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ABSTRACT: The reactions of tetraethylthiuram di- and monosulfide (TETD and TETM,
respectively) were investigated in the absence of rubber and compared with those
reported previously for tetramethylthiuram compounds. The reactions of TETM, TETD,
and zinc diethyldithiocarbamic acid with zinc oxide and sulfur were investigated by
differential scanning calorimetry, and the reaction products analyzed by high perfor-
mance liquid chromatography. TETM was shown to be more stable at vulcanization
temperatures (=150°C), but also less reactive with sulfur than tetramethylthiuram
disulfide (TMTD). The reactions of TETD are very similar to those of TMTD, the TETD
reacting slower than the TMTD to form analogous products. In the presence of zinc
oxide, the formation of the zinc compound of TETD, zinc diethyldithiocarbamic acid,
occurred readily. TMTD does not react readily with zinc oxide. The reaction of TETD
with sulfur lead to the formation of polysulfidic accelerator species, although the
concentrations formed in the absence of rubber were considerably less than that formed
by the corresponding TMTD system. These differences in reactivity would affect the
vulcanization reactions that take place in the rubber. © 2001 John Wiley & Sons, Inc. J Appl

Polym Sci 80: 2292-2299, 2001
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INTRODUCTION

The effect of thiuram-derivative accelerators on
sulfur vulcanization has been studied by many
groups. Monosulfides such as tetramethylthiu-
ram monosulfide (TMTM), disulfides such as tet-
ramethylthiuram disulfide (TMTD), and tetraeth-
ylthiuram disulfide (TETD), and polysulfides
such as dipentamethylenethiuram tetrasulfide,
have been frequently used in industry. However,
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in recent years, an increased emphasis on safety
has resulted in the increased use of those that do
not form carcinogenic nitrosamines. TMTD has
had to be replaced by noncarcinogenic nitro-
samine-forming accelerators such as TETD.
These di- and polysulfidic accelerators can vulca-
nize rubber in the absence of added sulfur, but are
usually used with sulfur and zinc oxide.
Thiuram accelerators undergo several reac-
tions before their reaction with the rubber chain.
The thermal decomposition reactions of TMTD
have been shown to result in the formation of
TMTM, tetramethylthiourea (TMTU), CS,, and
sulfur.! The formation of polysulfides has also
been shown to occur from the breakdown of
TMTD. Electron paramagnetic resonance investi-



gations by Blokh? indicated that TMTD dissoci-
ated into radicals when heated to 220°C. It was
proposed that the TMTD could decompose homo-
lytically or heterolytically to form radicals that,
on recombination, would form polysulfides. Ra-
man and electron spin resonance spectra® of
TMTD heated to 145°C and held at that temper-
ature for 2 h showed the formation of TMTU,
tetramethylthiuram polysulfides (TMTP,) and
sulfur. After 60 min, TMTD was nearly undetect-
able and by 120 min, the only products found
were TMTU, TMTP, CS,, and sulfur.

Geyser and McGill* proposed that the forma-
tion of TMTM and TMTP involved TMTD [XSSX,
where X = (CH;),NC(S)] homolysis forming XS°®,
followed by sulfur exchange between TMTD and
XS* leading to TMTM (XSX) formation. The high
TMTD/XS® ratio would lead to further sulfur ex-
traction by persulfenyl radicals. TMTP formation
occurred once the persulfenyl radical concentra-
tion was sufficiently large. In a mixture of TMTD
and sulfur heated to 145°C, Coleman et al.?
showed the formation of TMTP that reached a
maximum concentration between 2 and 15 min.
The final products, after 120 min, were CS,,
TMTU, and sulfur. Kruger and McGill® reported
the formation of TMTP and a small amount of
TMTM (5 mol %) in a sample of TMTD/sulfur
heated in the differential scanning calorimeter
(DSC) to 145.7°C and held isothermally for 5 min.
Geyser and McGill* found that in the presence of
sulfur, TMTP formation became more pronounced
and less TMTM formed. Extraction of sulfur at-
oms from cyclic sulfur was thought to be favored
over extraction from TMTD, because of the low
TMTM concentrations.

Numerous authors have reported on the inter-
action of TMTD and ZnO to form zinc dimethyl-
dithiocarbamate (ZDMC).36~8 Kruger and
McGill® obtained very little or no reaction with
Zn0, and the presence of ZDMC in rubber was
attributed to it being a byproduct of the crosslink-
ing reaction in rubber. Craig et al.® heated radio-
sulfur labeled TMTD with ZnO and produced ran-
domly radioactive ZDMC and radioactive sulfur
in high yield. Jarrijon® obtained a 60 mol % con-
version of TMTD to ZDMC when TMTD (three
parts) was heated with ZnO (two parts) for 2 h at
147°C, in the absence of a solvent. He showed that
a current of H,S also promoted considerable for-
mation of ZDMC. Geyser and McGill'® showed
that the variation in ZDMC, found by various
authors, was associated with water adsorbed onto
the ZnO surface. Some XS° radicals from TMTD
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homolysis were adsorbed onto the ZnO surface
where they reacted with the water molecules
leading to an Hdmtc (dimethyldithiocarbamic
acid) type adsorbent, which on reaction with ZnO
produced ZDMC.

This report compares the results from a study
of tetraethylthiuram monosulfide (TETM) and
TETD reactions in the absence of rubber, with
those from previous workers that were performed
on TMTM and TMTD.

EXPERIMENTAL

The materials used in this study were as follows:
tetraethylthiuram disulfide (TETD) (Fluka, Swit-
zerland), zinc diethyldithiocarbamate (ZDEC)
(Orchem, South Africa), sulfur (AECI, South Af-
rica), zinc oxide (Zinc Process, South Africa), di-
ethyldithiocarbamic acid, sodium salt trihydrate
(Na.detc) (Aldrich). Other compounds were syn-
thesized as detailed below.

Decomposition reactions and reactions be-
tween curatives were conducted in a TA Instru-
ments DSC 10 module, connected to a TA 2000
Thermal Analyzer. High purity nitrogen, at a flow
rate of 65 mL/min, was used as a purge gas.
Heating rates were kept at 2.5°C/min to facilitate
direct comparison between previous work on
TMTD and also with the rubber systems. Mass
loss determinations were conducted using a TA
Instruments TGA 2050 Thermogravimetric Ana-
lyzer connected to a TA 2000 Thermal Analyzer.
High purity nitrogen, at a flow rate of 100 mL/min
was used as a purge gas. The heating rate was
2.5°C/min. A Waters high performance liquid
chromatography (HPLC) system comprising a
Waters 510 pump and a Waters 484 Tunable UV
Absorbance Detector was used. The column was a
w-Bondapak C18 reverse phase column, and the
eluent was methanol/water (85:15 v/v ratio) at a
flow rate of 1 mL/min.

Samples of curatives and blends of curatives
were heated in the DSC and then dissolved in
approximately 5 mL of dichloromethane, followed
by dilution in methanol. ZDEC was converted into
its cobalt analogue by adding CoCl, to the ZDEC
solution before HPLC analysis.!!

Synthesis of Compounds

Tetraethylthiuram polysulfides (TETD polysul-
fides) were prepared by the method outlined by
Levi.'? Sulfur monochloride (1.3 mL) and sodium
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diethyldithiocarbamate (Na.detc) (2.5 g) were re-
acted at room temperature in sodium-dried ether
for 30 min. An equilibrium series of polysulfides
was produced; individual polysulfides in the mix-
ture were identified on the basis of their HPLC
retention times. Diethyldithiocarbamic acid
(Hdetc) was synthesized by adding HCI (~0.8M)
to Na.detc salt while immersed in an ice bath. A
precipitate of TETD was formed, and Hdetc was
recovered from the filtrate. Nuclear magnetic res-
onance (NMR) analysis confirmed the identifica-
tion of the Hdetc. TETM preparation was based
on a method by Klopping and van der Kerk.!?
Water was added in excess to dissolve the Na.detc
salt (0.7 g) in an ice bath; solid KCN (7 g) was
added in large excess. A saturated ammonium
persulfate solution (8.0 g) was then added drop-
wise with cooling and stirring. A viscous dark
brown liquid (TETM) was formed. Sulfur analysis
by the method of Haslam and Willis'* and NMR
analysis confirmed the identification as TETM.

Tetraethylthiourea (TETU) was prepared by
heating TETD in a sealed glass tube for 30 min at
190°C. Thin layer chromatography was used to
separate the TETU. Sulfur analysis by the
method of Haslam and Willis'* and NMR analysis
confirmed the identification as TETU.

RESULTS AND DISCUSSION

Reactions of TETM and TMTM

TETM is a brownish-yellow viscous liquid (bp
225-240°C)'® which remained unreactive up to
temperatures of 200°C. HPLC analysis yielded a
single TETM peak and trace amounts of disulfide
(TETD) and trisulfide (<1 mol %). Only a slight
decomposition of TETM to TETU (3 mol %) oc-
curred above 220°C. The mass loss at tempera-
tures above 170°C can be attributed to TETM
evaporation rather than TETM decomposition to
TETU. Similarly, HPLC analysis of TETM held
isothermally at 150°C showed no TETM decom-
position, and the gradual mass loss could be as-
cribed to TETM evaporation.

Geyser and McGill* reported that TMTM de-
composed to form TMTU and CS, when heated to
220°C, as was found by Coleman et al.> when
TMTM was held at 145°C for 2 h. It was proposed
that the mechanism involved the heterolytic
cleavage of TMTM into thiuram sulfenyl and thio-
carbonyl radicals. Thiuram sulfenyl radicals
could lose CS,, forming a dimethylamino radical

that could attack undissociated TMTM forming
TMTU and a thiuram sulfenyl radical.?
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A DSC curve of a TETM/sulfur (1.0:1.0 mol
ratio) sample heated at 2.5°C/min to 200°C
showed the characteristic sulfur melt endotherms
at 105°C (Fig. 1). An endotherm starting in the
region of 140°C was accompanied by a mass loss
that increased progressively with temperature.
HPLC analysis of the reaction products formed at
different temperatures revealed TETD to be the
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Figure 1 DSC curve of a TETM/sulfur mixture
heated at 2.5°C/min.
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Figure 2 Analysis of curatives and reaction products
from a TETM/sulfur mixture heated isothermally at
150°C.

major product (43 mol % at 140°C). Tri- (5 mol %
at 140°C) and tetrasulfides (7 mol % at 140°C),
followed by some higher sulfur content (5-7) poly-
sulfides (0—3 mol % at 140°C), were also pro-
duced. At temperatures above 140°C, the de-
crease in total tetraethylthiuram polysulfides
(TETP) and TETD concentrations was accompa-
nied by an increase in TETU production and CS,
evolution. The mass losses occurring were attrib-
uted partly to some TETM and TETU evapora-
tion, as well as CS, production. Isothermal heat-
ing of a TETM/sulfur mix (1.0:1.0 mol ratio)
showed TETD to be the major product (Fig. 2). A
maximum concentration of 43 mol % TETD was
obtained after 4 min. Lesser amounts of tri- (7
mol % after 3 min) and tetrasulfides (9 mol %
after 3 min), and traces of penta-, hexa-, and
heptasulfides (0—3 mol % after 3 min), were ob-
served on HPLC analysis. The decline in total
TETP concentration, after 3 min, was accompa-
nied by the formation of TETU. It can therefore be
concluded that with longer reaction times, TETP
will undergo desulfurization as well as CS, evo-
lution.

When TMTM and sulfur are heated together at
125°C, a 5-min induction period precedes the for-
mation of TMTD and TMTP?; this was also ob-
served by Geyser and McGill.* Kruger and
McGill'® proposed that an equilibrium reaction
was established between TMTM and TMTD.

XSX + Sg = XSSX where X = (CH;),NC(S)—

The TMTM/sulfur reaction occurred more
readily than the corresponding TETM/sulfur re-
action. More TMTD was produced (53 mol % after
4 min) in the TMTM/sulfur (1.0:0.25 mol ratio)
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mix at 130°C, than TETD obtained (43 mol %
after 4 min) in the TETM/sulfur (1.0:1.0 mol ratio)
system at 150°C. Geyser and McGill* showed the
total TMTP concentration to be stable after 5 min
at 130°C. Because no increases in the elemental
sulfur concentration were observed after 5 min, it
can be concluded that no desulfurization of TMTP
had occurred.

Reactions of TETD and TMTD

The DSC curve (Fig. 3) showed the melting endo-
therm of TETD at 71°C (69-71°C'7). No further
thermal events were observed until the higher
temperature regions where a broad endotherm,
starting at 170°C, occurred. HPLC analysis of the
products formed when TETD samples were
heated to different temperatures revealed TETM
(28 mol % at 170°C) to be the major product of the
TETD reaction. TETP reached a maximum of 14
mol % at 170°C. The tri- (7 mol %) and tetrasul-
fides (5 mol %) were the most prominent, with
traces of penta- and hexasulfides (<1 mol %) de-
tected at 170°C. There was a notable decrease in
the concentrations of TETM and TETP at temper-
atures above 170°C. Degradation of TETP and the
remaining TETD was accompanied by the forma-
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Figure 3 DSC curves of curatives heated at 2.5°C/
min. (a) TETD, (b) TETD/ZnO, (¢) TETD/sulfur, and (d)
TETD/sulfur/ZnO.
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Figure 4 Analysis of curatives and reaction products
of TETD heated isothermally at 150°C.

tion of decomposition products TETU, CS,, and
sulfur. The mass loss increased to 51% at 194°C
and was mainly attributed to evaporation of
TETM, TETU, and CS,. IR spectroscopic analysis
of the volatiles collected from the TETD decom-
position at 200°C confirmed the presence of CS,.
Small traces of cyclic sulfur were also detected by
HPLC (0.4 mol % at 194°C). Heating TETD at
195°C for 90 min resulted in nearly all the sample
decomposing and evaporating, with only TETU
being observed on HPLC analysis of the residue.

Kruger and McGill® found that TMTD melted
at 138.9°C when heated at 5°C/min in the DSC.
Thin-layer chromatography analysis of the sam-
ple revealed TMTD to be the major component,
with TMTM and traces of sulfur also detected.
When a sample was heated to 145.7°C and held
isothermally for 5 min, both TMTD (45.1 mol %)
and TMTM (43.6 mol %) were found.” No TMTU
was detected. A study by Geyser and McGill*
found that TMTD formed TMTM (32 mol %) and
TMTP (£13 mol %) when it was heated to 150°C
and held isothermally for 5 min; 46 mol % TMTD
remained. When heated to higher temperatures,
TMTD and TMTP decomposed to form TMTU,
sulfur, and CS..

Isothermal studies of TETD at 150°C (Fig. 4)
showed equilibrium conditions to be reached after
20 min, with TETD stabilizing at 56 mol % and
TETM at 23 mol %. Small traces of tri- and tet-
rasulfides (3—5 mol %) were also detected, but no
traces of sulfur were found. No TETU was de-
tected and a low mass loss of 0.92% after 30 min
indicated that no CS, was evolved.

Geyser and McGill* showed TMTD to react
much faster under similar conditions with equi-
librium being reached after 2 min: TMTD (46 mol
%), TMTM (32 mol %), tri- and tetrasulfides (5-10

mol %), penta- and hexasulfides (<2 mol %).
Small traces of sulfur (<2 mol %) were present
after 3 min. Similar to TETD, no thiourea
(TMTU) was detected and a low mass loss (0.22%)
was recorded. They suggested that homolysis of
the TMTD, followed by sulfur exchange reactions
between XS° and TMTD, resulted in the rapid
formation of TMTM.

XSSX — 2 XS*
XS* + XSSX — XSX + XSS*
XSS® + XSSX — XSX + XSSS*
Where X = (CH,;),NC(S)—

Radical recombination reactions would lead to the
formation of TMTP.

The TETD reactions are similar to those of
TMTD; the difference appears to lie in the rate of
reaction of the TETD. It is therefore proposed
that TETD and TMTD would react via the same
mechanism type, resulting in analogous products,
but at different rates.

Reactions with Zinc Oxide

The DSC curve of TETD and ZnO showed no
differences to that of the TETD heating curve
[Fig. 3(a,b)]. Analysis of the products at different
temperatures along the heating curve revealed a
faster decrease for TETD in the presence of ZnO.
Low concentrations of polysulfides were found, as
was seen in the TETD system in the absence of
sulfur. As the temperature increased, the concen-
trations of the TETD, TETM, and TETP dropped
with a concomitant increase in ZDEC formation.
The presence of ZnO appeared to promote the
earlier decomposition of TETD which was accom-
panied by the formation of TETM and lesser
amounts of TETP. At 140°C, HPLC analysis
showed 55 mol % TETD, 20 mol % TETM, 6 mol %
TETP, and 14 mol % ZDEC. In the absence of
Zn0, 97 mol % TETD was still present at 140°C.
The amount of ZDEC increased with further heat-
ing to 28% at 150°C, and 35% at 163°C.

Kruger and McGill*'® heated a dried TMTD/
7ZnO mixture (1.0:1.0 mol ratio) to 147°C and held
it isothermally for 30 min. Very little ZDMC (2.1
mol %) was formed, and TMTD (51 mol %) and
TMTM (24.9 mol %) were the only other products
present. They attributed the low ZDMC yield to



TMTD reacting on the surface of the ZnO, coating
the ZnO particles with ZDMC and thereby inhib-
iting further reaction. Geyser and McGill*° found
that an undried mixture of TMTD and ZnO (1.0:
1.0 mol ratio) formed 21 mol % ZDMC when it was
heated to 150°C and held isothermally for 15 min.
The improved reaction was attributed to an auto-
catalytic reaction initiated by H,O adsorbed on
the surface of the ZnO.

In an analogous experiment with TETD, ZnO
was dried and then reacted with TETD in a 1.0:
1.0 mol ratio. HPLC analysis of the products
formed once again showed high yields of ZDEC,
21% at 140°C, 31% at 150°C, and 39%at 160°C.
When both the TETD and the ZnO were dried
before reaction, HPLC analysis of the products
also yielded a high concentration of ZDEC (21 mol
% at 160°C). The effectiveness of ZnO as a trap for
accelerator fragments, as suggested by Geyser
and McGill,'° can be seen by the decreased mass
losses observed in TETD/ZnO mixes. In the pres-
ence of ZnO and H,0, an Hdetc type adsorbent
could be formed on the surface of the ZnO, which
could react to form ZDEC. The ready formation of
ZDEC, even in dried samples, is an important
difference between TMTD and TETD. ZDMC (or
ZDEC) has been suggested as the precursor to
crosslink formation,'®?° although Kruger and
McGill*! found that it formed as a byproduct of
crosslinking and was not the initial crosslink pre-
cursor.

Reactions with Sulfur

The DSC curve of a TETD/sulfur (1.0:1.0 mol ra-
tio) mixture [Fig. 3(c)]l, heated at 2.5°C/min,
showed the TETD melt at 68°C. The endotherm
starting at 103°C was associated with the melting
and subsequent dissolution of sulfur with the
TETD. Analysis of the reaction products at differ-
ent temperatures along the DSC curve revealed
that interaction between TETD and sulfur only
occurred above 112°C. The concentration of TETD
gradually decreased from 99 mol % at 97°C to 28
mol % at 150°C. TETP (3—8) were the major prod-
ucts and reached a maximum of 38 mol % at
150°C. The tri- (11 mol %) and tetrasulfides (18
mol %) were the major polysulfidic species with
lesser amounts of the higher polysulfides (5-8)
being produced. TETM formation (4 mol % at
150°C) was not significant in the presence of sul-
fur. The endotherm starting at 160°C was associ-
ated with a rapid mass loss and a decrease in the
TETP concentration. TETP decomposed by re-
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Figure 5 Analysis of curatives and reaction products
of a TETD/sulfur mixture heated isothermally at
150°C.

leasing sulfur to form lower sulfur content poly-
sulfides and TETD. At higher temperatures,
TETD in turn decomposed to form TETU, CS,,
and sulfur.

Isothermal heating of TETD/sulfur (1.0:1.0 mol
ratio) (Fig. 5) at 130°C, resulted in the formation
of a similar product spectrum. The concentration
of TETD decreased as it reacted with sulfur form-
ing polysulfides, with equilibrium being reached
after 6 min. At equilibrium, 26 mol % TETD,
trisulfide (10 mol %), and tetrasulfides (18 mol %)
were the most abundant species; higher sulfur
ranked polysulfides were in smaller concentra-
tions. The total TETP concentration stabilized at
42 mol %. TETM was formed in much lower con-
centrations (5 mol %), suggesting that radicals
produced from the homolysis of TETD react pref-
erentially with cyclic sulfur, abstracting sulfur to
form TETP.

The reaction of TMTD and sulfur was studied
at 130 and 150°C.* At 130°C, the reaction reached
equilibrium conditions after 2 min, with approxi-
mately 60 mol % of the TMTD in the form of
polysulfides and about 5 mol % TMTM. At 150°C,
the reaction reached equilibrium slightly quicker,
after 1 min, but the product spectrum was very
similar. Geyser and McGill* suggested that the
sulfur atoms add to the TMTD sequentially to
form higher and higher polysulfides.

XSSX — 2 XS*
XS® + Sg = XS; + Sy

XS; + Sy —> XS; + S,
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XS* + XS; < XS;X
XS; + XS; < XS X
XS* + XS; < XS X

This is in contrast with other authors who have
suggested that the accelerator radical reacts with
Sg which produces high sulfur polysulfides which
later desulfurate.®**23

The TETD/sulfur studies showed many simi-
larities with the TMTD/sulfur system studied by
Geyser and McGill.* In both cases, polysulfides
were the major products with the TMTD acceler-
ator exhibiting greater reactivity toward sulfur.
The total polysulfidic species produced by TMTD
were much higher than in the corresponding
TETD system. In both systems, the monosulfide
formation was negligible in the presence of added
sulfur. Both thiuram systems showed very small
mass losses, which indicated that no CS, or thio-
urea formation had occurred.

Reactions with Sulfur and Zinc Oxide

An undried TETD/sulfur/ZnO mix (1.0:1.0:1.0 mol
ratio) heated at 2.5°C/min to 200°C revealed a
DSC curve very similar to a TETD/sulfur mixture
[Fig. 3(c,d)]. The effect of the added ZnO was seen
from the later decomposition endotherm at 170°C,
as compared with 150°C for the TETD/sulfur mix.
HPLC analysis of the products at different tem-
peratures along the DSC curve revealed a rapid
TETD decomposition up to 150°C (18 mol % re-
maining), accompanied by a gradual decrease in
the sulfur concentration (52 mol % at 150°C). The
TETD and sulfur concentration decline was ac-
companied by a corresponding increase in the
amount of polysulfides (total of 42 mol % at
130°C). TETM formation reached a maximum of 8
mol % at 120°C. The faster decomposition of
TETD in the presence of ZnO led to the earlier
production of TETP.

In contrast, ZnO was found to increase the
induction period for the reaction between TMTD
and sulfur, held isothermally at 130°C. The total
amount of TMTP was higher in the presence of
ZnO. Geyser and McGill'® did not obtain appre-
ciable ZDMC formation from the TMTD/sulfur/
Zn0O mixes, and attributed this to the displace-
ment of water on the surface of the ZnO by the
sulfur.
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Figure 6 DSC curves of curatives heated at 2.5°C/
min. (a) ZDEC, and (b) ZDEC/sulfur.

The effect of water was investigated by drying
the ZnO for 24 h before mixing with TETD and
sulfur. A dried mixture of TETD/sulfur/ZnO (1.0:
1.0:1.0 mol ratio) produced a yield of 28 mol %
ZDEC when heated to 160°C, compared with 27
mol % ZDEC for an undried TETD/sulfur/ZnO
mix heated to the same temperature.

Reactions of ZDEC and ZDMC

The DSC curve of ZDEC heated at 2.5°C/min to
250°C showed the melt endotherm at 175.1°C
[Fig. 6(a)l. Analysis of the products formed at
different temperatures revealed only the presence
of ZDEC.

This stability and lack of reaction was also
shown for ZDMC. Kruger and McGill® heated
ZDMC at 10°C/min and showed a double-compo-
nent melting endotherm with peaks at 249.5 and
252.4°C. HPLC analysis revealed only the ZDMC
(analyzed as CoDMC, cobalt(IIT) dimethyldithio-
carbamate). A similar result was obtained by
Geyser and McGill.'°

A ZDEC/sulfur (1.0:1.0 mol ratio) mix heated at
2.5°C/min to 250°C showed the sulfur melt endo-
therm at 108.9°C, and an endotherm at 147.3°C
that could be attributed to the dissolution of
ZDEC into the molten sulfur [Fig. 6(b)]. HPLC
analysis of samples heated to different tempera-
tures revealed only ZDEC, analyzed as CoDEC
(cobalt(ITI) diethyldithiocarbamate), and sulfur.



Although no products from the interaction of
ZDEC and sulfur at vulcanization temperatures
were observed, the ZDEC did undergo a rapid
decomposition when heated above its melting
point. By 200°C, all of the ZDEC had decomposed,
accompanied by a 37.2% mass loss, and the for-
mation of a small amount of TETU (12 mol %).

Geyser and McGill'® heated ZDMC/sulfur (1.0:
1.0 mol ratio) mixtures to various temperatures
under different conditions and found no interac-
tion to occur at vulcanization temperatures. They
did show that ZDMC decomposed rapidly in the
presence of sulfur when heated above 230°C, with
a mass loss of 54.1% at 280°C; this mass loss
corresponded to all of the ZDMC present in the
sample.

CONCLUSIONS

It has been shown that TMTD decomposes to form
radicals and it is proposed that TETD also would
decompose to form radicals at sufficiently high
temperatures. The product spectra of TETD and
its mixtures with other curatives were analogous
to those of TMTD when performed under similar
conditions. The difference seems to lie in the
slower rate of reaction for TETD and sulfur as
compared with TMTD and sulfur. It is therefore
proposed that TETD and TMTD would react via
the same mechanism, but at different rates. In
the presence of ZnO, TETD reacted to a much
larger extent than TMTD, resulting in the forma-
tion of ZDEC and the earlier formation of TETD
polysulfides and TETM.

REFERENCES

1. Dogadkin, B. A.; Shershnev, V. A. Rubber Chem
Technol 1960, 33, 401.

11.
12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

TETD AND TMTD VULCANIZATION. I 2299

. Blokh, G. A. Rubber Chem Technol 1960, 33, 1005.
. Coleman, M. M.; Shelton, J. R.; Koenig, J. L. Rub-

ber Chem Technol 1973, 46, 957.

. Geyser, M.; McGill, W. J. J Appl Polym Sci 1995,

55, 215.

. Kruger, F. W. H.; McGill, W. J. J Appl Polym Sci

1991, 42, 2669.

. Craig, D.; Juve, A. E.; Davidson, W. L. J Polym Sci

1951, 6, 1.

. Kawoaka, Y. Chem Abstr 1950, 44, 2786e.
. Scheele, W.; Bielstein, G. Kautsch Gummi 1955, 8,

251.

. Jarrijon, A. Rubber Chem Technol 1946, 19, 1061.
. Geyser, M.; McGill, W. J. J Appl Polym Sci 1996,

60, 425.

Kaniwa, M. J Chromatogr 1987, 405, 263.

Levi, T. G. Gazz Chim Ital 1931, 61, 383.
Klopping, H. L.; van der Kerk, G. J. M. Recueil
1951, 70, 917.

Haslam, J.; Willis, H. A. in Identification and Anal-
ysis of Plastics, 2nd ed.; Haslam, J.; Willis, H. A.;
Squirrell, D. C. M., Eds., Iliffe: London, 1972.
Lide, D. R., Ed. The Handbook of Chemistry and
Physics, 80th ed.; CRC Press: Boca Raton, FL,
1999.

Kruger, F. W. H.; McGill, W. J. J Appl Polym Sci
1991, 42, 2661.

Fluka Chemika-Biochemika.
Corp.: New York, 1995, p. 1413.
Kruger, F. W. H.; McGill, W. J. J Appl Polym Sci
1992, 45, 563.

Porter, M. in Organic Chemistry of Sulfur; Oae, S.,
Ed., Plenum Press: New York, 1977, Chapter 3.
Bateman, L.; Moore, C. G.; Porter, M.; Saville, B. in
The Chemistry and Physics of Rubber-Like Sub-
stances; Bateman, L., Ed., Maclaren: London,
1963, Chapter 15.

Kruger, F. W. H.; McGill, W. J. J Appl Polym Sci
1992, 45, 749.

Dogadkin, B. A.; Selynkova, V.; Tarasova, Z.; Do-
bromyslova, A.; Feldshtein, F.; Kaplunov, M. Rub-
ber Chem Technol 1956, 29, 917.

Tutorskii, I. A.; Ginsburg, L. B.; Dogadkin, B. A.
Rubber Chem Technol 1961, 34, 334.

Fluka Chemical



