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ABSTRACT: The synergistic activity of binary accelerator
systems in rubber vulcanization is well known. Binary ac-
celerator systems are being widely used in industry and are
becoming increasingly popular because of the fact that such
mixed systems can effectively prevent prevulcanization,
permit the vulcanization to be carried out at a lower tem-
perature in a shorter time, and produce a vulcanizate with
superior mechanical properties compared to those of a stock
cured with a single accelerator. Thiourea and its derivatives
are important secondary accelerators in this context. It is
suggested that thiourea containing binary accelerator sys-
tems cause rubber vulcanization to proceed by a nucleo-
philic reaction mechanism. In the present study 1-phenyl-5-
ortho, -meta, and -para-tolyl derivatives of 2,4-dithiobiurets,
which are more nucleophilic than thiourea and vary in their
nucleophilic reactivity, are used as secondary accelerators

along with 2-morpholinothiobenzothiazole in the vulcaniza-
tion of natural rubber. The results show an appreciable
reduction in the cure time for the mixes containing the
dithiobiurets compared to the reference mix. These results
are indicative of a nucleophilic reaction mechanism in the
vulcanization reaction under consideration. These vulcani-
zates also demonstrate comparatively better tensile proper-
ties and good retention of these properties after aging. An
attempt is also made to correlate the variation in physical
properties to chemical crosslink formation in the various
vulcanizates. © 2003 Wiley Periodicals, Inc. ] Appl Polym Sci 90:
3173-3182, 2003
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INTRODUCTION

Ever since the initial discovery of Charles Goodyear
and Thomas Hancock that small quantities of sulfur
used at the time of vulcanization yields the best qual-
ity rubber with extra strength, researchers have been
fascinated by the infinite possibilities in this field.
Binary accelerator combinations can give faster cure
rates in rubber vulcanization systems.'™

The synergistic behavior of these systems is said to
be due to the formation of new chemical moieties,
which make the curing process easier.'’~'” The choice
of the accelerator in sulfur vulcanization determines
the kind of network structure that is produced and
consequently the specific material properties. The ac-
celerator that is chosen affects the cure rate and scorch
safety, as well as the number and average length of the
crosslinks that are formed. The number, distribution,
and length of crosslinks influence the physical prop-
erties of rubber.

Thiourea (TU) and its derivatives are known for
their acceleration activity, and they are being fre-
quently used in mixed accelerator systems in the vul-
canization of natural rubber (NR) latex and neoprene
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rubber. Philpot'® showed the high reactivity of TU in
the vulcanization of NR latex when used with tetra-
methyl thiuram disulfide and N-cyclohexyl benzothia-
zyl sulfenamide. Mathew et al.''* extended this study
to different dithiobiuret (DTB) derivatives of TU, and
their results agree with the suggestion made by Phil-
pot.'®

As a continuation of this study, we selected ortho-,
meta-, and para-tolyl derivatives of DTB (o-, m- and
p-DTBs) of the general formula

S S
I [
R—NH—C—NH—C—NHR'’

where R = C¢Hs— and R’ = 0-, m-, and p-tolyl as
secondary accelerators with 2-morpholinothiobenzo-
thiazole (MBS) in the sulfur vulcanization of NR.

We studied the acceleration activity of three differ-
ent DTBs as secondary accelerators with MBS in the
vulcanization of NR. All the mixes showed an appre-
ciable reduction in the optimum cure time compared
to A reference formulation. Of the three different DTB
derivatives studied, the cure time was found to be
lower for o- and p-DTBs compared to m-DTB. The
reason for the lowering of the cure time can be related
to the higher nucleophilic character of the o- and p-
DTBs. This is because of the +I effect of the methyl
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group and the hyperconjugative effect. Reference
mixes containing MBS and MBS-DTB were also pre-
pared.

EXPERIMENTAL

Preparation of o-, p-, and m-DTBs

The DTBs were prepared according to Joshua et al.'®

Tolyl TUs were prepared by the interaction of the
three different toluidines (o-, p-, and m-) with ammo-
nium thiocyanate in hydrochloric acid.

Ammonium phenyl dithiocarbamate was prepared
by the interaction of carbon disulfide and aniline in an
ammoniacal medium at 0°C. The product thus ob-
tained was steam distilled with lead nitrate to obtain
phenyl isothiocyanate. The latter (0.025 mol) was
added dropwise to a stirred solution of tolyl TU (0.025
mol) and powdered sodium hydroxide (0.025 mol) in
acetonitrile (15 mL), and the reaction mixture was
heated at 60°C for 0.5 h and a clear solution was
obtained. This was then diluted with water (150 mL)
and filtered and the filtrate acidified with concentrated
hydrochloric acid (4 mL, 33%). The crude DTB that
was obtained was dissolved in a minimum quantity of
4% aqueous sodium hydroxide to remove any unre-
acted TU and filtered. The alkaline filtrate on acidifi-
cation at 0°C afforded the DTB that was recrystallized
from ethanol. The reaction pathway is shown below.

CH;,

CHs
S
NH HCI I
, + NH,ONS —=—» NH—C—NH, + NH,Cl
- +
@-Nﬂz + s, NHEO) ©—~NH—CSZ-—NH4
- +
NH—CS,—NH, + Pb(NO;), ——»
@—Ncsmmm;ﬂmo;wbs

CH,
i
NH~C—NH, + @—NCS o
CH;
o
NH—C—NH—C—NH—@

Yield of 0-DTB = 78%
Yield of p-DTB = 81%

Yield of m-DTB = 71%
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Characterization of o-, p-, and m-DTBs

The crude DTB was purified by recrystalizing it in
ethanol. Pure samples were analyzed using IR spec-
troscopy.

IR spectra

The IR spectra of the samples were taken on an FTIR
impact 410 spectrometer. The spectra for the o-, p-, and
m-DTBs are given in Figures 1, 2, and 3, respectively.

0-DTB

The characteristic absorbance peaks obtained are 3170
(NH stretch), 1595 (NH deformation), 1195 (CH
stretch), 2915 (methyl CH stretch), and 3028 cm !
(aromatic CH stretch). This confirms the presence of
NH,—CH—CS and a phenyl ring structure in DTB.
The characteristic group frequency for the o-substi-
tuted derivative is 746.75 cm ™"

p-DTB

We obtained characteristic absorbance peaks of 3171
(NH stretch), 1600 (NH deformation), 1175 (CH
stretch), and 3020 cm ™' (aromatic CH stretch). This
confirms the presence of NH,—CH—CS and the phe-
nyl ring structure in DTB. The characteristic group

frequency for the p-substituted derivative is 818 cm ™.

m-DTB

The characteristic absorbance peaks that were ob-
tained are 3159 (NH stretch), 1595 (NH, deformation),
2917 (methyl CH stretch), and 3027 cm ™! (aromatic
CH stretch). This confirms the presence of
NH,—CH—CS and the phenyl ring structure in DTB.
The characteristic group frequencies for m-substituted
derivatives are 814.9, 754.07, and 691.72 cm ™ L.

Materials

The NR (ISNR-5) used in the study had a Mooney
viscosity (ML 1+4, 100°C) of 85 and was obtained
from the Rubber Research Institute of India (Kot-
tayam, India). The MBS was supplied by Bayer India
Ltd. (Bombay). Acetonitrile, aniline, toluidine, sodium
hydroxide, lead nitrate, carbon disulfide, and ammo-
nia were laboratory reagent grades. The rubber addi-
tives zinc oxide, stearic acid, and sulfur were rubber
grade.

The formulations of the different mixes used in
the present investigation are shown in Table L
Mixes A;, D;, D,, and D; are the reference mixes,
which contain 10 mmol MBS, and 5 mmol MBS with
1, 2, and 5 mmol of DTB, respectively, as accelera-
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Figure 1 The IR spectrum of 0-DTB.

tors. Mixes O,, O,, and O; contain 5 mmol of MBS and M; contain 1, 2, and 5 mmol of m-DTB, respec-
with 1, 2, and 5 mmol of 0-DTB, respectively. Mixes tively, with 5 mmol of MBS.

P,, P,, and P; contain 1, 2, and 5 mmol of p-DTB, Compounding of the NR was done on a laboratory
respectively, with 5 mmol of MBS. Mixes M;, M,,  size two-roll mixing mill (friction ratio = 1:1.4) accord-
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Figure 2 The IR spectrum of p-DTB.
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Figure 3 The IR spectrum of m-DTB.

ing to ASTM D 15-627. The cure characteristics of the
mixes were obtained using a Monsanto Rheometer R
100 at 150°C according to ASTM D 2084-88.

The induction time (¢5) is the time for a one-unit rise
above minimum torque (i.e., about 5% vulcanization).
The scorch time is the time for a two-unit rise above
the minimum torque (i.e., about 10% vulcanization).
The cure rate index (CRI) is reported as

100

too — tig

CRI = (1)

where 4 and ¢, are the times corresponding to the
optimum cure and scorch, respectively. The cure char-
acteristics are reported in Table II and the different
cure curves are given in Figures 4, 5, and 6.

The stocks were then vulcanized up to the optimum
cure time in an electrically heated hydraulic press at
150°C and a pressure of 120 kg cm™ 2 Dumbbell-
shaped tensile and angular tear specimens were
punched out from the compression molded sheets
along the mill grain direction. The tensile properties
and the tear resistance of the vulcanizates were deter-
mined on a tensile testing machine (TNE series 9200)
at a crosshead speed of 500 mm/min according to
ASTM D 412-80 and ASTM D 624-81, respectively.

The heat aging resistance of the vulcanizates was
evaluated by aging the samples for 48 h at 70°C in a
laboratory oven (ASTM D 573). A Shore A type du-
rometer was used to ascertain the hardness of the
vulcanizates (ASTM D 676-52).

A Goodrich flexometer conforming to ASTM D
623-88 (method A) was used for measuring heat
buildup. The rebound resilience was measured using
a Dunlop tripsometer according to ASTM D 1054.

Determination of chemical crosslinks

The chemical crosslink density (1/2M,) was calculated
using the Flory—Rehner equation'®:

pVVS(VV)1/3

—[In(L = V) + V,+ xVA = T 2)

where p, is the density of the test specimen (0.921
g/ cm3), V, is the molar volume of the toluene solvent
(Vs = 106.2 cm®/mol), y is the parameter characteristic
of the interaction between the rubber and solvent®
(X(NR-tolueney = 0-42), M is the number-average molec-
ular weight of the rubber chains between crosslinks,
and V, is the volume fraction of rubber in the swollen
network. Samples of approximately 1-cm diameter,
0.2-cm thickness, and 0.2-g weight were punched out
from the central portion of the vulcanizate. These were
then allowed to swell in toluene for 48 h. The swollen
samples were taken out and weighed. The solvent was
removed in a vacuum and the samples weighed again.
The V, value in the swollen network was then calcu-
lated by the method reported by Ellis and Welding
from the following equation®":
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p= The cure characteristics of the various mixes at 150°C

) 5 _3 o were evaluated. The cure curves obtained are given in

Ela|gw N§ g | ] g | = Figures 4-6. It can be seen from Table II that the

"‘_3 - w "= optimum cure time of 16.5 min at 150°C for the system

g containing 10 mmol MBS is reduced to 9, 9, and 10.5

5 © TEJ 8 min by adding 1 mmol of o-, p-, and m-DTB, respec-

=< Swad g S et tively. The addition of 2 mmol DTB reduces the opti-

= © mum cure time to more than half that using MBS
. alone. The cure time of 16.5 min is reduced to 7.5, 8,
© g% and 85 min by the addition of o-, p-, and m-DTB,
N I3 | | It . T
Clgwasgs = respectively. These results clearly indicate the effec-
- ° tiveness of the DTBs as accelerators in the vulcaniza-
= tion of NR using the MBS/sulfur system. Among the
- 2 g3 | 0 three DTBs that we studied, o- and p-DTBs are more
© g - E) < e active than m-DTB because the 0- and p-DTBs are more
= nucleophilic in nature. This supports the nucleophilic
= mechanism for the vulcanization reaction of NR.?
" f%,\': A novel probable mechanism for the synergistic
R <& activity of o-, p-, and m-DTBs is as follows. MBS reacts
TS89~ =F E 05 with ZnO to form benzothiazyl zinc salt:
o 25 8= < .-& a. = <
Blo%cg &2 T 52 2
= = O .2 — ~
Pugw E E E @) § , T ,
s £ NnA R £ 3 m[XSX' + ZnO] — + [(XS),Zn + (X'O),Zn] (4)
ZzRd= &4 & A & 2
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Figure 5 The cure curves of mixes A,, P, P,, and Ps.
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Figure 6 The cure curves of mixes A,, M;, M,, and M,.

CHy
I I

NH—C—NH—C—NH

Compound III is stabilized by a proton shift to ZnO
and simultaneous elimination of perthioanion (IV):

CH;
SSX ssx
+2XSX ——> NH“Cl—NH—ﬁZ-NH@
X' X' (6)

m

CH, CH;
?sx SSX )
NH—C—NH—A-—NH-@ —— N=C—NH—C=N—© +288X +2H

Trisulfide V (XS;X) can be formed by the reaction
between perthioanion and MBS:

SSX + XSX' — XS X + X’

v (®)

Disulfide VI (XSSX) can be formed by the reaction
between MBS and ZnO, which is a slow process:

Zn*t L. 0% + XSX' > Zn---OX' + SX —
9)

v

SX + XSX' — XSSX + X’

VI (10)

Participation of disulfide VI and trisulfide V in pro-
cesses similar to egs. (8)—(10) lead to the formation of
higher polysulfides.

In the presence of o-, p-, and m-DTBs, SX'bond
fission in MBS is accelerated, providing an easier and
faster route for the formation of polysulfide XS, X.

The polysulfide XS, X and zinc perthio salt react
with rubber hydrocarbon (RH) to form a rubber
bound intermediate RS, X:
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RH + XSS,7nS,5X — XS,R + ZnS + HS,X  (11a)
RH + 2XS,X —5RSmX + ZnS + XS, ;H  (11b)

. 1
RH + RS, X —5RS, R + 5 Zn(8X), + HO]  (11¢)

The addition of DTB reduces the cure time to a
greater extent. Figure 7(a—c) shows the variation in the
optimum cure time and scorch time with varying con-
centrations of DTB and the optimum cure time and
scorch time of the corresponding reference mix A;.
The addition of 2 mmol DTB reduces the optimum
cure time to almost half that using MBS alone (from
16.5 to 8 min). Increasing the concentration of DTB
produces a further reduction in the optimum cure
time. The preferable dosage of 2 mmol DTB can acti-
vate the curing process by initiating the cure quickly
and increasing the rate of cure.

The CRI is a measure of the speed with which the
cure reaction is taking place. The CRI values are
higher for DTB/MBS alone, which indicates faster
curing. The values are higher for 0- and p-DTB systems
than for m-DTB systems, which explains the lower
cure time in those vulcanizates.

Considering the fact that practical rubber mixes can
be obtained using DTB as the secondary accelerator in
the sulfur vulcanization of NR, the vulcanizate prop-
erties of these mixes were investigated further. To
correlate the variation in the tensile properties of var-
ious mixes before and after aging to the number of
crosslinks, the total crosslink density of the different
vulcanizates was also estimated.

The tensile strength values are shown in Table IIL
This value is the highest for the M, mix in which the
DTB concentration is 2 mmol. With a further increase
in the concentration of DTB, the tensile strength values
decrease. This may be due to the desulfuration during
the vulcanization process, which turns the polysulfide
linkages into mono- and disulfidic links.

The effects of the DTB concentration on the tensile
strength of the vulcanizates before and after aging is
presented in Figure 8. The observed behavior is com-
plex. For mix A; (i.e., without DIB), the tensile
strength increases after aging. Mixes O,, O3, M;, M,,
and M; show similar behavior (Table III). This may be
due to the additional crosslinking that occurs to the
vulcanizates during the aging process. Mixes O,, Py,
P,, and P; present a more natural phenomenon of a
reduction in the tensile strength, which is usually
expected from the thermal aging process. The stress—
strain curves of the different samples are given in
Figure 9. All curves are typical of an elastomeric na-
ture. It is also clear from the curves that the accelerator
tolyl derivatives of DTBs do not affect the strain crys-
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Figure 7 The variation in the optimum cure time and
scorch time of various mixes containing (a) MBS-0-DTB, (b)
MBS-p-DTB, and (c) MBS-m-DTB systems.

tallizing nature of NR. The 300% modulus values are
also given in Table IIL. The highest modulus is shown
by the M, mix, The influence of thermal aging on the
300% modulus is presented in Figure 10.

The elongation at break (Table III) decreases with an
increased concentration of DTB. It can be seen that
among the unaged binary systems under study, mix
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TABLE III
Tensile Properties of Vulcanizates Containing MBS-DTB and MBS-DPG

Tensile Strength (MPa)

300% Modulus (MPa)

Elongation at Break (%)

Before After Retention Before After Retention Before After Retention
Mixes Aging Aging (%) Aging Aging (%) Aging Aging (%)
(0N 17.2 18.3 106.39 2.6 32 123 942 928 98.51
0, 18.8 17.5 93.08 3.2 3.6 112 920 902 98.04
0O, 18.6 19.8 106.45 4 4.5 112 930 918 98.7
P, 17.6 16.2 92.04 2.7 32 118 935 906 96.89
P, 19.66 17.5 89.01 4 4.2 105 905 882 97.45
P, 19.8 18.2 91.91 39 4.5 115 917 908 99.02
M, 17.8 20.2 113.48 3 3.8 127 920 904 98.26
M, 20 221 110.5 4.2 4.6 110 860 810 94.18
M, 19.7 23.1 117.25 4.15 4.7 113 876 812 92.69
A, 16 17.3 108.12 21 23 110 980 940 95.92
D, 16 13.2 82.5 2.6 2.8 108 938 888 94.67
D, 16.2 13.1 80.86 32 3 94 938 862 91.9
D; 16.9 13.3 78.69 3.1 34 110 932 841 90.23
O, has the highest elongation at break and mix M, has CONCLUSIONS

the lowest elongation at break. The influence of ther-
mal aging on the elongation at break is presented in
Figure 11.

Other physical properties that we investigated in-
clude the hardness (Shore A), heat buildup, resilience,
tear strength, and crosslink densities. These are re-
ported in Table IV. In the case of vulcanizates contain-
ing DTBs, the tear strength slightly increases with an
increase in the dosage of DTB up to 2 mmol DTB and
then decreases; while hardness and resilience remain
almost constant. The optimum dosage of 2 mmol o-
and p-DTB give comparable values of hardness, resil-
ience, and tear strength to those of the reference mix
whereas m-DTB gives higher values for the resilience
and tear strength. This may be attributable to the high
crosslink density in meta derivative than that of 0- and
p-DTB.

MBS/o-DTB before aging —=— after aging —e—
MBS/p-DTB before aging —A— after aging —v—
MBS/m-DTB before aging —e— after aging —+—
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Figure 8 The variation of the tensile strength of the vulca-
nizates with varying concentrations of DTBs.

The use of DTB as a secondary accelerator for MBS
was investigated emphasizing the processing charac-
teristics and mechanical properties. We found that a

Stress (MPa)

T T T T T T T T
00 400 600 800 1000
strain (%)

Figure 9 The stress—strain curves of MBS-DTB vulcani-
zates.
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Figure 10 The effect of thermal aging on the 300% modulus
of NR vulcanizates with varying concentrations of DTBs.
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reduced. Because 0- and p-DTBs are more nucleophilic
than m-DTB, the results clearly indicate a nucleophilic
reaction mechanism in the systems under investiga-
tion. The tensile and other physical properties (hard-
ness, heat buildup, resilience, and tear strength) of
these vulcanizates were better than or comparable to
those of the reference mix.

680

Elongation at break (%)

MBS-0-DTB before aging —=— after aging - v--
MBS-p-DTB before aging -~ ®— after aging —e—
MBS-m-DTB before aging —A— after aging -+—-
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References
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Figure 11 The effect of thermal aging on the elongation at
break of NR vulcanizates with varying concentrations of
DTBs.

DTB concentration of 2 mmol reduces the optimum
cure time of the mixes and improves the production
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