of the first through third
embodiments, where the sulfur donor is selected from the group consisting of
tetramethylthiuram disulfide, tetracthylthiuram disulfide, and dithiodimorpholine.

[0012] A fifth embodiment provides a method as in any of the first through forth
embodiments, where one of R1 or R2 is a hydrogen atom and the other may be selected
from alkyl groups, substituted alkyl groups, and aromatic groups

[0013] A sixth embodiment provides a method as in any of the first through fifth

embodiments, where the benzoxazole sulfenamide is selected from the group consisting of
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[0014] A seventh embodiment provides a method as in any of the first through sixth

embodiments, where the benzoxazole sulfenamide is defined by the formula

(H3C)sC,

[0015] An eighth embodiment provides a method as in any of the first through
seventh embodiments, where the method further comprises an activator.

[0016] A ninth embodiment provides a method as in any of the first through eighth
embodiments, where the activator is selected from zinc compounds, steric acid, or
combinations thereof.

[0017] A tenth embodiment provides a method as in any of the first through ninth
embodiments, where the method further comprises an amine.

[0018] A eleventh embodiment provides a method as in any of the first through tenth

embodiments, where the method further comprises a secondary accelerator.

4-
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[0019]
[0020] An twelfth embodiment provides a method of vulcanizing rubber comprising:
[0021] (1)preparing a cure system by mixing a rubber, a sulfur compound, an

activator, and a benzoxazole sulfenamide defined by the formula:

R1
\N _R?

[0022] where R1 and R2 are each individually selected from hydrogen atoms, alkyl
groups, substituted alkyl groups, and aromatic groups, or where R1 and R2 join to form an
alkane or substituted alkane group; and
[0023] (2) heating the cure system.
[0024] A thirteen embodiment provides a method as in the twelfth embodiment,

where the benzoxazole sulfenamide forms a complex with a zinc atom defined by the

formula

R2
R1\ N< '\{R1
~R2
Zn/ >
S/ \N
X \ X
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[0025] where each X is selected from an oxygen atom or a sulfur atom provided that
at least one X is an oxygen atom, each R1 and R2 are individually selected from hydrogen
atoms, alkyl groups, and subsitituted alkyl groups, or where an R1 and an R2 join to form

an alkane or substituted alkane group.

[0026] An fourteenth embodiment provides a benzoxazole sulfenamide complex
defined by the formula
R2 ’
R/ R
SN /
\ /N\Rz
AN
S N
X \ X
N
[0027] where each X is selected from an oxygen atom or a sulfur atom provided that

at least one X is an oxygen atom, each R1 and R2 are individually selected from hydrogen
atoms, alkyl groups, and subsitituted alkyl groups, or where an R1 and an R2 join to form
an alkane or substituted alkane group.

[0028] A fifteenth embodiment provides a method of preparing an asphalt and
polymer composition comprising mixing asphalt, a rubber, a sulfur compound, an

activator, and a bezoxazole sulfenamide defined by the formula:

R1
\N _R?
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[0029] where R1 and R2 are each individually selected from hydrogen atoms, alkyl
groups, substituted alkyl groups, and aromatic groups, or where R1 and R2 join to form an
alkane or substituted alkane group.

[0030] A sixteeth embodiment provides a method as in the fifteenth embodiment,
where the rubber is selected from polybutadiene, polyisoprene or polyisobutene rubber,
polychloroprene, polybutadiene, styrene-butadiene copolymers

[0031] A seventeenth embodiment provides a method as in the either the fifteenth or
sixteenth embodiment, where the bezoxazole sulfenamide is selected from the group

consisting of

[0032]
(H3C)sC, (H3C)sC
N/H \N/C(CHS)S
/ /
S S
" "
N N
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[0033] A cighteenth embodiment provides an asphalt and polymer composition
comprising an asphalt, a rubber, a sulfur compound, an activator, and a bezoxazole

sulfenamide defined by the formula:

[0034] where R1 and R2 are each individually selected from hydrogen atoms, alkyl
groups, substituted alkyl groups, and aromatic groups, or where R1 and R2 join to form an
alkane or substituted alkane group.

[0035] An nineteenth embodiment provides an asphalt cement comprising:

an aggregate and the asphalt and polymer compositionof the eighteenth embodiment.

BRIEF DESCRIPTION OF THE DRAWINGS

[0036] Figure 1 provides a "H NMR spectrum of benzoxazole derivatives 7, 8 and 9
in CDsOD.

[0037] Figure 2 provides a crystal structure of zinc complex 9.

[0038] Figure 3 provides a chart of the cure characteristic curves of compound 7 at
140°C. The sample composition is shown in Table 2. In the control experiment, only
natural rubber (NR) and sulfur are used.

[0039] Figure 4 provides a chart of the cure characteristic curves of 7 at different
temperatures.

[0040] Figure 5 provides a chart showing the effect of cure rate on rubber sample
(natural rubber: 100 Phr; sulfur: 2.4 Phr; compound 7 :0.6 Phr) in the presence of different

activators at 140°C.
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[0041] Figure 6A provides the CPMAS “C NMR of cured rubber by using
benzoxazole 7 as the vulcanization accelerator (cure time: 90min). The inset shows the
enlarged region for 35-70 ppm.

[0042] Figure 6B provides the CPMAS "*C NMR of cured rubber by using TBBS as
thevulcanization accelerator (cure time: 90min). The inset shows the enlarged region for
35-70 ppm.

[0043] Figure 6C provides the reference for assigning the chemical shifts of natural
rubber for figures 6A and 6B.

[0044] Figure 7A provides a chart of the effect of zinc compound 8 on the cure rate of
rubber compound (100 NR + 2.4 sulfur) at 140°C.

[0045] Figure 7B provides a chart of the effect of zinc compound 9 on the cure rate of
rubber compound (100 NR + 2.4 sulfur) at 140°C.

[0046] Figure 8 provides a chart showing the comparison of cure characteristic curves
by using different accelerators at 140°C (using the rubber composition in the Table 2).
The inset shows the structure of diphenylguanidine (DPG). The amount of amine

(diphenylguanidine, DPG) used was 0.4 Phr.

DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

[0047] Embodiments include the use of benzoxazole sulfenamide as accelerators for
sulfur vulcanization.  Advantageously, it has been found that when benzoxazole
sulfenamide is used an accelerator, a volcanized polymer may be prepared with little to no
reversion. In comparison with the current commercial benzothiazolesulfenamide (TBBS),
benzoxazole sulfenamide revealed similar “scorch time,” a desirable “delayed
vulcanization.” A chart of torque vs. time for benzoxazole sulfenamide cure rubber
exhibits a long plateau, indicating the less danger of over-vulcanization. Benzoxazole
sulfenamide may also be used in asphalt and polymer compositions.

[0048] Vulcanization is a chemical process that converts a soft and tacky rubber into
a harder and more durable material. Methods of vulcanizing rubber are detailed in
“Rubber Compounding: Chemistry and Applications; Taylor & Francis, 2004, which is
incorporated by reference. The components used to vulcanize rubber, including the rubber
itself, may be referred to as a cure system. In one or more embodiments, the cure system
may include a rubber, a sulfur compound, and a benzoxazole sulfenamide accelerator. In
these or other embodiments, the cure system may optionally have other components such

as activators, retarders, and secondary accelerators.

-10-
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[0049] The vulcanized rubber may be prepared by mixing the ingredients of the cure
system and then heating the cure system. In one or more embodiments, the sulfur
compound and the benzoxazole sulfonamide accelerator are the final components cure
system to be add. For example, a cure system may be prepared by mixing rubber for 1 to
5 minutes, adding an activator under continued mixing for 1 to 5 minutes, and then finally
added the sulfur compound and the benzoxazole sulfonamide accelerator. In one or more
embodiments, about 130 to about 160 °C for about 80 to 150 min.

[0050] Rubbers suitable for vulcanization with a benzoxazole sulfenamide accelerator
include those rubbers with unsaturated carbon-carbon bonds. Suitable rubbers include
natural rubber or synthetic rubbers. Examples of synthetic rubbers include, but are not
limited to, polybutadiene rubbers (BR), polystyrene-butadiene rubbers (SBR),
polyisoprene, isoprene rubbers (IR) and polychloroprene.

[0051] Benzoxazole sulfenamide accelerators include those compounds that include a
benzoxazole group connected through a sulfur atom to an amine group. Those skilled in

the art will understand that a benzoxazole may be defined by the formula:

)

Those skilled in the art will also understand that an amine may be defined by the formula

where R1 and R2 are cach individually selected from hydrogen atoms, alkyl groups,

substituted alkyl groups, and aromatic groups, or where R1 and R2 join to form an alkane
or substituted alkane group.

[0052] In one or more embodiments, alkyl groups may include linear or branched
hydrocarbons with a carbon chain length of 1 to 6 carbons. Specific examples of alkyl
groups include, but are not limited to, methyl, ethyl, propyl, isopropyl, isobutyl, tert-butyl,
n-butyl, sec-butyl, isopentyl, tertpentyl, n-pentyl, sec-pentyl, tert-hexyl, n-hexyl, isohexyl,

and sec-hexyl.

-11-
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[0053] Substituted alkyl groups include groups where a hydrogen atom has been
replaced with a substituent. Suitable substituents include a halogen atom (e.g. F, Cl, Br), a

hydroxyl group, an alkoxy group, or an amino group.

[0054] In one or more embodiments, the benzoxazole sulfenamide accelerator may be
defined by the formula:
R1
\N _R?
/
S
0]

where R1 and R2 are each individually selected from hydrogen atoms, alkyl groups,

substituted alkyl groups, and aromatic groups, or where R1 and R2 join to form an alkane

or substituted alkane group.

[0055] In one or more embodiments, the amine may be a tertiary amine, and both R!
and R2 are cach individually selected from alkyl groups, substituted alkyl groups, and
aromatic groups, or where Rl and R2 join to form an alkane or substituted alkane group.

In other embodiments, the amine may be a secondary amine, and one of Rl or R2 may be
a hydrogen atom and the other may be selected from alkyl groups, substituted alkyl
groups, and aromatic groups.

[0056] Specific examples of benzoxazole sulfenamide accelerator may be defined by

the follow formulas

-12-
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[0057] The amount of the benzoxazole sulfenamide accelerator used to cure rubber

may be stated in Phr (parts per hundred parts rubber). In one or more embodiments, the
cure system may include at least 0.1, in other embodiments at least 0.3, and in still other
embodiments at least 0.5 Phr of a benzoxazole sulfenamide accelerator. In these other
embodiments, the cure system may include at most 10, in other embodiments at most 7,
and in still other embodiments at most 5 Phr of a benzoxazole sulfenamide accelerator. In
these other embodiments, the cure system may include at about 0.1 to 10, in other
embodiments about 0.3 to 7, and in still other embodiments about 0.5 to 5 Phr of a

benzoxazole sulfonamide accelerator.

-14-
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[0058] Sulfur compounds may be used to crosslink active sites, typically unsaturated
carbon-carbon bonds in on the rubber. Sulfur compounds suitable for vulcanization with a
benzoxazole sulfonamide accelerator include elemental sulfur, an allotrope of sulfur, a
sulfur donor, or a combination thereof. Examples of sulfur donors include, but are not
limited to, tetramethylthiuram  disulfide, tetracthylthiuram  disulfide, and
dithiodimorpholine. The amount of the sulfur compound used to cure rubber may be
stated in Phr. In one or more embodiments, the cure system may include at least 0.1 , in
other embodiments at least(.3, and in still other embodiments at least 0.5 Phr of a sulfur
compound. In these other embodiments, the cure system may include at most 40, in other
embodiments at most 20, and in still other embodiments at most 10 Phr of a sulfur
compound. In these other embodiments, the cure system may include at about 0.1 to about
10, in other embodiments about (.5 to about 7, and in still other embodiments about 1 to
about 5 Phr of a sulfur compound.

[0059] An activator may be used to improve acceleration and allow the cure system to
reach its full crosslinking potential.  Activators suitable for vulcanization with a
benzoxazole sulfonamide accelerator include zinc compounds, steric acid, or combinations
thereof. Examples zinc compounds include, but are not limited to, zinc oxide (ZnO) and
Zn-soap. The amount of activator used to cure rubber may be stated in Phr. In one or more
embodiments, the cure system may include at least 0.1, in other embodiments at least 0.5,
and in still other embodiments at least 1 Phr of an activator. In these other embodiments,
the cure system may include at most 20, in other embodiments at most 10, and in still
other embodiments at most 6 Phr of an activator. In these other embodiments, the cure
system may include at about 0.1 to about 20, in other embodiments about 0.5 to about 10,
and in still other embodiments about 1 to about 6 Phr of an activator.

[0060] A retarder may be used to reduce the tendency of a rubber compound to
vulcanize prematurcly by increasing scorch delay. Retarders suitable for vulcanization
with a benzoxazole sulfenamide accelerator include N-(cyclohexylthio) phthalimide and
stearic acid. The amount of activator used to cure rubber may be stated in Phr. In one or
more embodiments, the cure system may include at least 0.01, in other embodiments at
least0.05, and in still other embodiments at least 0.1 Phr of a retarder. In these other
embodiments, the cure system may include at most 5, in other embodiments at most 3, and
in still other embodiments at most 2 Phr of a retarder. In these other embodiments, the
cure system may include at about 0.01 to about 5, in other embodiments about 0.05 to

about 3, and in still other embodiments about 0.1 to about 2 Phr of a retarder.

-15-
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[0061] As noted above, the cure system may optionally include a secondary
accelerator in addition to the benzoxazole sulfenamide accelerator. A secondary
accelerator may be used to control vulcanization speed. Examples of suitable secondary
accelerators include N-cyclohexyl-2-benzothiazolesulfenamide, N-
(cyclohexylthio)phthalimide, N,N’-dibutylthiourea,N,N-dicyclohexyl-2-
benzothiazolesulfenamide N,N’-Diethythiourea, di-o-tolylguanidine, diphenylguanidine,
dipentamethylencthiuram  hexasulfide, dithiodimorpholine, ecthylenethioureca, 2-
(morpholinothio)benzothiazolesulfenamide,  2-mercaptobenzothiazole, = benzothiazyl
disulfide, N-nitrosodiphenylamine, polyethylene glycol, N-t-Butyl-2-
benzothiazolesulfenamide, tellurium diethyldithiocarbamate, tetracthylthiuram disulfide,
polymerized  2,2,4-trimethyl-1,2-dihydroquinoline, tetramethylthiuram  disulfide,
tetramethylthiuram monosulfide, trimethylthiourea, zinc dibutyldithiocarbamate, zinc o-di-
n-butylphosphorodithioate, zinc diethyldithiocarbamate, zinc dimethyldithiocarbamate,
zinc salt of 2-mercaptobenzothiazole, N-1,3-dimethylbutyl-N-phenyl-p-phenylenediamine,
Bis(diethyl thiophosphoryl) trisulfide, and bis(diisopropylthiophosphoryl) disulfide.

[0062] The amount of the secondary accelerator used to cure rubber may be stated in
Phr. In one or more embodiments, the cure system may include at least 0.1, in other
embodiments at least0.5, and in still other embodiments at least 1.0 Phr of a secondary
accelerator. In these other embodiments, the cure system may include at most 10, in other
embodiments at most 6, and in still other embodiments at most 4 Phr of a secondary
accelerator. In these other embodiments, the cure system may include at about 0.1 to 8, in
other embodiments about 0.5 to 6, and in still other embodiments about 1 to 4 Phr of a
secondary accelerator.

[0063] The amount of the secondary accelerator used to cure rubber may also be
stated in as a ratio between the benzoxazole sulfonamide accelerator and the secondary
accelerator. In one or more embodiments, the cure system may include a ratio of
benzoxazole sulfenamide accelerator to secondary accelerator of about 1 to 50, in other
embodiments about 5 to 25, and in still other embodiments about 10 to 15.

[0064] In one or more embodiments, an amine compound may be included in the cure
system. It has been found that when a cure system includes a benzoxazole sulfenamide
accelerator and an amine show increased accelerator activity. Examples of suitable amine
compounds include diphenylquanidine, butyraldehydeanine, hexamethylenetetramine,
di(B-naphthyl)-p-phenyldiamine, a dialkylamine such as dibutyl amine or

cyclohexylethylamine, trimethylthiourea, 1,3-dibutylthiourea.

-16-
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[0065] The amount of the amine used to cure rubber may be stated in Phr. In one or
more embodiments, the cure system may include at least 0.1, in other embodiments at
least0.2, and in still other embodiments at least 0.4 Phr of an amine. In these other
embodiments, the cure system may include at most 10, in other embodiments at most &,
and in still other embodiments at most 5 Phr of an amine. In these other embodiments, the
cure system may include at about 0.1 to &, in other embodiments about 0.2 to 5, and in still
other embodiments about 0.5 to 3 Phr of an amine.

[0066] Advantageously, it has been found that when a benzoxazole sulfonamide
accelerator is used in a cure system the vulcanized rubber shows little or no reversion. In
one or more embodiments, the vulcanized rubber systems show a non-appreciable amount
of reversion. The amount of reversion may be determined using a rheometer. In one or
more embodiments, the amount of reversion may be less than 10%, in other embodiments,
less than 5%, and in still other embodiments less than 2%.

[0067] In one or more embodiments, where a zinc compound is used as an activator,
the benzoxazole sulfenamide accelerator may form a complex with a zinc atom defined by

the formula

R2
RS N / 1
\ /N\Rz
Zn >
S/ \N
X \ X
N

where each X is selected from an oxygen atom or a sulfur atom provided that at least one
X is an oxygen atom, each Rl and R2 are individually selected from hydrogen atoms,

alkyl groups, and subsitituted alkyl groups, or where an Rl and an R2 join to form an
alkane or substituted alkane group. In embodiments, where one of the X is an oxygen

atom, the complex is typically prepared from a cure system that includes a zinc compound

-17-
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activator, a zinc compound, and a secondary accelerator that includes a benzothiazole
group.

[0068] As noted above the benzoxazole sulfenamide may be used in asphalt and
polymer compositions. In one or more embodiments, an asphalt and polymer composition
comprises an asphalt, a rubber, a sulfur compound, an activator, and a bezoxazole
sulfonamide.

[0069] The benzoxazole sulfenamide compounds useful in asphalt and polymer
compositions may be described as above. In one or more embodiments, the asphalt and

polymer composition may include a bezoxazole sulfonamide defined by the formula:

R1
\N _R?

where R! and R2 are each individually selected from hydrogen atoms, alkyl groups, and
substituted alkyl groups, or where R! and R2 join to form an alkane or substituted alkane
group.

[0070] Specific examples of benzoxazole sulfonamides for use in asphalt and polymer

composition may be defended by the follow formulas

(H3C)sC, (H3C)sC
\N/H \N/C(CHs)s
/ /
S S
" "
N N
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[0071] The amount of the benzoxazole sulfenamide for use in an asphalt and polymer
composition may be stated in percent weight of the total asphalt and polymer composition.
In one or more embodiments, the asphalt and polymer composition may include at least
0.01%, in other embodiments at least 0.02 %, and in still other embodiments at least
0.05% benzoxazole sulfenamide. In these other embodiments, the asphalt and polymer
composition may include at most 0.1 %, in other embodiments at most 1%, and in still
other embodiments at most 4 % benzoxazole sulfenamide. In these other embodiments, the
asphalt and polymer composition may include at about 0.01 % to about 4 %, in other
embodiments about 0.02 % to 1 %, and in still other embodiments about 0.05 % to 0.1 %
benzoxazole sulfonamide.

[0072] Asphalt, which may also be referred to as bitumen, is a viscous liquid or semi-
solid form of petroleum. The amount of the asphalt for use in an asphalt and polymer
composition may be stated in percent weight of the total asphalt and polymer composition.
The combined weight of asphalt and rubber polymer may be considered as 100%. In one
or more embodiments, the asphalt and polymer composition may include at least 85%, in
other embodiments at least 90 %, and in still other embodiments at least 95% asphalt. In
these other embodiments, the asphalt and polymer composition may include at most 96 %,
in other embodiments at most 98%, and in still other embodiments at most 99 % asphalt.
In these other embodiments, the asphalt and polymer composition may include at about 85
% to about 99 %, in other embodiments about 90 % to about 99 %, and in still other
embodiments about 95 % to about 98 % asphalt.

[0073] Rubbers suitable for use in an asphalt and polymer composition include, but
are not limited to, polybutadiene, polyisoprene or polyisobutene rubber, polychloroprene,
polybutadiene, styrene-butadiene copolymers. The amount of the rubber for use in an
asphalt and polymer composition may be stated in percent weight of the total asphalt and
polymer composition. In one or more embodiments, the asphalt and polymer composition
may include at least 1%, in other embodiments at least2 %, and in still other embodiments
at least 3% rubber. In these other embodiments, the asphalt and polymer composition may
include at most 6 %, in other embodiments at most 8%, and in still other embodiments at
most 10 % rubber. In these other embodiments, the asphalt and polymer composition may
include at about 1 % to about 10 %, in other embodiments about 2 % to about 8 %, and in
still other embodiments about 3 % to about 6 % rubber.

[0074] Activators suitable for use in an asphalt and polymer composition include, but

are not limited to, zinc compounds, steric acid, or combinations thereof. Examples zinc
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compounds include, but are not limited to, zinc oxide (ZnO) and Zn-soap. The amount of
the activator for use in an asphalt and polymer composition may be stated in percent
weight of the total asphalt and polymer composition. In one or more embodiments, the
asphalt and polymer composition may include at least 0.01%, in other embodiments at
least0.03 %, and in still other embodiments at least 0.05% activator. In these other
embodiments, the asphalt and polymer composition may include at most 0.1 %, in other
embodiments at most 0.5%, and in still other embodiments at most 1 % activator. In these
other embodiments, the asphalt and polymer composition may include at about 0.01 % to
about 0.1 %, in other embodiments about 0.03 % to about 0.5 %, and in still other
embodiments about 0.05 % to about 0.1 % activator.

[0075] Suitable sulfur for use in an asphalt and polymer composition include, but are
not limited to, elemental sulfur, an allotrope of sulfur, a sulfur donor, or a combination
thereof. Examples of sulfur donors include, but are not limited to, tetramethylthiuram
disulfide, tetracthylthiuram disulfide, and dithiodimorpholine. The amount of the sulfur
compounds for use in an asphalt and polymer composition may be stated in percent weight
of the total asphalt and polymer composition. In one or more embodiments, the asphalt
and polymer composition may include at least 0.05%, in other embodiments at least0.07
%, and in still other embodiments at least 0.10% sulfur compound. In these other
embodiments, the asphalt and polymer composition may include at most 0.2 %, in other
embodiments at most 0.5%, and in still other embodiments at most 1 % sulfur compound.
In these other embodiments, the asphalt and polymer composition may include at about
0.05 % to about 1 %, in other embodiments about 0.07 % to about 0.5 %, and in still other
embodiments about 0.10 % to about 0.2 % sulfur compound.

[0076] Methods of preparing an asphalt and polymer compositions are discussed in
various patents such as U.S. Pat. No. 4,145,322 (Maldonado); U.S. Pat. No. 5,371,121
(Bellomy); and U.S. Pat. No. 5,382,612 (Chaverot), all of which are hereby incorporated
by reference. In one or more embodiments, the asphalt and the rubber may be combined at
a temperature of between 130° and 230° C, and mixed for 1 to 10 hours. The rubber and
asphalt may be aged or the sulfur compound, activator, and bezoxazole sulfonamide may
be added immediately after mixing. After the addition of the sulfur compound, activator,
and bezoxazole sulfonamide the composition may be mixed or agitated for 20 minutes to
10 hours.

[0077] In one or more embodiments, an aggregate may be added to the asphalt and

polymer composition. An aggregate is generally rock, and it may be used with an asphalt
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and polymer composition for paving a road. Compositions of that include asphalt and
polymer compositions along with aggregate may be referred to as asphalt cement.
Suitable aggregates include but are not limited to, granite, basalt, and limestone. The
amount of the aggregate for use with an asphalt and polymer composition may be stated in
percent weight of the total asphalt, polymer, and aggregate composition.

[0078] While particular embodiments of the invention have been disclosed in detail
herein, it should be appreciated that the invention is not limited thereto or thereby
inasmuch as variations on the invention herein will be readily appreciated by those of
ordinary skill in the art. The scope of the invention shall be appreciated from the claims

that follow.

EXAMPLES

[0079] Materials. Natural rubber (SMR CV60) was purchased from Akrochem.
sulfur (Harwich), zinc oxide (Akrochem), stearic acid (Harwick), TBBS (Flexsys
America), 2-mercaptobenzoxazole (Fisher), zinc acetate dihydrate (Fisher), fert-
butylamine (Aldrich) were used as received.

[0080] Synthesis of N-tert-2-butyl-benzoxazole sulfenamide (7). 2-
Mercaptobenzoxazole (2.5 g, 0.0165 mol) and sodium hydroxide (1.3 g, 0.0325 mol) were
dissolved in 70 ml of water, and then 27 ml of an aqueous solution containing 18 ml
(0.169 mol) of tert-butylamine was added. To this solution at room temperature, 55 ml of
water containing 8.4 g (0.033 mol) of iodine and 4.6 g of potassium iodide was added drop
by drop with stirring until constant brown color developed. The precipitate was filtered
off, washed with water and dried in a vacuum oven for overnight (90%). The compound
had mp 55-56°C. While the '"H NMR of 7 in CD;OD (Figure 1) gave the signals at 7.51
(m, 2H,), 7.28 (m, 2H,), and 1.18 (s, 9H), the "H NMR of 7 in CDCls (300 MHz) revealed
more details: 7.62 (d, 1H, J=6.2 Hz), 7.61 (d, 1H, J=7.0 Hz), 7.28 (t, 1H, J=6.2 Hz), 7.24
(t, 1H, J=7.0 Hz), 3.11 (s, 1H, -NH-), 1.24 (s, 9H). "*C NMR (CDCl;, 300 MHz) & 168.5,
151.4,141.8, 123.9, 123.5, 118.5, 109.6, 55.1, 28.7.

[0081] Synthesis of zinc bis(benzoxazole-2-thiolate) (8). 2-Mercaptobenzoxazole
(1.51 g, 10 mmol) and potassium hydroxide (0.56 g, 10 mmol) were added to 35 ml of
cthanol. The mixture was heated until it became homogencous. To this solution, an
cthanol solution (40 ml) of zinc acetate dihydrate (1.09 g, 4.97 mmol) was added. The

mixture was allowed to cool, and the precipitate was filtered off, washed with ethanol, and
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dried in a vacuum oven for overnight (71%). "H NMR of 8 (in CD:0D, 300 MHz): 7.41
(d, 2H, J=7.2 Hz), 7.22 (t, 4H, J=7.2 Hz), 7.10 (d, 2H, J=7.2 Hz).
[0082] Synthesis of tert-butylamine complex of zinc benzoxazole-2-thiolate (9).
Zinc bis(benzoxazole-2-thiolate) (1.0 g, 2.73 mmol) and zert-butylamine (4 ml, 38 mmol )
was added to 40 ml of acetone. The mixture was stirred until it became homogeneous. The
yellow solution was then evaporated in vacuum. The complex was partially dissociated
during crystallization,

(Ar-8),Zn(NH,-But), === (Ar-S),Zn(NH,-Bu') + NH,-Bu'

and a small amount of amine (~2%) could be added to suppress the dissociation. The
crude solid product was recrystallized from a mixture of methylene dichloride and hexanes
(1:4 ratio by volume) which contains 2% amine, giving white crystalline (plate-like)
(0.75g, 61%). The acetone/hexanes (1:4 ratio) could also be used for recrystallization. 'H
NMR of 9 (in CD;0D, 300 MHz): 1.20 (s, 18H), 7.0-7.2 (br, 4H), 7.23-7.43 (br, 4H).
[0083] Compounding. Natural rubber masterbatch was made by masticating natural
rubber (SMR CV60) in a Brabender internal mixer (speed: 50 rpm; temperature 55°C;
loading chute: manual + 5kg). If applicable, zinc oxide and/or stearic acid were also mixed
with rubber in the mastication process. Natural rubber was mixed for 1.3 min, and the
mixture was mixed for additional 2 min after addition of zinc oxide/stearic acid. Sulfur
and/or accelerators were then mixed with the masterbatch on a two roll mill (roll speed:
front 12 rpm, rear 10 rpm; temperature: 120°C).
[0084] Cure characterization. Vulcanization kinctics were determined from
rheometer curves using an Alpha Moving Die Rheometer (MDR) 2000 at 140°C.

Parameters of cure curves are shown in Table 1:

Table 1. Cure parameters of different accelerators at 140°C

Maximum Torque C ¢
Cure system Torque increment ts2 (min)* | t90 (min)b . 121re cra ¢
(dNm) (AM=M0s-Myi) naex
S only 1.2 0.33 -- -- --
MBO,’ ZnO 2.0 1.63 -- -- --
TBBS, ZnO 7.3 6.72 21.4 32.6 8.9
7, ZnO 4.1 3.65 37.3 60.6 4.3
7, Stearic acid 1.0 0.68 -- -- --
7, Zn0, Stearic | 4 g 3.67 263 56.7 33
acid
Zinc salt 8 0.8 0.28 -- -- --
Zinc salt, ZnO, 5 1.68 _ _ N
Stearic acid

03




WO 2014/186571 PCT/US2014/038191

Zinc complex 9 | 1.3 0.75 -- - -
Zinc complex 9, | 5 ¢ 3.54 17.8 36.7 5.3
Zn0O

Zinc complex 9, 0.9 0.57 __ 3 3
Stearic acid )

Zinc complex 9, 4.03

Zn0, Stearic | 4.3 18.4 45.4 3.7
acid

%ts2: time when cure curve reaches 2 torque units increase above minimum torque (scorch
time).

°t90: time when cure curve reaches 90 percent of full cure. t90 is generally the time when
most physical properties of a vulcanizate reach optimal results.

“Cure rate index: 100 / (190 - ts2).

IMBO: 2-Mercaptobenzoxazole.

[0085] Synthesis of Benzoxazole-2-Sulfenamides and Related Zinc Complexes.
The desirable benzoxazole-2-sulfenamide 7 was synthesized from benzoxazole-2-thiol 2
and zert-butyl amine in high yield, by using a literature procedure for a similar compound.
The 'H NMR spectrum of 7 detected four aromatic protons in anticipated two doublet and
two triplet (Figure 1), confirming its structure. Bis(benzoxazole-2-ylthio)zinc 8 was also

prepared from 2 by reaction with base followed by treatment with zinc acetate Zn(OAc),.

Ha

HZN—C(-CH3)3 L H

o)
- ,C=S—NH-C(CHa)s
~90% Hy N

H.. 7
a t-C4H9 C4H9't

O‘c S-H N NH
N/, - H2N Zn 2
P d
2

1. KOH
2. Zn(OAc),
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Scheme 3. Synthesis of benzoxazole derivatives 7-9.

[0086] The amine complex was conveniently prepared by reaction of 8 with ters-
butylamine to give crystalline product. The synthesis of the amine complexes 9 appeared
to be simpler than its zinc benzothiazole-2-thiolate (6), where the corresponding zinc
complex of #-butylamine was prepared by substitution from the ammonium complex of
zinc benzothiazole-2-thiolate (Ar—-S—Zn(NH3)—S—Ar — Ar-S—Zn(NH,-Bu),—S—Ar."
During recrystallization, the amine complex 9 was found to partially dissociate, similarly
as observed from its thiazole analogue 6. A small amount of fert-butylamine (~2%) could
be used to suppress the dissociation. Crystal structure analysis showed that the resulting
crystals had the structure 9 (Figure 2), not 10. Interestingly, two benzoxazole-2-thiolates
in 9 adopted different structures, with one in the thio form, while the other in the isomeric
thio-keto form. The tetra-coordinated zinc adopts a tetrahedral geometry, with bonding
length 2.013 A for Zn(1)-N(2), 2.059 A for Zn(1)-N(4), and 2.283 A for Zn(1)-S(1).

[0087] Rubber curing study. In order to characterize vulcanization characteristics,
Moving Disk Rheometer (MDR) was used to measure the cure curves of natural rubber in
the presence of benzoxazole accelerators. As shown in Figure 3, the addition of
sulfenamide 7 significantly increased the curing rate of the NR/sulphur mixture, revealing
its accelerator activity. It should be pointed out that the sulfenamide 7 is structurally
similar to the commercial accelerator TBBS (4b where —NRR’= —NH(t-Bu)) , which is
widely used in the tire manufacture for rubber curing. In comparison with TBBS, the
curing curve of 7 exhibited nearly the same “scorch delay”, a valuable feature to prevent
pre-vulcanization. Although the vulcanization activity of 7 was lower than that of TBBS,
the curing curve of 7 did not reveal “a reversion” (a decrease in modulus after reaching a
maximum), in sharp contrast to TBBS and mercaptobenzoxazole 2. The study also
pointed to that the reactivity of benzoxazolesulfenamide 4b was only moderately lower
than benzothiazolesulfenamide 3b, in sharp contrast to the thiol compounds where the
accelerator activity of 2 is dramatically lower than 1. Interestingly, when using the
mixture of TBBS and 7 (1:1 ratio), the curing curve showed quite different characteristics,
revealing an earlier start of vulcanization with similar curing rate as TBBS. The result
pointed to the existence of the synergistic effect between TBBS and 7. The increasing
curing activity of 7, in the presence of TBBS, also suggests that the accelerator activity of
7 could be further improved. The cure behavior of 7, in the sample of “rubber + ZnO +

sulfur,” was also examined at different temperatures (Figure 4). As expected, the cure
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onset occurred at an earlier time when the temperature was raised. The cure density,
which is proportional to the torque force, appeared to be increased when temperature was
decreasing from 160°C to 140°C. In summary, benzoxazole-2-sulfenamide compound
exhibited significant accelerator activity for rubber curing, and further improvement of its

activity could lead to a new class of vulcanization accelerators.

Table 2. Composition of a typical rubber vulcanizate

Ingredient Phr (parts per hundred
parts rubber)

Natural Rubber (NR) | 100

Zinc oxide 5.0
Sulfur 2.4
Accelerator 0.6

(TBBS, 7,801 9)
Stearic acid (if added) | 2
DPG (if added) 0.4

[0088] The effect of different activators on the cure rate was further examined (Figure
5). As anticipated, zinc oxide is the most effective activator for vulcanization, when the
sample has a composition shown in Table 2. When stearic acid (2 Phr) was added to the
sample, the accelerator activity of 7 appeared to be decreased overall to repeatedly give
less crosslinking formation. The presence of stearic acid, however, increased the rate in
the early reaction (before 20 min, during the delay period), which is similarly observed in
the rubber system using thiazole analogue 3b.

[0089] The test samples for Figure 3 were consisting of natural rubber, zinc oxide,
sulfur and accelerator (see Table 2). Other carbon-containing ingredients (e.g. carbon
black, oil, stearic acid, and anti-degradent) were not used in order to simplify the task for
structural characterization of the resulting rubber after curing. During the curing process,
an important question is the chain structure of the curing rubber, which determines the
physical property of the final rubber product. *C NMR was thus acquired from the cured
samples by using benzoxazole 7 as vulcanization accelerator. The major signals were
detected at 134.7, 125.2, 31.9, 26.1, 23.0 ppm, attributing to the polymer backbone. The
inset in Figure 5 shows the minor signals arising from the crossing-linking reaction. In

both cured samples, the characteristic signal at ~56.8 ppm is detected as minor signal,
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indicating that the vulcanization is occurring at the indicated position in 11. Two minor
signals at 39.7 and 44.4 ppm were also detected, which indicates the presence of the
structure 12 with mono sulfur bridge.

[0090] Possible vulcanization mechanism. Since the cured rubber by using 7 had
the similar chemical structure as that by using TBBS accelerator, we assume that the
curing process followed the same vulcanization mechanism. In order to shed light on the
curing mechanism, one important step is to identify the active sulfurating species. In
analogy to the process proposed for benzothiazole sulfenamide 3, the possible route to the
active sulfurating species for benzoxazole sulfonamide 4 is shown in Scheme 4. In the
presence of ZnQO, the sulfur-nitrogen bond in 7 is assumed to be cleaved under thermal
conditions, forming zinc compound 8 and releasing amine. The chemical process of 758
might be similar as its thiazol analogue (3 — 5). One step toward understanding the

vulcanization process is to examine the cure activity of 8 and 9.

R-NH, ! 7ZnO : ‘ ! n }
Ar-$=Zn—S—Ar —— Ar-S-Zn—NAr — = ACS—Zn—L t ArNTZnTL < AYZSH AR
NH,R L A
TZnO 9 ¢ 15 Y Ar-$2-NHR
A Y 7
Ar-S=-NHR ; .
7 R = £-Bu) ; Sg S amine 'S'S6'S'l

Little improvement

o O:N\ : in vulcanization NH,R NH,R
O H i
1

Ar-8-8,—Zn-L + ArN-8,=Zn-L

L

/
CL>-
ArN = S
O 16 17

Scheme 4. Possible routes to the formation of the active sulfurating agents in the rubber

[Cm———

system.

[0091] In order to confirm the assumption, the corresponding zinc compounds 8 and 9
were thus used to compare their rubber cure behavior. When being used with natural
rubber and sulfur, zinc compound 8 exhibited nearly no observable vulcanization activity
(Figure 7a). Addition of ZnO or “ZnO and stearic acid” showed only little improvement.
The small vulcanization activity might be attributed to “zinc oxide and stearic acid,”

which are known to have minor vulcanization activity. When the zinc complex 9 was
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used alone, little accelerator activity was observed (Figure 7b). In sharp contrast to 8,
addition of zinc oxide to 9 drastically increased the accelerator activity in vulcanization.
In addition, the onset of curing by using 9 occurred earlier than that by using either 7 or 8
(Figures 3 & 7), indicating that 9 can be converted to an active species more readily in the
vulcanization process.

[0092] Comparison of cure curves (Figures 2 & 6b) showed that the benzoxazole-
based sulfenamide 7 (a specific member of 4b) appeared to exhibit “no reversion” at
140°C (i.e. the system holds the torque level (or crosslinking density) after reaching the
vulcanization optimum), revealing some advantage over the benzothiazole-based 3b (e.g.
TBBS when R=¢-Bu). The trend was further verified by examining the cure characteristics
on an extended time scale (from 90 min to 150 min, Figure 8). The impact of benzoxazole
on reversion in sulfenamide (3b versus 4b) appears to be opposite to that observed in the
thiols (1 vs 2), as the vulcanization using 2 is reported to exhibit more significant
reversion than 1. While sulfenamide 7 exhibited lower accelerator activity than TBBS, its
accelerator activity could be increased by addition of a small amount of amine
(diphenyguanidine (DPG), 0.4 Phr) (see curve “7+amine+ZnO” in Figure 8).
Interestingly, the addition of DPG dramatically increased the curing activity of zinc
compound 8 (Figure &), while the compound 8 exhibited nearly no accelerator activity
(Figure 7a). The result suggests that the accelerator activity of benzoxazole-based
sulfenamide could be significantly increased if it is coupled with a suitable amine.

[0093] The experimental evidences shed some light on the vulcanization process.
Since the amine complex 9 alone did not exhibit noticeable accelerator activity (Figure
7b), the real sulfurating species must be associated with other chemical species. The
required addition of ZnO to 9 led us to assume the possible formation of 14 and 15 where
each zinc is attached to only one benzoxazole ligand. The assumption is consistent with
the literature report that direct reaction of ligand 2 with zinc sulfate can give the
complexes with a 1:1 metal-to-ligand molar ratio, on the basis of elemental analysis and
vibrational spectral analysis. The proposed 14 and 15 had only one amine ligand, which is
consistent with the observation that the amine ligand on 9 tends to dissociate during the
recrystallization process.

[0094] The crystal structure of amine complex 9 reveals that the benzoxazole-2-
thiolate ligand is attached to Zn(II) in two different isomeric forms (i.e. thio- or thioketo-
forms, see Figure 2). The complex 9 is ruled out to be an effective active sulfurating

species, since the additional ZnO is required for the complex 9 to exhibit the accelerator
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function. In conjunction with other evidences, the zinc complexes 14 and/or 15 are
proposed to be potential sulfurating species in the rubber system (Scheme 4). It should be
noted that 14 and 15 could be formed directly from “7 + ZnQO,” without necessarily going
through the zinc compounds 8 and 9. For benzothiazole sulfenamide 3b, the proposed
mechanism removes the concern that the amine complex 6 is synthesized by reaction of
the ammonium complex Se(NHs), with an amine (not 5 with amine). It should also be
noted that the zinc complexes 9 and 15 includes the -N—-C=S fragment, which is common
in the fast curing dithiocarbamates accelerator such as zinc dimethyldithiocarbamate

(MezN—C(:S)—S)zzl’l.
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CLAIMS
What is claimed is:

1. A method of vulcanizing rubber comprising:
heating a rubber in the presence of sulfur compound and a benzoxazole

sulfenamide defined by the formula:

where R1 and R2 are each individually selected from hydrogen atoms, alkyl groups,

substituted alkyl groups, and aromatic groups, or where R1 and R2 join to form an alkane

or substituted alkane group.

2. The method of claim 1, where the rubber is selected from the group consisting of
natural rubber, polybutadiene rubbers (BR), styrene-butadiene rubbers (SBR),

polyisoprene, isoprene rubbers (IR) and polychloroprene.

3. The method of claim 1, where the sulfur compound is elemental sulfur, an

allotrope of sulfur, a sulfur donor, or a combination thereof.
4, The method of claim 1, where the sulfur donor is selected from the group

consisting of tetramethylthiuram disulfide, tetraethylthiuram disulfide, and

dithiodimorpholine.
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5. The method of claim 1, where one of Rl or R2 is a hydrogen atom and the other

may be selected from alkyl groups, substituted alkyl groups, and aromatic groups

6. The method of claim 1, where the benzoxazole sulfenamide is selected from the

group consisting of

(H3C)3C (H3C)sC
N’H \N/C(CHs)s
/ /
S S
/ { / {
N N
(@]
(H3C),HC,
N/CH(CHs)z
N
/

S

B B
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& &

O
CHj,
HN N
4 4
B M
N N
,and
7. The method of claim 6, where the benzoxazole sulfenamide is defined by the

formula
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(H3C)sC

N\ H
/
S
M
N
8. The method of claim 1, where the method further comprises an activator.
9. The method of claim 1, where the activator is selected from zinc compounds, steric

acid, or combinations thercof.

10. The method of claim 1, where the method further comprises an amine.

11. The method of claim 1, where the method further comprises a secondary
accelerator
12. A method of vulcanizing rubber comprising:

(1) preparing a cure system by mixing a rubber, a sulfur compound, an activator,

and a benzoxazole sulfenamide defined by the formula:

R1
\N _R?
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where R1 and R2 are each individually selected from hydrogen atoms, alkyl groups,

substituted alkyl groups, and aromatic groups, or where R1 and R2 join to form an alkane
or substituted alkane group;

(2) heating the cure system.

13. The method of claim 12, where the benzoxazole sulfenamide forms a complex with

a zinc atom defined by the formula

{1
/\Z< '/
S N
X X
\N

where each X is selected from an oxygen atom or a sulfur atom provided that at least one
X is an oxygen atom, each Rl and R2 are individually selected from hydrogen atoms,

alkyl groups, and subsitituted alkyl groups, or where an Rl and an R2 join to form an

alkane or substituted alkane group.

14. A benzoxazole sulfenamide complex defined by the formula

-34-



WO 2014/186571 PCT/US2014/038191

R2
RS N / 1
\ /N\Rz
Zn >
S/ \N
X \ X
N

where each X is selected from an oxygen atom or a sulfur atom provided that at least one
X is an oxygen atom, each Rl and R2 are individually selected from hydrogen atoms,

alkyl groups, and subsitituted alkyl groups, or where an Rl and an R2 join to form an

alkane or substituted alkane group.

15. A method of preparing an asphalt and polymer composition comprising
mixing asphalt, a rubber, a sulfur compound, an activator ,

and a bezoxazole sulfenamide defined by the formula:

R1
\N _R?

where R1 and R2 are each individually selected from hydrogen atoms, alkyl groups,

substituted alkyl groups, and aromatic groups, or where R1 and R2 join to form an alkane

or substituted alkane group.
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16. The method of claim 15, where the rubber is selected from polybutadiene,
polyisoprene or polyisobutene rubber, polychloroprene, polybutadiene, styrene-butadiene

copolymers

17. The method of claim 15, where the bezoxazole sulfenamide is selected from the

group consisting of

(H3C)3G, (H3C)sC
\N/H \ /C(CH3)3
/
S
[::::f%;:]/JS [:: :; \
(0]
(H3C),HC,
N/CH(CHs)z N
/ /
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SN
O

B

N

H,;C
0]
CHj
HN N
/
S/ S
B B
N N
,and
18. An asphalt and polymer composition comprising

an asphalt, a rubber, a sulfur compound, an activator, and a bezoxazole

sulfenamide defined by the formula:
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where R1 and R2 are each individually selected from hydrogen atoms, alkyl groups,

substituted alkyl groups, and aromatic groups, or where R! and R2 join to form an alkane

or substituted alkane group.

19. An asphalt cement comprising;:
an aggregate and the asphalt and polymer composition of claim 18
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