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SYNOPSIS

2,3-Dibutyl-2-butene (TME) was used as a model for polyisoprene in studying the formation
of pendent groups that act as precursors to crosslink formation during tetramethylthiuram
disulfide (TMTD)-accelerated sulfur vulcanization. TME was heated at 130°C with TMTD,
TMTD/sulfur, and TMTD/sulfur/Zn0O in sealed tubes for various times, after which the
mixture was analyzed by HPLC. Tetramethylthiuram monosulfide (TMTM) and tetra-
methylthiuram polysulfides (TMTP) formed rapidly. The rate at which these bound to the
network could not be accounted for in terms of a free-radical mechanism, and a concerted
mechanism was proposed. Dimethyldithiocarbamic acid (Hdmtc), a product of pendent
group formation, is stable at vulcanization temperatures and does not decompose to di-
methylamine. Instead, it exchanges with thiuram pendent groups. The resultant thiol pen-
dent groups are unreactive and their formation delays the onset of crosslinking. After a
few minutes at 130°C, there appears to be no further increase in the number of pendent
groups, but this is due to the thiol groups being undetectable in the HPLC analyzer. © 1996

John Wiley & Sons, Inc.

INTRODUCTION

Network-bound accelerator residues, also referred
to as pendent groups, are believed to originate from
the reaction of the active sulfurating agent with the
unsaturated rubber chain. Pendent groups have been
observed in polyisoprene (IR) and in natural rub-
ber /tetramethylthiuram disulfide (TMTD)/ZnO
vulcanizates, as well as in model compound studies
on zinc-containing vulcanization systems. They are
considered to be the immediate precursors to cross-
linking.}-

Kruger and McGill?? could not account for all of
the initial TMTD in HPLC and TG analyses of the
early stages of cure in IR/ TMTD /sulfur and IR/
TMTD /ZnO vulcanizates, and concluded that the
TMTD unaccounted for was network bound. Higher
proportions of nitrogen and sulfur were network
bound in the early stages of IR/ TMTD /ZnO cures,*
and is in agreement with earlier reports.>® The pro-
portions decreased at a rate commensurate with the
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formation of crosslinks. Model compound studies
have confirmed the existence of rubber-bound in-
termediate compounds.”® The concentration of
these species went through a maximum and de-
creased at longer reaction times due to their con-
version into crosslinks.

Although extensive research in this field has been
undertaken, it is still not clear whether the formation
of the rubber-bound accelerator involves radical or
polar intermediates, or a combination of both. Do-
gadkin,® Craig,® Scheele,’® Bevilacqua,'! Blokh,?
Ferington,!® and their co-workers have advanced a
free-radical mechanism for the accelerated sulfur
vulcanization of elastomers, while Coleman,*
Wolfe,'® Shelton,® Manik,'” and their co-workers
suggested that both free-radical and polar reactions
occur.

Tetramethylthiuram polysulfide (TMTP ) would
undergo homolytic cleavage to yield thiuram per-
sulfenyl (XSx) radicals. Monosulfenyl radicals are
well established as abstractors of hydrogen atoms, '8
and it would be reasonable to assume that thiuram
persulfenyl radicals would also abstract hydrogen
from the IR chain. These radicals would react re-
versibly with the rubber to form polyisoprenyl rad-
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icals. Recombination of the hydrocarbon and
thiuram persulfenyl radical of TMTP would result
in the formation of the rubber-bound intermediate.
The mechanism is consistent with the kinetic ob-
servations of Scheele et al.’>* and Duchacek?"?? on
IR and natural rubber /tetraalkylthiuram disulfide /
ZnO vulcanizates, in that tetraalkylthiuram disul-
fide concentrations decreased at a rate two to four
times faster than the formation of zinc dialkyldi-
thiocarbamate and crosslinks. This is in agreement
with our earlier reports?3?! that TMTP are the active
sulfurating agents in TMTD-accelerated sulfur vul-
canization, both in the presence and absence of ZnO.

The NRPRA group! advocated a polar mecha-
nism in which the rubber-bound intermediate would
form via nucleophilic attack of a terminal thiuram
perthiomercaptide sulfur atom on a carbon atom of
the isoprene chain (a-methylic or a-methylenic to
the double bond), with the resultant displacement
of hydrogen as a potential hydride ion.

Zn--S
XSX—S> S—8X ——
e

R—S,SX + ZnS + XS,SH

where X = (CH3),NC(=S)
RH = rubber chain

Dimethyldithiocarbamic acid (Hdmtc) is a by-
product of pendent group formation and crosslink-
ing.5'*? It is considered to be unstable and to de-
compose into dimethylamine (Me,NH) and CS, in
the absence of ZnO. Me,NH, produced on the de-
composition of Hdmte, would be very reactive to-
wards dithiocarbamate species. Delépine?® found
that TMTD and Me,NH reacted to form tetrame-
thylthiourea (TMTU), dimethylammonium dime-
thyldithiocarbamate (dma.dmtc) and sulfur. No
TMTU was found on heating either a TMTD or a
TMTD /sulfur sample at 145°C,?” and Kruger and
McGill® interpreted the formation of TMTU in
both IR/TMTD and IR/TMTD //sulfur vulcani-
zation systems, as evidence of Me,NH formation.

Dogadkin et al.® ascribed the advantageous effects
of ZnO in thiuram-based cures to the formation of
zinc dimethyldithiocarbamate (Zn,(dmtc),). Hdmtc
is removed in the presence of ZnQO, and the detri-
mental oxidative decomposition of the network by
Me,NH  would be inhibited. The high mass loss in
the IR/TMTD system compared to the low mass
loss in an IR/TMTD/ZnO compound?® demon-
strates the effectiveness of ZnO as a chemical trap

for Hdmte. No TMTU was found in TMTD /ZnO"
vulcanizates.?>*

This article reports on the formation of pendent
groups when the model compound 2,3-dimethyl-2-
butene (TME) is heated to vulcanization temper-
atures with TM'TD/sulfur TMTD/sulfur/ZnO.

EXPERIMENTAL

Materials

TMTD (Orac TMTD, chemical purity 97%, Or-
chem, SA), TMTM (vulkacit Thiuram MS, chem-
ical purity 97.9%, Bayer, Germany), TMTU
(chemical purity 98%, Aldrich Chemical Co., Mil-
waukee, WI), Zn, (dmtc), (vulkacit L, active ingre-
dient 95%, Bayer, Germany), and 2,3-dimethyl-2-
butene (TME) (chemical purity 99+%, Aldrich
Chemical Co.).

The compositions of mixes used in model com-
pound vulcanization are shown in Table I (1 mL
TME = 0.709 g).

Master batches of curatives were prepared by
mixing appropriate ratios of the various curatives,
using a mortar and pestle. Individual samples were
prepared by transferring the appropriate mass of
the compounded mixture (Table 1) and volume of
TME required into glass tubes (volume = 10 mL),
which were subsequently evacuated and sealed. Re-
actions were carried out by placing the reaction ves-
sel in an oil bath maintained at 130°C. The mixture
was stirred during the reaction by mechanical shak-
ing of the reaction vessel. Reactions were stopped
at preset times by removing the reaction vessel from

Table I Compositions of Mixtures Reacted

Composition Mass (g) Mol Ratio
a) TME/TMTD/Sulfur
TME 0.710 34.0
TMTD 0.07 1.1
Sulfur 0.06 1.0
b) TME/TMTD/sulfur/ZnO
TME 0.710 34.0
TMTD 0.070 1.1
Sulfur 0.060 1.0
Zn0O 0.213 10.5
¢) TME/TMTD/sulfur/ZnO
TME 0.710 34.0
TMTD 0.070 1.1
Sulfur 0.060 1.0
ZnS 0.255 10.5
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Figure 1 HPLC analyses of reactants and products in
TME/TMTD/sulfur vulcanization.

the oil bath and cooling it in liquid nitrogen in order
to quench any further reactions.

The reaction vessels were allowed to equilibrate
to room temperature after liquid nitrogen cooling.
The vessels were opened and the reaction mixture
was dissolved in dichloromethane (approx. 15 mL).
This solution was quantitatively transferred into a
volumetric flask and diluted to 250 mL with meth-
anol. The reaction products were analyzed by HPLC.
The product analysis procedures have been de-
scribed.?

Retention times of peaks due to vulcanization in-
termediates (pendent groups) and -crosslinked
products in HPL.C chromatograms of reaction mix-
tures were assigned by comparison with HPLC
spectra of reaction products determined and pub-
lished by Versloot et al.”®

Intermediates and reaction products that could
not be isolated in sufficient purity, i.e., Hdmtc, pen-
dent groups, and crosslinked products, were assigned
the same extinction coefficients as the accelerator
they were most closely related to. Changes in the
concentration of these species as the reaction pro-
gresses are more important in the context of this
study than the ability to quantify the formation of
intermediates and products.

The concentrations of reactants, intermediates,
and products are expressed in terms of the initial
mol concentration of reactant, i.e., as the mol %
reactant remaining, or mol % intermediate /product
formed from that reactant.

RESULTS AND DISCUSSION

Vulcanization of TME with TMTD and sulfur in
the presence and absence of ZnO was studied by
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Figure 2 HPLC analyses of reactants and products in
TME/TMTD/sulfur/ZnO vulcanization.

heating TME /TMTD /sulfur and TME/TMTD/
sulfur/ZnO mixtures at 130°C for preset time pe-
riods. As in the absence of TME,?*?* TMTD and
sulfur react rapidly to form TMTM and TMTP
(Figs. 1 and 2). TMTP of sulfur rank 3-10 are de-
tected, but most of the TMTP formed are trisulfidic
and, to a lesser extent, tetrasulfidic. TMTP of higher
sulfur rank are formed in much lower concentra-
tions.

Formation of Crosslink Precursors

TMTP react with the model compound to form
pendent groups and Hdmtc (Figs. 3 and 4). On the
basis of ESR data®* it was postulated that the for-
mation of pendent groups proceeds via a free-radical
reaction, initiated by thiuram persulfenyl and
thiuram sulfenyl radicals originating from thermal
cleavage of S—S bonds in TMTP.

25
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Figure 3 HPLC analyses of Hdmtc and pendent groups
in TME/TMTD/sulfur vulcanization.
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Figure 4 HPLC analyses of pendent groups in TME/
TMTD/sulfur/ZnO vulcanization.

The sulfenyl radical is then said to abstract hy-
drogen from the chain to form Hdmtc and an iso-
prenyl radical, which recombines with the remaining
persulfenyl radical to form a sulfurated pendent
group.

XS+ RH - R + XSH
XS8x + R > R—SxSX

The data in Figures 1 and 3 and Figures 2 and 4
clearly disprove this postulate.

Thiuram sulfenyl radicals are produced via the
homolysis of TMTD at an early stage in the vul-
canization reaction. Yet no early interaction between
thiuram sulfenyl radicals and olefin molecules oc-
curs, and this is confirmed by the absence of both
Hdmtc and pendent groups in product mixtures at
this stage. Thiuram radicals preferentially take part
in sulfur extraction reactions and radical recombi-
nations to form TMTP.#® Pendent groups and
Hdmtc are formed only once a high TMTP concen-
tration is reached.

It is proposed that the formation of pendent
groups proceeds via a concerted reaction involving
TMTP and an allylic hydrogen of a model com-
pound, with the resultant removal of the hydrogen
atom as Hdmtc (reaction 1). Disulfidic pendent
groups are formed first due to the presence of high
concentrations of thiuram tri- relative to tetrasul-
fides, and especially the TMTP of higher sulfur rank.
The rate of formation of the pendent groups of
higher sulfur rank is much slower (Figures 5 and
6). The relatively high concentration of thiuram
trisulfides also ensures that most of the pendent
groups formed are disulfidic.

XSSxSX + RH - R—SxSX + XSH
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Figure 5 HPLC analyses of individual pendent groups
in TME/TMTD/sulfur vulcanization.

It is suggested that the presence of thiuram per-
sulfenyl and sulfenyl radicals in ESR spectra of
TMTD-based vulcanizates can be ascribed to their
generation during TMTP formation??* and not to
their involvement in pendent group formation.

The onset of pendent group formation is earlier
in the presence of zinc (cf. Figs. 3 and 4). The ZnO
particle may facilitate interaction between TMTP
and the olefin molecule by weakening the S—S bond
in the TMTP molecule. Pendent group formation
is a substitutive reaction (reaction 1), but Hdmtc
is not observed in measurable quantities in the pres-
ence of ZnO.

Hdmtc Stability

Dogadkin et al.® detected Me,NH upon heating ger-
aniol, isopropylbenzene, and NR with TMTD at
140°C, and ascribed its presence to the formation
and subsequent decomposition of Hdmtc during
vulcanization. The formation of TMTU in TMTD-
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Figure 6 HPLC analyses of individual pendent groups
in TME/TMTD/sulfur/ZnO vulcanization.
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containing vulcanizates, 2" as well as the induction

period in TMTD-based cures,?*? has been attrib-
uted to amine-catalyzed decomposition of thiuram
curatives and crosslink precursors. The source of
amine was reputed to be the decomposition of
Hdmtc.

The reaction of Me,NH with thiuram species was
investigated by heating curative mixtures (approx.
1 g) with Me,NH (approx. 0.5 mL) in evacuated
sealed glass tubes at 150°C for 5 min. The results
confirmed the findings of Delépine® in that TMTD
and Me,NH reacted to form TMTU and dimethyl-
ammonium dimethyldithiocarbamate (dma.dmtc)
as the major products. Sulfur was detected in low
concentrations. The same product spectrum was
obtained with TMTM /Me,NH, except that no sul-
fur was produced. The presence of sulfur did not
affect the reaction of TMTD with Me,NH (TMTD/
sulfur 1:1 mol ratio), and TMTU and dma.dmtc
were again the major reaction products.

Although there is a significant concentration of
Hdmtc present after 12 min in the TME/TMTD/
sulfur reaction, neither TMTU nor dma.dmtc was
detected in the reaction mixture. This argues against
the postulated decomposition (under the experi-
mental conditions) of Hdmtc into Me;NH and CS,,
since the reaction of Me,NH with thiuram species
would be very rapid.

Pendent Group-Hdmtc Interaction

The high TMTP concentration in the early stages
of the reaction ensures that pendent group formation
proceeds at a fast rate. In the absence of ZnO, the
rate of pendent group formation seemingly decreases
with the decrease in TMTP concentration (after 5
min), and an apparent equilibrium situation is
reached wherein the concentrations of TMTP,
Hdmtc, and pendent groups remain essentially con-
stant (Figs. 1 and 3). This would suggest a rapidly
reversible reaction in the formation of pendent
groups.

XSSxX + RH «» R—8xSX + XSH

The formation of pendent groups proceeds via a
concerted reaction in which S—S bonds are broken
and new C—S bonds are formed with the removal
of hydrogen. A reversible reaction would require
breaking of the C—S bond between the thiuram
persulfeny! fragment and the olefin. C— S bonds are
much stronger than S—S bonds (dissociation ener-
gies: C—S = 698 kJ /mol, S—S = 425 kJ /mol),>3°

and it is, therefore, difficult to reconcile reverse sub-
stitution.

Instead, it is proposed that a rapid exchange be-
tween accelerator terminated pendent groups and
Hdmtc occurs, involving the breaking of weaker
S—S bonds rather than C—S bonds in pendent
groups, and resulting in the reformation of TMTP
(reaction 2).

R—SxSX + XSH — RSx_yH + XSSy SX

TMTP are formed in high concentrations in the
early stages of vulcanization. Upon pendent group
formation the TMTP concentration decreases rap-
idly and the concentrations of Hdmtc and pendent
groups increase correspondingly. With the increase
in the Hdmtc concentration, exchange with pendent
groups will accelerate. A dynamic situation is
reached in which the rate of TMTP consumption
to form pendent groups and Hdmtc equals the rate
of reformation of TMTP due to Hdmtc exchange
with pendent groups formed. Hence, the concentra-
tions of both TMTP and Hdmtc will remain essen-
tially constant.

The overall reaction can be represented as follows:

XSSxSX + RH - R—Sx8X + XSH —
R_SX»yH + XSSYSX

The continued decrease in TMTD concentration
shows that new accelerator fragment terminated
(thiuram) pendent groups are constantly produced.
These subsequently undergo exchange with Hdmtc
to produce hydrogen terminated (thiol) pendent
groups. The UV response of thiol pendent groups,
as opposed to thiuram pendent groups containing
UV-active accelerator fragments, will be weak and
the concentration of detectable pendent groups will
remain essentially constant. (An HPLC peak, at-
tributable to thiol pendent groups, was not detected
in any of the reaction mixtures. However, it is also
possible that these pendent groups coelute with
thiuram pendent groups, thereby masking them in
the HPLC chromatogram.)

This apparent equilibrium is not observed in the
presence of ZnO, TMTD and TMTP are consumed
at a much faster rate (cf. Figs. 1 and 2) and the
concentration of detectable pendent groups in-
creases rapidly (cf. Figs. 3 and 4). Pendent groups
of high sulfur rank are detected in the early stages
of vulcanization in the presence of ZnO. Exchange
between thiuram pendent groups and Hdmtc will
not occur because Hdmtc is removed by reaction



436 GEYSER AND MCGILL

100

@
[~]

o
[~

I ® Zna(dmtc)y

mole % original TMTD
]

N
o
T

Time (min)

Figure 7 HPLC analyses of Zn, (dmtc), in TME/
TMTD /sulfur/ZnO vulcanization.

with ZnO to form Zn,(dmtc), and H,O (Fig. 7).
Unreactive, undetectable thiol pendent groups are
not produced in appreciable concentrations, and the
detectable pendent group concentration will increase
rapidly. The correspondingly rapid decrease in the
TMTD and TMTP concentrations is attributed to
their not being reformed. In the absence of ZnO,
TMTD and TMTP are reformed in the exchange
reaction that led to thiol pendent group formation.

The effect of Hdmtc removal, by ZnO, on the rate
of pendent group formation and TMTP consump-
tion is consistent with the above mechanism.

Formation of Zn,(dmtc),

Thus, while Zn,(dmtc), is produced at an early stage
in TME/TMTD /sulfur/ZnO vulcanization, zinc
perthiomercaptides are not formed prior to the for-
mation of pendent groups, but as a product of pen-
dent group formation. Zny(dmtc), does not result
from direct interaction between TMTD and ZnO.
TMTRP are the active sulfurating species in thiuram-
accelerated sulfur vulcanization in the presence of
ZnO. This is consistent with our previous report.*

Mixtures of TME/TMTD/sulfur/ZnS were
vulcanized at 130°C. The reaction proceeds in an
analogous manner to the TME/TMTD/sulfur/
ZnO reaction. TMTD and sulfur react rapidly to
form TMTM and TMTP (Fig. 8), and TMTD is
consumed at a fast rate. No Zn, (dmtc ), is produced
at this stage of the reaction. The TMTP concentra-
tion passes through a maximum and then decreases
as reaction with TME occurs. Pendent groups and
Hdmtc are formed (Fig. 9).

Most of the Hdmtc is removed through reaction
with ZnS to form Zn,(dmtc), and H,S, and the curve
of Zn,(dmtc), concentration parallels that of the
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Figure 8 HPLC analyses of reactants and some prod-
ucts in TME/TMTD/sulfur/ZnS vulcanization.

pendent groups. ZnS is a less efficient acid trap than
ZnO, and some Hdmtc is detected in the product
spectrum (Fig. 9). Zn,(dmtc), is, again, a product
of pendent group formation, and provides further
evidence that TMTP, rather than zinc perthiom-
ercaptides, are the active sulfurating species in
thiuram-based vulcanization, even in the presence
of ZnO.

The finding that ZnS can react with Hdmtc to
form Zn, (dmtc), conflicts with the findings of DSC
experiments performed by Kruger and McGill.*
However, it should be borne in mind that Hdmtc,
which reacts less rapidly with ZnS, could escape from
the DSC pans used by Kruger and McGill. No escape
of volatiles is possible from the sealed glass tubes
used in the present study.

CONCLUSIONS

TMTP are the initial active sulfurating agents in
TMTD-accelerated sulfur vulcanization, both in the
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Figure 9 HPLC analyses of some products in TME/
TMTD/sulfur/ZnS vulcanization.
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presence and absence of ZnO. TMTP react with the
model olefin via an irreversible, concerted mecha-
nism to form thiuram pendent groups and Hdmtc,
rather than by hydrogen abstraction by thiuram
sulfenyl and persulfenyl radicals originating from
the breakdown of TMTP. Zinc perthiomercaptides
are not formed prior to pendent group formation
and do not function as the active sulfurating agents
as previously proposed.

Crosslink formation is delayed in thiuram-based
cures in the absence of ZnO. Significant deactivation
of pendent groups occurs and has been attributed
to the destruction of crosslink precursors by Me,NH,
formed in the decomposition of Hdmtc. The present
study indicates that Hdmtc is stable under vulcan-
ization conditions. Instead, thiuram pendent groups
and Hdmtc participate in an exchange reaction
wherein TMTP are regenerated and unreactive thiol
pendent groups are formed.

In the presence of ZnO, deactivation of pendent
groups through thiuram pendent group-Hdmtc ex-
change is limited due to Hdmtc removal, and the
onset of crosslinking is early compared to TMTD-
based cures.

We wish to thank the South African Foundation for Re-
search Development and Gentyre Industries for financial
assistance.
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