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INTRODUCTION

ABSTRACT: 2,3-Dimethyl-2-butene (TME) was used as a model compound for polyiso-
prene in a study of 2-mercaptobenzotiazole (MBT)-accelerated sulfur vulcanization in
the presence of ZnO. Mixes of curatives and TME were heated isothermally in evacu-
ated sealed glass ampules at 150°C for various times and the reaction intermediates
and products analyzed by HPLC. In the absence of sulfur, even though MBT and ZnO
react to form bis(2-mercaptobenzothiazole)zinc(IT) [Zn(mbt),], no crosslinking resulted.
On addition of sulfur, the (incomplete) conversion of MBT and ZnO to Zn(mbt), per-
mitted vulcanization from the outset. Benzothiazole-terminated pendent groups were
not detected, and crosslinking is proposed to occur via pendent groups that incorporate
zinc. It is proposed that polysulfidic Zn(mbt), reacts with TME to form zinc-containing
pendent groups and MBT. These zinc-containing pendent groups are highly reactive
and react with TME to form crosslinked products and MBT. The reaction was more
rapid and the induction period prior to crosslinking was removed on increasing the
MBT concentration in the system. This is ascribed to an exchange reaction between
Zn(mbt), and MBT polysulfides, formed by the interaction of MBT with sulfur, leading
more rapidly to high concentrations of polysulfidic Zn(mbt), and, hence, to zinc-
containing pendent groups. MBT released during Zn(mbt),-initiated crosslinking
would, in part, contribute to crosslinking via TME—S_H. © 2000 John Wiley & Sons, Inc. J
Appl Polym Sci 76: 1386-1394, 2000
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Echte and Lorenz !

showed that, in natural

2-Mercaptobenzothiazole (MBT) and ZnO readily
react'™ to form the zinc-accelerator complex
bis(2-mercaptobenzothiazole)zinc(Il) [Zn(mbt),].
Kapur et al.* observed the formation of Zn(mbt),,
zinc oxybenzothiazole (ZnOBt "), and 2-bisbenzo-
thiazole-2,2'-polysulfides (MBTP) by Raman spec-
troscopy in MBT/ZnO mixes heated at 150°C.
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rubber formulations containing MBT/sulfur/ZnO,
sulfur decreased according to the first-order rate
law. As the same acceleration was attained when
MBT/ZnO was substituted with Zn(mbt),, they
concluded that the initial step in the MBT/sulfur/
ZnO vulcanization reaction was the formation of
Zn(mbt), and that it should be regarded as the
actual accelerator. Auerbach,? too, suggested that
Zn(mbt), was formed on heating MBT and ZnO.
However, Zn(mbt), was found to react with rub-
ber in the presence of sulfur, and only when the
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sulfur concentration became very low did
Zn(mbt), accumulate to any measurable extent.

Gradwell and McGill® reported that MBT/ZnO-
accelerated sulfur vulcanization was equivalent
to Zn(mbt),-accelerated sulfur vulcanization as
MBT was rapidly converted to Zn(mbt), during
the mixing process. They suggested that sulfur
initiated the vulcanization reaction via the forma-
tion of persulfenyl cations. From DSC and rhe-
ometer cure curves, they concluded that the few
polysulfidic crosslinks initially formed via unac-
celerated sulfur vulcanization®® gave rise to
polysulfidic anion fragments still bound to the
polymer chain and that these decomposed
Zn(mbt), to BtS™ anions and ZnS. BtS™ anions
accelerated the vulcanization reaction by ab-
stracting hydrogen from the polymer chain or by
reaction with sulfur, thereby increasing its activ-
ity toward the chain. MBT was detected at the
same time as the crosslinking:

Bt—S—2Zn—S—Bt s*

I
]

——> 2BtS" + ZnS + \)v\/\

BtSH or BtSxS

jmmm

Zn(mbt), reacted sparingly with the model com-
pound diphenylmethane, and Tsurugi and
Fukuda® suggested that the initial step of the
vulcanization reaction involved reaction between
Zn(mbt), and sulfur. BtS radicals were proposed
to form and the process was described as similar
to that of MBT-accelerated sulfur vulcanization.'®
The literature is in agreement that MBT and
ZnO readily form Zn(mbt),, but controversy sur-
rounds the mechanism of the crosslinking reaction
and the involvement of polysulfidic accelerator-
terminated pendent groups. This article examined
the mechanism of Zn(mbt),-accelerated sulfur vul-
canization using 2,3-dimethyl-2-butene (TME) as a
model for polyisoprene. The reactions of MBT/sul-
fur/ZnO and Zn(mbt)y/sulfur with TME were com-
pared and the effect of MBT on the Zn(mbt),/sulfur
vulcanization process was examined.

EXPERIMENTAL

Materials

2,3-Dimethyl-2-butene (TME; chemical purity
99.9 %, Aldrich Chemical Co., Milwaukee, WI),
2-mercaptobenzothiazole (MBT; chemical purity

Table I Analyses of TME-SZnS-TME

Element % Calculated % Experimental
C 48.7 47.1
H 7.5 7.5
N 0.0 0.0
S 21.6 21.1
Zn 22.1 25.8

95 %, Thiotax, Flexsys, Brussels, Belgium), bis(2-
mercaptobenzothiazole)zinc(Il) [Zn(mbt),]; Bayer,
Leverkusen, Germany), zinc oxide (ZnO; Zinc Pro-
cess, Cape Town, South Africa), and sulfur (Sg;
98% soluble in CS,, AECI, Modderfontein, South
Africa) were used.

The experimental procedures have been de-
scribed.'>'? Solutions of the curatives in TME
were heated in evacuated sealed tubes for various
times at 150°C and the residual curatives, inter-
mediates, and crosslinked products analyzed by
HPLC.! The crosslinked products were charac-
terized by H-NMR.'"'® The curative loadings
used in the reaction mixtures are indicated in
parentheses as mole ratios. In the figures, the
concentrations of the reactants, intermediates,
and products are expressed in terms of the initial
concentration of the reactant. Crosslinked prod-
ucts are expressed as a mol % of added sulfur.

Commercially available Zn(mbt), contains ap-
proximately 20% MBT and, if not removed, alters
the Zn(mbt),-accelerated sulfur wvulcanization
pathway. MBT removal from Zn(mbt), was de-
scribed,® but benzene was substituted for metha-
nol during the dissolution process.

Synthesis of Bis(2,3-dimethyl-2-butene-1-
thiol)zinc(Il) (TME-SZnS-TME)

Mol ratios of 2:1 for 2,3-dimethyl-2-butene-1-thiol
(TME-SH)!! and ZnO were used in the prepara-
tion of bis(2,3-dimethyl-2-butene-1-thiol)zinc(I)
(TME-SZnS-TME). The reaction was conducted
isothermally in a sealed glass ampule at 150°C for
10 min. The solid residue was washed with three
5-mL aliquots of dichloromethane and dried un-
der a vacuum. CHN, sulfur,!* and zinc (atomic
absorption spectroscopy) analyses are presented
in Table I.

RESULTS AND DISCUSSION

TME/MBT/Zn0O (33.9:1.1:1)

Heating TME/MBT/ZnO in TME did not lead to
vulcanization, but Zn(mbt), was formed from the
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Figure 1 HPLC analysis of the TME/MBT/ZnO (33.9:1.1:1) system heated isother-

mally at 150°C: (¥) MBT; (0) TME-SBt.

reaction between MBT and ZnO. The lack of vul-
canization was not unexpected as neither MBT
nor Zn(mbt), are sulfur-donor accelerators, that
is, accelerators that do not require elemental sul-
fur to crosslink. The formation of Zn(mbt), from
MBT/ZnO mixes has been discussed.'”® MBT con-
sumption was rapid from the outset but slowed
after 10 min (Fig. 1), and 18 mol % MBT remained
after 40 min. Gradwell and McGill® found that 12
mol % MBT remained when heating an MBT/ZnO
(1:1) mixture in a DSC to 200°C and ascribed the
failure of a complete reaction to the coating of
ZnO particles by Zn(mbt),. Besides minor
amounts (1.5 mol % after 20 min) of monosulfidic
benzothiazole-terminated pendent groups de-
tected on heating TME with MBT/ZnO, no other

benzothiazole-terminated pendent groups were
detected.

TME/MBT/Sulfur/ZnO (33.9:1.1:1:1)

In the presence of sulfur, MBT and ZnO not only
reacted rapidly to form Zn(mbt),, but crosslinked
products and H,S were detected after heating for
2 min at 150°C (Figs. 2 and 3). Gradwell and
McGill® found that by mixing MBT and ZnO with
polyisoprene they could only extract 5% MBT
from the compound and concluded that MBT and
Zn0O reacted during compounding to form
Zn(mbt),. The initial decrease in MBT concentra-
tion (Fig. 2) is attributed to Zn(mbt), formation
but MBT was liberated again during the vulcani-
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Figure 2 HPLC analysis of the TME/MBT/sulfur/ZnO (33.9:1.1:1:1) system heated
isothermally at 150°C: (¥) MBT; () TME-SBt; (m) sulfur; (A) sum of TME-S,~TME (x

= 1-8).
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Figure3 HPLC analysis of crosslinked products formed when heating the TME/MBT/
sulfur/ZnO (33.9:1.1:1:1) system at 150°C: () TME-S-TME; (m) TME-S,-TME; (A)
TME-S,-TME; (A) TME-S,~TME; (¢) TME-S,-TME; (¢) TME-S;-TME; (O) TME—

S,~TME; (®) TME-Sy~TME.

zation reaction and 90% of the benzothiazole frag-
ments of Zn(mbt), could be accounted for as MBT.

MBT is capable of vulcanizing TME in the
presence of sulfur,!! but, clearly, in the presence
of ZnO, the reaction is markedly faster with
crosslinked products detected after 2 min. This
vulcanization system was found to be very similar
to the TME/Zn(mbt),/MBT/sulfur system that
will be discussed below.

TME/Zn(mbt), (33.9:1.1)

Heating TME with Zn(mbt), did not lead to TME
vulcanization, and even after 40 min, no extract-
able compounds were detected by HPLC. This is

120

consistent with the findings of Echte and Lorenz !
and of Gradwell and McGill.?

TME/Zn(mbt),/Sulfur (33.9:1.1:1)

In the presence of sulfur, Zn(mbt),-accelerated
TME vulcanization initiated after 4 min with
MBT, bis(alkenyl) crosslinked products (Figs. 4
and 5), and H,S were detected. No benzothia-
zole-terminated pendent groups, other than
trace amounts of monosulfidic benzothiazole-
terminated pendent groups, were detected
throughout the TME vulcanization reaction.
This differs from some studies®'® which re-
ported the formation of polysulfidic benzothia-

100

80

60

40 |

20 |

Concentration i.t.o. Mol % Curative

20 30 40

Time (min)

Figure 4 HPLC analysis of the TME/Zn(mbt),/sulfur (33.9:1.1:1) system heated iso-
thermally at 150°C: (V) MBT; (O) TME-SBt; (m) sulfur; (A) sum of TME-S -TME (x

= 1-10).
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Figure 5 HPLC analysis of crosslinked products formed when heating the TME/
Zn(mbt)y/sulfur (33.9:1.1:1) system at 150°C: (0J) TME-S-TME; (m) TME-S,—~TME; (A)
TME-S,-TME; (A) TME-S,-TME; (¢) TME-S,-TME; (¢) TME-S;-TME; (O) TME—
S,—~TME; (®) TME-S;-TME; (V) TME-S,-TME; (V) TME-S,;,—TME.

zole-terminated pendent groups. It must be
questioned whether polysulfidic benzothiazole-
terminated pendent groups are produced at all
in the present model system or whether their
reaction is such that rapid consumption pre-
cludes detection.

Crosslinking Reactions

To answer the above questions, polysulfidic ben-
zothiazole-terminated pendent groups (TME-
S,.Bt; x = 1-7) were prepared'! by heating TME/
MBTS/sulfur (33.9:1.1:1) for 12 min and separat-
ing these from the other curatives using the
described'! freeze-separation technique. The re-
sultant solution was analyzed by HPLC, and be-
sides polysulfidic benzothiazole-terminated pen-
dent groups, only a small amount (<5 mol %) of
sulfur was detected. Unreacted TME remains in
the liquid phase. The solution was heated in a
vacuum-sealed ampule for 4 min and analyzed by
HPLC. No crosslinked products were detected.
Another sample, prepared in the same way, was
heated for 4 min with Zn(mbt),. Crosslinking oc-
curred with the release of MBT and H,S. All
pendent groups with a sulfur rank greater than 5
were totally consumed, but those of a lower sulfur
rank were still detected. A Zn(mbt)y/sulfur (1:1)
mixture was added to another sample and heated
for 4 min. A similar crosslinking reaction oc-
curred and benzothiazole-terminated pendent
groups with a sulfur rank of up to 4 were still
detected.
2,3-Dimethyl-2-butene—1-benzothiazole-disul-
fide (TME—-S,Bt) (0.3 mol) was synthesized using

a recently described'® method for the synthesis of
2,3-dimethyl-2-butene-1-dimethyldithiocarbam-
ate disulfide and heated in the presence of TME
for 4 min. No crosslinking was evident. The ex-
periment was repeated with the addition of
Zn(mbt),. Once again, no crosslinking was evi-
dent. Thus, Zn(mbt), is unable to crosslink TME—
Sy,Bt within the 4-min heating period, although
pendent groups of higher sulfur rank were readily
crosslinked. These reactions suggest that had
polysulfidic benzothiazole-terminated pendent
groups formed in the Zn(mbt),-accelerated sulfur
vulcanization'” at least those of lower sulfur rank
should have been detected.

As no polysulfidic benzothiazole-terminated
pendent groups were formed, another intermedi-
ate that could lead to crosslinking, but that could
not be detected by HPLC, must have been formed.
It is proposed that the pendent groups that form
incorporate zinc are insoluble in TME at room
temperature, and, hence, remain undetected in
the HPLC analysis. Attempts to prove the exis-
tence of these zinc—TME compounds were unsuc-
cessful when analyzing the TME/Zn(mbt)y/sulfur
(33.9:1.1:1) system directly. Instead, the monosul-
fidic zinc—-TME compound TME-SZnS-TME was
synthesized. This can be regarded as a model
compound with a zinc-containing sulfidic pendent
group. The terminal group is TME and not ben-
zothiazole, as would be the case in Zn(mbt),-
accelerated sulfur vulcanization. The crosslinking
reactions of the compound were studied.

The TME/Zn(mbt)y/sulfur (33.9:1.1:1) system
produced crosslinked products rapidly once
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crosslinking began. Thus, if TME-SZnS-TME
were analogous to the proposed zinc-containing
pendent groups in the Zn(mbt),-accelerated reac-
tion, it should lead to rapid crosslinking in the
presence of sulfur. The compound is monosulfidic
and no reaction occurred when it was heated with
TME in the absence of sulfur. Polysulfidic zinc-
accelerator species have not been isolated and, if
formed, must have a transient existence. TME—
S.ZnS,—~TME would likewise be highly reactive.

TME/TME-SZnS-TME/sulfur (33.9:1.1:1) was
heated for 2 min and HPLC confirmed the forma-
tion of crosslinked products. H,S was evolved.
This was taken as proof that sulfuration of the
zinc compound and its subsequent reaction was
rapid. The crosslinked product spectrum resem-
bled that formed on heating TME/Zn(mbt),/sulfur
(33.9:1.1:1) (Fig. 5). In both systems, the di-, tri-,
tetra-, and pentasulfidic crosslinked products
were the most abundant, with H,S and
crosslinked products up to TME-S,—TME de-
tected.

TME-SZnS-TME was found to be soluble in
TME at 150°C, but sparingly soluble at room tem-
perature and, hence, remained behind as a pre-
cipitate during the sample preparation for HPLC.
Small amounts of TME-SZnS-Bt, formed in the
TME/Zn(mbt),/sulfur system, would likewise go
undetected.

The proposed TME/TME-SZnS-TME/sulfur
(33.9:1.1:1) vulcanization mechanism is summa-
rized in Scheme 1. In the presence of sulfur,
TME-SH crosslinks with H,S evolution'' and
this reaction may, in part, account for crosslink-
ing and for Hy,S formation. In Scheme 2, the
crosslinking mechanism for TME-SZnS-TME is
extended to a mechanism for Zn(mbt),-acceler-
ated sulfur vulcanization. The zinc-containing
pendent groups form in the second step. Compar-
ison of Schemes 1 and 2 show that TME—-SZnS—

Ss 3- &6+
TME-SZnS-TME =—— TME-S,S5ZnS-TME

TME

TME-S,-TME + HSZnS-TME

ZnS + TME-SH

Scheme 1 Proposed TME/TME-SZnS-TME/sulfur
reactions.

Sg TME 3-8+
BtSZnSBt <——= BtS5,ZnSBt <—— TME-S,8ZnSBt + BtSH

TME

TME-S,-TME + HSZnSBt

ZnS + BtSH
Scheme 2 Proposed TME/Zn(mbt),/sulfur reactions.

TME can be regarded as a symmetric intermedi-
ate in the Zn(mbt), reaction. As the nitrogen atom
in the benzothiazole group is highly electronega-
tive, it, rather that the sulfur atom attached to
zinc, will abstract hydrogen from TME. Hence, a
zinc-containing benzothiazole pendent group and
BtSH will form, rather than a benzothiazole-
terminated pendent group and HSZnSBt. Al-
though this would require the formation of MBT
prior to crosslinking, the extremely rapid reaction
of sulfurated zinc species would make it difficult
to detect MBT before crosslinking. Thus,
crosslinking via TME-S_H, formed in an MBT-
initiated reaction,' could contribute to crosslink
formation.

Gradwell and McGill® also suggested that no
benzothiazole-terminated groups formed. They
observed the coincident formation of MBT and
crosslinking as was also observed in the TME
studies reported here (Fig. 4).

Induction Period

In the TME/Zn(mbt)y/sulfur (33.9:1.1:1) system, a
4-min induction period prior to the crosslinked
product formation is evident (Fig. 4). This can be
explained in terms of the limited contact between
Zn(mbt), and activated sulfur. Sulfur is ex-
tremely soluble in TME, and when the samples
were heated, sulfur dissolved into the TME
phase. The gentle, mechanical shaking of the am-
pule helped this process. Thus, sulfur was effec-
tively separated from the Zn(mbt), that is insol-
uble in TME and remained at the bottom of the
ampule.

On heating TME/Zn(mbt), with a commercial
insoluble polymeric sulfur for 4 min, H,S, MBT (7
mol %), and the crosslinked products (5 mol %)
were detected, while with soluble octacyclic sul-
fur, neither MBT nor the crosslinked products
were evident at 4 min (Fig. 4). By adding excess
soluble sulfur (3 mol) and heating without shak-
ing of the ampule, 3 mol % MBT and 4 mol % of
the crosslinked products were detected after 4
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Figure 6 HPLC analysis of the TME/Zn(mbt),/MBT/sulfur (33.9:1.1:1:1) system
heated isothermally at 150°C: (¥) MBT; () TME-SBt; (m) sulfur; (A) sum of TME—

S,-TME (x = 1-9).

min, that is, the system crosslinked earlier as
some sulfur remained as an undissolved residue.
H,S was again liberated.

From these experiments, it is evident that
crosslinking resulted earlier if the system was
manipulated to allow for a greater contact be-
tween Zn(mbt), and sulfur. However, the induc-
tion period could not be completely eliminated. It
is suggested that, to react, sulfur must be acti-
vated and that this activation involves opening of
the sulfur ring. Activated sulfur reacts with
Zn(mbt), to produce polysulfidic Zn(mbt),. The
induction period was therefore interpreted as a
delay in the formation of polysulfidic Zn(mbt),.

Effect of MBT

Adding 1 mol MBT to TME/Zn(mbt)y/sulfur (33.9:
1.1:1) resulted in TME vulcanization after 2 min
(Figs. 6 and 7). H,S and the liberation of addi-
tional MBT were also detected at this time. This
behavior of the system is similar to that of the
TME/MBT/sulfur/ZnO system (cf. Figs. 2 and 6).
Gradwell and McGill® also noted an earlier onset
of crosslinking when adding MBT to a polyiso-
prene/Zn(mbt)y/sulfur compound.

MBT is proposed®'®=22 to form BtS _H when
heated with sulfur. Reaction of the latter with
TME is slow!! and cannot account for the rapid
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Figure 7 HPLC analysis of crosslinked products formed when heating the TME/
Zn(mbt),/MBT/sulfur (33.9:1.1:1:1) system at 150°C: (J) TME-S-TME; (m) TME-S,—
TME; (A) TME-S,—-TME; (A) TME-S,—TME; (¢) TME-S,-TME; (¢) TME-S,—~TME;
(©) TME-S,-TME; (@) TME-S,-TME; (V) TME-S,—~TME.
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Figure 8 HPLC analysis of the TME/Zn(mbt),/MBT/sulfur (33.9:1.1:0.25:1) system
heated isothermally at 150°C: (¥) MBT; () TME-SBt; (m) sulfur; (A) sum of TME—

S,-TME (x = 1-9).

formation of crosslinked products observed in the
presence of Zn(mbt),. It is therefore more likely
that BtS, H exchanges®® with Zn(mbt), to produce
polysulfidic zinc species and MBT (reaction 1):

BtS,H + BtSZnSBt — BtSH + BtS,ZnSBt (1)

According to the mechanism proposed in Scheme
2, polysulfidic Zn(mbt), reacts rapidly with TME
and its formation from the outset would result in
the formation of crosslinked products from the
outset (Fig. 6).

The ready exchange of accelerator fragments
with ligands on accelerator compounds has been
demonstrated.?? Analysis by HPLC showed a de-
crease in the MBT and bis(dimethyldithiocar-
bamato)zinc(Il) [Zny(dmtc),] concentrations on
heating Zn,(dmtc),/MBT (1:2) at 150°C for 5 min
in an open system. Mass loss calculations con-
firmed that the amount of dimethyldithiocar-
bamic acid (Hdmtc) lost by evaporation equaled
the amount of MBT consumed (reaction 2):

2BtSH + Zn,(dmtc), — Zn(mbt), + 2Hdmtc (2)

The reaction was not taken to completion and the
zinc residue may comprise a mixed zinc-accelerator
complex [Zn(mbt),(dmtc),].

On decreasing the MBT concentration from 1
to 0.25 mol in the TME/Zn(mbt),/sulfur mix, a
short induction period was evident (as opposed to
none) and the initial reaction rate was slower (cf.
Figs. 6 and 8). However, as more MBT formed on
crosslinking, the reaction accelerated. The reac-

tion between MBT and sulfur results in the for-
mation of sulfur biradicals,'®~2! and as these may
react more readily with Zn(mbt), than with octa-
cyclic sulfur in forming polysulfidic Zn(mbt),, this
may also contribute to the shortened induction
period when MBT is added to the formulation.

CONCLUSIONS

Zn(mbt), forms from the reaction of MBT with
ZnO0O, but does not crosslink TME in the absence
of sulfur. In the presence of sulfur, Zn(mbt),
leads to rapid crosslinking. The formation of
polysulfidic benzothiazole-terminated pendent
groups was not observed. It was shown that the
reactivity of benzothiazole-terminated pendent
groups is sufficiently slow, even in the presence
of Zn(mbt),, for their detection, if formed. It is
proposed that crosslinking occurs via pendent
groups containing zinc. Sulfuration of Zn(mbt),
allows reaction with TME, leading to the forma-
tion of zinc—-TME compounds (TME-S,ZnSBt)
and the liberation of MBT. Further rapid reac-
tion of the zinc-containing pendent group with a
second TME molecule leads to the formation of
sulfurated crosslinked species and a zinc com-
pound that decomposes to ZnS and MBT. MBT
liberated in the reaction can contribute to
crosslinking via TME-S_H.

In the presence of MBT and sulfur, the forma-
tion of BtS . H and their exchange with Zn(mbt),
results in the rapid sulfuration of Zn(mbt), via an
exchange reaction that re-releases MBT into the
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system. TME-S,ZnSBt compounds are thus
formed more rapidly and their rapid reaction with
TME ensures the rapid formation of crosslinked
products. As sulfuration of Zn(mbt), is the rate-
limiting step and the BtS H concentration is de-
pendent on the MBT concentration, high initial
concentrations of MBT ensure an initially more
rapid reaction. Both accelerator systems [MBT
and Zn(mbt),] produced unsaturated crosslinked
products [bis(alkenyl)], which indicates a substi-
tutive rather than additive vulcanization reaction
pathway.

The authors wish to thank the South African Founda-
tion for Research Development and Karbochem for fi-
nancial assistance.
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