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SYNOPSIS

During the vulcanization of cis-1,4-polyisoprene (IR) with thiuram-related curing systems,
dimethyldithiocarbamic acid (DMDCA) is formed as a byproduct, in the formation of
either pendent groups or crosslinks. DMDCA is unstable, and decomposes instantly to
Me,NH and CS; in the absence of ZnO. The facile reaction of Me,NH and thiuram-related
molecules such as tetramethylthiuram polysulfides, tetramethylthiuram disulfide (TMTD),
tetramethylthiuram monosulfide and pendent groups caused (1) increased induction periods,
(ii) lower maximum crosslink densities, and (iii) the excessive formation of tetramethyl-
thiourea (TMTU). A most important function of ZnO was to trap the DMDCA via the
formation of zinc dimethyldithiocarbamate and water, thereby preventing the detrimental
reactions above. The IR/TMTD/ZnO and IR /sulfur/TMTD /ZnO systems were therefore
characterized by (i) shorter induction periods, (ii) higher maximum crosslink densities,

and (iii) the absence of TMTU.

INTRODUCTION

It is well-known that ZnO is desirable for the de-
velopment of good physical properties in thiuram-
related vulcanization systems.!? The exact modus
operandi remains debatable, but the most widely
held opinion is that tetramethylthiuram disulfide
(TMTD) and ZnO react to form the zinc perthiom-
ercaptide XS,SZnSX [X = Me;,NC(S), x = 1] prior
to crosslinking.?>®> However, it was shown in a pre-
vious paper,® that TMTD and ZnO were extremely
reluctant to react at vulcanization temperatures,
which argued against the formation of a zinc per-
thiomercaptide XS,SZnSX as the first step in
thiuram-related vulcanization systems.

Kinetic studies by Duchacek’® revealed that the
vulcanization rate and crosslink density increased
when the amount of ZnO was increased from 0 to
1.5 phr in a natural rubber (NR)(100)/TMTD
(3.0)/ZnO (variable) compound, but remained un-
changed with higher ZnO loadings. Moore et al.®
found that the relative extents (or rates) of pendent
group and crosslink formation were substantially
reduced when ZnO was omitted from a synthetic
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cis-1,4-polyisoprene (IR)(100)/TMTD(4.0)/
Zn0(4.0) compound vulcanized at 140°C. The
crosslink density of the IR/ TMTD/ZnO mixture
was already 2.18 X 1075 mol ¢cm™® rubber after 15
min, and that of the IR/ TMTD sample negligible.
A strong smell of Me;NH was reported in the ab-
sence of ZnO. The unvulcanized material of the IR/
TMTD mixture was extracted, and about 4.5 mol
% of the original TMTD was found to have com-
bined in pendent groups. The extracted adduct was
reheated in the presence of ZnO, and a low crosslink
density of 0.29 X 107% mol cm™3 resulted after 7.75
h. An elemental analysis of the extracted crosslinked
material showed a reduction of 38% and 55% in the
combined nitrogen and sulfur, respectively, and
ZDMC was measured in the extract. It was con-
cluded that the actual precursor to crosslinking,
RS,SX (R = polyisoprenyl, x = 1), was not formed
by the simple interaction of IR and TMTD.

In contrast Parks et al.'® found that a substantial
amount of benzothiazolyl groups became bound to
the rubber chains on heating a natural rubber
(NR)(100) /sulphur(0.5) / N- (t-butyl )} -2-benzo-
thiazolyl sulfenamide (BBS)(5.0) compound at
140°C. The extracted adduct was reheated in the
presence of zinc oleate (3 phr) for 30 min, on which
additional crosslinks resulted. It was concluded that
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these pendent groups were converted into crosslinks,
but unfortunately no quantitative data were pre-
sented. However, ZnO increased the relative rate of
pendent group formation in the NR(100)/sul-
fur(0.5)/BBS(5.0)/Zn0O(5.0) /stearic acid(3.0)
system (and consequently the rate of vulcanization)
considerably.

This paper examines the role of ZnO in TMTD-
accelerated systems.

EXPERIMENTAL

The experimental details were given in previous pa-
pers.!'2 Samples were vulcanized in a DSC, and the
network as well as extractables analyzed. TLC and
HPLC played a major role in the latter analysis.

RESULTS AND DISCUSSION

On vulcanization in the DSC, there was a definite
distinction with respect to the formation of cross-
links and extractable compounds between the IR/
TMTD or IR/sulfur/TMTD system on the one
hand (Table I), and the IR/TMTD/ZnO or IR/
sulfur/TMTD /ZnO mixture on the other (Table
IT). For example, the maximum crosslink density of
the IR/TMTD vulcanizate was only 3.07 X 107°
mol cm™® at 159.1°C, while that of the IR/ TMTD/
ZnO compound increased progressively to 8.30
X 1075 mol em™® at 190.0°C. The crosslink density
of the IR /sulfur/TMTD system started to build up

at 143.2°C (0.41 X 107° mol ecm™2), but was already
higher at 131.9°C (1.46 X 10 * mol cm™®) in the IR/
sulfur/TMTD /ZnO compound. High concentra-
tions of tetramethylthiourea (TMTU) (but no tet-
ramethylthiuram monosulfide (TMTM)) were
measured for the IR/ TMTD or IR /sulfur/ TMTD
mixtures, and in contrast no TMTU (but TMTM)
was detected in the IR/TMTD/ZnO or IR/sulfur/
TMTD /ZnO compounds.

It was remarkable that the concentration of
TMTU was already 31.9 mol % at 159.1°C for the
IR/TMTD compound (Table I), and 34.6 mol %
at 143.2°C for the IR /sulfur/TMTD system. Since
no TMTU was found on heating either a TMTD
sample, or a sulfur/TMTD (1.0/1.0 mole ratio)
mixture isothermally® for 5 min at 145.7°C, it was
clear that the TMTU had not originated directly
from thermal decomposition under these vulcani-
zation conditions. Furthermore, a ratio of 3.5 TMTU
molecules/crosslink was calculated for the IR/
TMTD system quenched at 159.1°C, and 28.3
TMTU molecules/crosslink for the IR/sulfur/
TMTD system quenched at 143.2°C. This implied
that the IR molecules were involved in the formation
of TMTU, but prior to crosslinking. These obser-
vations will now be harmonized.

The thiuram accelerator TMTD decomposes via
a different route in the presence of compounds with
an active hydrogen atom, due to the formation of
the dimethyldithiocarbamic acid (DMDCA). For
example, Dogadkin et al. showed convincingly that
TMTD interacted easily with geraniol, isopropyl-
benzene, and NR at about 140°C, in that DMDCA
formed by means of the abstraction of an active hy-

Table I Analysis of the Compounds Shown, at Various Temperatures Along the DSC Curing Curve

Compounds Extracted

(mol % of Initial Reagent, by HPLC

Degree of Crosslinking
(mol cm™ Rubber

Compound or Detected by TLC) Mass Network X 10°)
(Parts Per Temp. Loss Polysulfides
Hundred) °C) Ss TMTD TMTM TMTU (%) 1/2M, 1/2M.° 1/2M.° (%)
IR (100) 150.2 0.19 0.00
TMTD (8.6) 154.8 0.47 0.06
159.1 0.0 4.9 0.0 31.9 1.45 3.07 1.62 47.2
190.0 0 N 0 7.03 0.91
IR (100) 135.4 0.13 0.00
Sulfur (9.46) 143.2 94.3 27.1 0.0 34.6 0.62 0.41 0.02 95.7
TMTD (8.86) 151.0 69.2 9.8 0.0 60.1 3.90 4.97 1.42 71.5
164.1 9.1 114 0.0 67.1 6.53 6.31 2.23 64.5
190.3 0.0 4.3 0.0 57.7 8.06 3.24 1.95 39.9

* Crosslink density after 2 h propane-2-thiol/piperidine treatment.
b Crosslink density after 4 h propane-2-thiol/piperidine treatment.
¢ Barely detected with TLC.



CURATIVE INTERACTIONS IN POLYISOPRENE. IX 751

Table II Analysis of the Compounds Shown, at Various Stages of Vulcanization

Compounds Extracted

Degree of Crosslinking
(mol cm ™~ Rubber

Compound (mol % of Initial Reagent, or TLC Observation Mass Network X 10°
(Parts Per Temp. Loss Polysulfides
Hundred) (°C) Ss T™TD TMTM TMTU ZDMC (%) 1/2M, 1/2M.* 1/2M.° (%)
IR (100) 140.0 152 489 0.0 19.2 0.11 1.42 0.67 0.56 52.8
TMTD (8.86) 146.9 0.0 9.7 33.1 0.0 34.5 0.22 3.16 2.23 26.3
ZnO (3.0) 169.9 3.2 14.2 0.0 52.7 0.59 5.27 5.10 3.2
190.0 ] ¢ 0 d 0.67 8.30
IR (100) 128.8 0.12 0.00
Sulfur (9.46) 131.9 80.8 31.2 9.1 0.0 22.5 0.25 1.46 0.20 86.3
TMTD (8.86) 136.9 63.6 8.0 10.8 0.0 56.0 0.46 11.51 2.81 2.72 76.4
Zn0O (3.00) 141.4 0.74 16.44 3.71 77.4
146.9 15.2 5.7 0.0 0.0 64.9 1.88 23.71 4.60 4.76 80.0
150.2 2.0 49 0.0 0.0 38.1 2.41 19.42 5.27 5.27 72.9
170.0 0.0 4.0 0.0 0.0 38.7 4.15 13.62 6.30 6.34 53.5

*® Crosslink density after 2 h propane-2-thiol/piperidine treatment.
b Crosslink density after 4 h propane-2-thiol/piperidine treatment.
¢ Compound barely detected with TLC.

4 Compound easy to detect with TLC.

drogen by, for example, thiuram sulfenyl radicals.
No Me,NH (and hence DMDCA) was, however,
formed on heating TMTD in mineral oil for 5 h.
With reference to the current study, it was observed
that TMTD decomposed much more readily into
volatile products (such as Me;NH and CS,) in the
presence of stearic acid, which also possesses active
hydrogens. In the absence of stearic acid, however,
volatilization occurred slowly since DMDCA could
not form.® It was demonstrated in a previous pub-
lication, *® that thiuram sulfenyl or thiuram persul-
fenyl radicals were formed as an early step in the
IR/TMTD /ZnO vulcanization reaction, and it will
be shown in a forthcoming paper that the same re-
mark applies to the IR /sulfur/TMTD /ZnO system.
Since monosulfenyl radicals are well-established as
abstractors of hydrogen atoms,*!® it was assumed
that thiuram sulfenyl radicals would abstract hy-
drogen atoms from the a-methyl or a-methylene
positions of the IR chain.'® The resultant DMDCA
is unstable, %17 and will decompose to yield Me,NH
and CS, in the absence of ZnQ.>*®

Dogadkin et al.*®'? ascribed the advantageous
effects of ZnO in NR/TMTD /ZnO cures to the for-
mation of ZDMC, which would indirectly inhibit
oxidative decomposition of the network due to the
deactivation of DMDCA. In principle, we concur
that the deprivation of DMDCA via the formation
of ZDMC would be beneficial, but for the following
reasons. Since the reaction of secondary amines and
esters?’ is well known, it was inferred that Me,NH,

produced on the decomposition of DMDCA, would
be very reactive towards dithiocarbamate species
(especially under the conditions of vulcanization).
The small Me,NH molecules would then attack the
thiocarbonyl carbon of for example, TMTD to
form TMTU and dimethyltrithiocarbamic acid.
Delepine?! provided direct evidence for this reaction
in 1910, since TMTD and Me,NH had reacted to
form TMTU, dimethylammonium dimethyldithio-
carbamate and sulfur. Although pure dimethylam-
monium dimethyldithiocarbamate is isolable, Craig
et al.’® found it to decompose violently into Me,NH
and CS,, on rapid heating to about 140°C. The re-
action between TMTD and Me;NH can therefore
be visualized as:

TMTD + Me;2NH - TMTU
A
rapid

+ 082 + MegNH + 8

The above will, in part, explain the high quantity
of TMTU that was observed throughout in the IR/
TMTD and IR/sulfur/TMTD vulcanization sys-
tems, particularly in the early stages of cure (Table
I). In addition, TMTM and Me,NH would react in
the same fashion as noted above for TMTD,# and
therefore no TMTM was detected during the IR/
TMTD and IR /sulfur/TMTD cures. The molecular
structure of TMTU does not lend itself to the for-
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mation of the active sulfurating agent tetramethyl-
thiuram polysulfide XSS, X (x = 2), which would
strongly affect the vulcanizate properties.

Moreover, Me,NH formed in IR/TMTD and IR/
sulfur /TMTD vulcanizates would be prone to react
with the thiocarbonyl carbon of the dimethyldithio-
carbamyl moiety of the pendent groups to form
TMTU and a thiol. Since the crosslink precursors
such as RS,SX (x = 1) were thereby demolished,
the actual crosslink reaction via pendent groups was
largely prevented in the above-mentioned com-
pounds.

RS.SX + Me,NH — RS, SH + TMTU
A
rapid

The thiol would behave like sulfur in unacceler-
ated sulfur vulcanization, forming a more inefficient
network due to the formation of, for example, cyclic
sulfides. The large DSC exotherm that was observed
for the IR (100)/sulfur(9.46)/TMTD (8.86) vul-
canization,?? could therefore partially be attributed
to an unaccelerated sulfur vulcanization peak.

The high mass loss (7.03%) in the IR/TMTD
system, compared to the low mass loss (0.67%) of
the IR/TMTD /ZnO compound at 190.0°C (cf. Ta-
bles I and II), underlined the effectiveness of ZnO
in functioning as a chemical trap for DMDCA. With
the formation of ZDMC, the vulcanizate would be
deprived of DMDCA (and hence Me,NH), and
therefore no TMTU was formed in the IR/ TMTD/
ZnO vulcanizate. Dogadkin et al.?® reported that
TMTU was not found in NR or IR/TMTD /ZnO
vulcanizates, and Craig et al.'®?** measured a low
concentration of TMTU in vulcanized NR/TMTD/
ZnO systems. Moore et al.? found TMTU only in a
fully cured IR/ TMTD/ZnO compound (unreacted
TMTD would have interfered if their analysis pro-
cedure was applied at the earlier stages of vulcani-
zation). However, Porter® found exceedingly high
concentrations of TMTU early in the 2-methylpent-
2-ene/ TMTD /ZnO model compound vulcanization.
Substantial amounts of CS, were measured as well,
implying that part of the DMDCA which was formed
had decomposed to Me,NH and CS,;. The TMTU
could have originated via the detrimental reaction
of Me;NH and TMTD, or possibly Me,NH and
pendent groups. Dogadkin et al.! also found that part
of the DMDCA formed in the isopropylbenzene/
TMTD /ZnO vulcanization mixture had degraded
to Me,NH and CS, (rather than reacting with ZnQO),
and ascribed it to poor dispersion of ZnO in the so-
lution. It is evident that care should be taken in

extrapolating from observations in model compound
studies, to events in the real vulcanizate.

The explanations that were presented in the pre-
ceding paragraphs, are illuminating with respect to
the mechanistic aspects of TMTD-based vulcani-
zation systems. Moore et al.? found that the relative
extents (or rates) of pendent group and crosslink
formation were substantially reduced when ZnO was
omitted from an IR(100)/TMTD (4.0)/Zn0 (4.0)
compound, vulcanized for 15 min at 140°C. The
crosslink density results of the IR/TMTD or IR/
sulfur/TMTD system (Tabie I), and the IR/
TMTD /ZnO or IR /sulfur/TMTD /ZnO compound
(Table II) were more informative. They revealed
inter alia that the induction period had decreased
in the presence of ZnO, and that the extent of cross-
link formation was considerably enhanced. These
fundamental differences between TMTD-based
vulcanizates with or without ZnO can now readily
be explained. In the absence of ZnO, Me,NH would
rapidly be released on the decomposition of DMDCA
at vulcanization temperatures. The destructive at-
tack of Me,NH on accelerator molecules and pen-
dent groups will adversely effect the rate and extent
of pendent group formation, which will increase the
induction period and suppress the generation of
crosslinks. (It was inferred from the current results
that Me,NH would be prone to react with pendent
groups RS X, but this was not explicitly proven).
DMDCA (and hence Me,NH) will, on the other
hand, be removed from the vulcanizate in the pres-
ence of ZnO, through the formation of ZDMC. The
detrimental reactions of Me,NH would be inhibited,
which would lead to higher crosslink densities and
consequently better physical properties of the end
product.

Furthermore, it was conspicuous that Parks et
al.’® managed to introduce a large proportion of
benzothiazolyl moieties as pendent groups on vul-
canizing a NR/sulfur/BBS mixture, but Moore et
al.® could find only a small quantity of dimethyldi-
thiocarbamyl units as pendent groups on heating an
IR/TMTD compound. These observations could be
rationalized in terms of the increased stability of
the aromatic benzothiazolyl group, as opposed to
the electrophilic character of the dimethyldithio-
carbamyl group. The benzothiazolyl groups would
therefore be more stable in the presence of t-butyl-
amine, than would the dimethyldithiocarbamyl
group in the presence of Me,NH.

Exactly the same mechanism of crosslink for-
mation which was suggested for the IR/ TMTD/
ZnO vulcanization system,'® would apply in the IR /
TMTD curing system, had the detrimental reactions



involving Me;NH not occurred. Pendent groups of
the type RS, X (x = 2) were also formed, as was
perceived by the large number of polysulphidic
crosslinks (47.2 mol %) at 159.1°C.

CONCLUSION

The poor physical properties that are generally as-
sociated with thiuram-related vulcanization systems
in the absence of ZnO, were traced back to the for-
mation and subsequent decomposition of DMDCA.
The Me,NH generated on the decomposition of
DMDCA, caused reactions detrimental to the vul-
canization process, such as the demolishing of ac-
celerator molecules and pendent groups. The pres-
ence of ZnO in thiuram-based vulcanization systems
is thus imperative to specifically prevent these un-
wanted reactions, but is not a requirement for the
formation of pendent groups of the type RS.,SX
(x=2).
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