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SYNOPSIS 

Polyisoprene was vulcanized with binary accelerator systems comprising mixtures of the zinc 
salts of tetramethylthiuram disulfide (TMTD) and 2-mercaptobenzothiale (MBT). Samples 
were heated in a DSC at a programmed rate, the reaction was stopped at points along the 
thermal curve, and the system was analyzed. Extractable curatives and reaction intermediates 
were analyzed by HPLC and the crosslink density of samples measured by swelling. DSC 
curves for the different systems displayed similar characteristics and their similarity to the 
curve obtained with the zinc salt of TMTD rather than to the curve obtained with the zinc 
salt of MBT suggested that the reaction was dominated by the former accelerator. This 
conclusion was supported by HPLC analyses of extractable curatives. A reaction mechanism 
for the binary system is discussed. 0 1996 John Wiley & Sons, Inc. 

INTRODUCTION 

In a previous article,' we reported on the vulcani- 
zation of polyisoprene (IR) by the binary accelerator 
system tetramethylthiuram disulfide (TMTD)-2- 
mercaptobenzothiazole (MBT) in the absence of 
ZnO. However, most binary accelerator systems 
have been studied in the presence of ZnO, the great- 
est synergistic effect in the TMTD-MBT system2 
occurring at a mol ratio of 1.0/1.315. It has 
been reported3s4 that two-thirds of the TMTD is 
converted to bis(dimethyldithiocarbamato)zinc(II) 
[Zn2(dmtc),] in the early stages of the reaction [i.e., 
the Zn,(dmtc),/MBT ratio is 0.67 : 1.3151. In the 
early stages, MBT and ZnO will also react to form 
bis(2-mercaptobenzothiazolo)zinc(II) [Zn(mbt)2], 
and since 2 mol of MBT are involved in forming 
Zn(mbt),, the greatest activation coincides with the 
formation of a Zn(mbt)2(dmtc)2 complex (I) in 
which the TMTD/MBT ratio becomes 1 : 1. The 
authors2 argued that this provides evidence for 
complex I. 

Complex I 
To explain the TMTD activation of MBT, it was 

suggested that the Zn2(dmtc)4 anion ligand will 
weaken the bond between zinc and the BtS,_ groups. 
Duchacek5 found that the scorch time of a TMTD- 
MBT system reached a maximum at  a Zn,(drnt~)~/ 
Zn(dmbt), ratio of 1 : 1 and also concluded that 
complex I formed. Skinner and Watson' reported 
synergism in TMTD-MBT and 2-bisbenzothiazole- 
22-monosulfide (MBTM)-2-bisbenzothiazole-2,2'- 
disulfide (MBTS) systems. Pal et al.778 subscribed 
to the view that synergism occurs via more reactive 
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RESULTS AND D I S C U S S I O N  
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Figure 1 Upper figure: (-) DSC; (- - -) TG; (. - - ) 
degree of crosslinking. Lower figure: HPLC analysis of 
IR-Zn2(dmtc)( (0.33)-MBT (0.67)-sulfur (1) heated at 
2.5"C/rnin. 

This article reports on the vulcanization of IR by 
the binary accelerator system TMTD-MBT in the 
presence of ZnO. Exchange reactions between these 
accelerators and their zinc complexes in the absence 
of rubber have been de~cribed.~ 

EXPERIMENTAL 

Materials 

Bis (dimethyldithiocarbamato) zinc (11) [ Znz (dmtc)J 
and bis( 2-mercaptobenzothiazolo)zinc(II) [Zn(mbt),] 
were from Bayer, and ZnO, from BDH. Other mate- 
rials used were detailed earlier.' 

Compounds were mixed in a Brabender plasti- 
corder and vulcanized by heating at  a programmed 
rate in a DSC.' The reaction was stopped at  points 
along the thermal curve and residual curatives and 
extractable reaction intermediates were analyzed by 
HPLC as described.'~'O," 

Due to the large number of product species formed, 
detailed plots of their concentration vs. reaction time 
or temperature become cluttered and difficult to in- 
terpret; hence, as in previous articlesg~" in this series, 
changes in concentration of selected species only 
are presented by smooth curves. The concentrations 
of all reactants and products are shown in the tables 
and these must be read in conjunction with the fig- 
ures. 

DSC cure curves for all the formulations studied 
have the same general features although there are 
differences in detail (Figs. 1-5). In all cases, the 
vulcanization exotherm is interrupted by an over- 
lapping endothermic event associated with a mass 
loss as reflected in the TG curves. As the tempera- 
ture is increased, the loss of a volatile species from 
the system continues, but the highly exothermic na- 
ture of the reactions associated with vulcanization 
soon result in the curve resuming its overall exo- 
thermic character after a temporary reversal. The 
general features reflected in the DSC curves parallel 
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Figure 2 Upper figure: (-) DSC; (- - -) TG; ( - - - ) 
degree of crosslinking. Lower figure: HPLC analysis of 
IR-Zn,(drnt~)~ (0.5)-MBTS (0.5)-sulfur (1) heated at 
2.5'C/rnin. 
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Figure 3 Upper figure: (-) DSC; (- - -) TG; ( - - - ) 
degree of crosslinking. Lower figure: HPLC analysis of 
IR-Zn,(dmtc), (0.5)-Zn(mbt), (0.5)-sulfur (1) heated at 
2.5°C/min. 

those found in that of the IR-Zn, ( dmtc)4 sulfur 
system." The endothermic event, attributed to the 
evaporation of dimethyldithiocarbamic acid 
(Hdmtc) (or its degradation products), can be 
eliminated by the inclusion of ZnO in the com- 
pound." ZnO traps Hdmtc as Zn,( d m t ~ ) ~ .  The sim- 
ilarity between the DSC curves and their resem- 
blance to that of the IR-Zn, ( dmtc)4-sulfur system 
suggests that the crosslinking process is dominated 
by the accelerator Znz ( dmtc )4. 

The similarity in the reaction mechanism appli- 
cable to the different systems is reinforced by the 
analyses of curatives and intermediates extracted 
from the rubbers a t  different stages of the reaction 
(Figs. 1-5 and Table I ) .  On extracting curatives 
from the unheated rubber, a wide spectrum of prod- 
ucts is obtained. This can be ascribed to the inter- 
action between curatives on dissolution and is con- 
sistent with data reported earlier in studies of the 
interactions of curatives in the absence of 
It is impossible to say whether these interactions 
occur when the curatives dissolve in the rubber dur- 
ing compounding or only when they are extracted 

into the HPLC solvent. Coincident with, or imme- 
diately prior to the onset of crosslinking, there is a 
change in the spectrum of products extracted, in- 
dicating that the equilibrium between the species is 
disturbed and this must be ascribed to the interac- 
tion of some species with the polymer chain. The 
concentrations of most species decrease, but that of 
MBT increases rapidly and later starts to decrease 
very slowly, while that of Zn, ( dmtc), increases to 
a maximum coincident with the onset of the endo- 
thermic event in the DSC curve. Thereafter, the 
Zn, ( dmtc)4 concentration decreases rapidly, the 
decrease being accompanied by a mass loss as re- 
flected in the TG curves. 

In their study of the Zn, (dmtc),-accelerated 
crosslinking of model compounds, Geyser and 
McGill l3 suggested that interaction between the oc- 
tagonal S8 ring and Zn,(dmtc), will weaken the 
Zn - S bond, which, in the presence of rubber or a 
model compound with a labile hydrogen atom, will 
lead to the formation of a pendent group of high 
sulfur rank, ZnS and Hdmtc: 

20 80 100 120 140 180 180 200 

Tampdurn (%) 

t 

Y ~:I 
p 
8 

%- 
0 

20 80 100 120 140 1 0  180 200 

T.mp.mtum W) 

Figure 4 Upper figure: (-) DSC; (- - -) TG; ( - -  - ) 
degree of crosslinking. Lower figure: HPLC analysis of 
IR-TMTD (0.5)-Zn(rnbt), (0.5)-sulfur (1) heated at 
2.5"C/min. 
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Table I Analysis of Compounds Heated in the DSC at 2.5"C/Min to Various Temperatures 

l /2M 
Temp X lo5' 

Extracted Component Concentration (mol %) 

Compound ("C) (mol/mL) S8 TMTD TMTM T3 T 4  MBT MBTM P1 P2 P3 Znp(dmtc)l 

IR- 
Zn,(dmtc), (0.33) 
-MBT (0.67) 
-sulfur (1) 

IR- 
Zn,(dmtc)4 (0.5) 
-MBTS (0.5) 
-sulfur (1) 

IR- 
Zn,(dmtc), (0.5) 
-Zn(mbt), (0.5) 
-sulfur (1) 

25 
95 

110 
116 
120 
121 
122 
140 
150 
159 
166 
175 
186 
200 

77 
84 
81 

0.18 50 a 

1.77 58 a 

2.64 62 
4.04 59 
7.93 36 a 

6.80 16 a 

7.75 13 
6.29 
5.39 
4.87 
4.33 1 

80 
100 
120 
124 7.73 
127 13.20 
131 15.10 
140 15.20 
150 14.00 
165 7.39 
200 3.66 

77 61' 
80 51' 
77 58' 
56 27" 
40 5' 
33 4c 
15 6' 

7c 

25 81 
90 80 

110 64 
130 0.01 63 
140 4.45 45 
146 12.90 3 
155 9.23 
165 5.01 
175 3.77 
185 3.15 3 
200 2.51 

25' 
3 2e 
3 7' 
3 le 

e 

e 

93' 
87' 
92' 
75' 
82' 
88' 
84' 
85" 
76" 
80" 
76" 
72" 
60" 
54' 

3d 21 35 
7" 5d 24 36 

4d 13 37 
60 

8' 66 
12c 70 
8' 1 66 
8' 1 69 

11' 1 60 
5d 2 40 

57" 
75' 
74' 
65e 
67' 
54e 
46' 

3 
3 
3 b  61b 

b 67b 
b 74b 
b 95b 
b 94b 

1 b  72b 
2 b  19b 
1 
2 
2 

1 

2 2 21 
3 2 24 
2 2 21 
1 

< 1  
1 
1 
1 
2 

1 3 

9 
11 
13 
16 
26 
20 
16 
10 
4 

21d 
23d 
26d 
81d 
65d 

2gd 
18d 

5gd 

7d 

10" 
9" 
6" 

13' 
14' 
1 7' 
15' 

1 14e 
1 16' 
1 14= 
1 28' 

XSZnSX + Ss + RH + 

RS,SX + ZnS + HSX (1) 

where X is ( CH3)2NC (S) and RH is rubber or a 
model compound. 

Znz (dmtc), catalyzes the reaction of pendent 
groups with neighboring rubber chains, leading to 
rapid crosslinking and the liberation of more 
Hdmtc.14 In a closed system, ZnS will retrap15 

Hdmtc as Zn2(dmtc),, but in an open system,12 
Hdmtc is lost from the DSC samples a t  elevated 
temperatures. (Kruger and McGill l2 suggested that 
Hdmtc decomposed to CSz and dimethylamine, 
which escaped from the system. Geyser and McGill15 
showed that Hdmtc was stable at vulcanization 
temperatures and would evaporate without decom- 
posing.) The rapid mass loss seen in the TG curves 
of all systems is accompanied by a decrease in the 
amount of Zn2 (dmtc), extracted from the com- 
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Table I (Continued from the preuious page) 

1/2M 
Temp X 10'" 

Extracted Component Concentration (mol %) 

Compound ("C) (mol/mL) S8 TMTD TMTM T 3  T4  MBT MBTM P1 P2 P3 Znz(dmtc)( 

IR- 
TMTD (0.5)- 
Zn(mht), (0.5) 
-sulfur (1) 25 

90 
110 
114 
123 
128 
134 
143 
151 
165 
175 
190 
200 

0.06 
7.21 

19.5 
18.7 
15.7 
7.68 
6.04 
5.60 
4.37 

IR- 
TMTD (0.5) 
-MBT (0.5) 
-ZnO (1) 
-sulfur (1) 25 

80 
100 
116 
125 0.36 
140 28.10 
143 29.80 
155 18.90 
165 8.61 
180 4.65 
200 2.79 

79 
80 
83 
77 
52 
50 
29 
12 
2 

68 
63 
73 
63 
37 
10 
2 

43 
50 
48 
36 
1 

1 1' 6 
1 1' 8 
1 10 

13 
52 
70 
82  
80 
80 
75 
69 
70 
60 

37 28 21 34 
35 26 18 34 
39 26 22 36 
61 17 46 
50 5 36 
7 9 68 
5 10 69 

11 72 
13 92 

7 85 

d 

d 

d 

d 

d 

2 32' 
2 36' 
2 33' 
1 25' 

1' 
2' 
3' 
2' 
3' 
2' 

2' 
4' 
1' 
1' 

42' 
56' 
40' 
17' 
12' 
10' 
1' 

4 39 3 1 5d 
3 34 4 1 3d 
4 39 5 15d 
2 20 10 2Od 
1 4 7  27d 

24 63d 
1 24 37d 
2 14 lgd 
2 
5 
2 

T3 and T4 = tetramethylthiuram tri- and tetrasulfide: P1, P2, and P3 = N,N-dimethyldithiocarbamyl-benzothiazole mono-, di-, 

a Poor separation TMTD and MBT. Denoted as MBT. 
Poor separation of Znz(dmtc),, MBTM, P3, and P4. 
' Poor separation of TMTD and TMTM. 

Poor separation of Zn2(dmtc), and T3. 
Poor separation of Znz(dmtc), TMTD and MBT. 

and trisulfide. 

' Poor separation of Znz(dmtc)(, P2, and T4. 

pounds and is reflected in the endotherm superim- 
posed on the vulcanization exotherm. ZnO is a better 
trap for Hdmtc than is ZnS and Kruger and McGill l2 

showed that the endothermic event, attributed to 
the rapid loss of Hdmtc, is not present in compounds 
containing ZnO. 

On heating at  2.5"C/min with the DSC 
Zn2 ( dmtc ),-accelerated crosslinking initiates below 
130"C,'2 while with Zn(mbt)2, no crosslinks form 
below 165°C." The latter accelerator gives a single 
narrow vulcanization exotherm. The DSC curves 
suggest that crosslinking in the binary accelerator 
systems is dominated by the Zn2 ( dmtc ),-accelerated 
reaction sequence. As reported earlier, accelerators 

TMTD, MBTS, and MBT readily exchange with 
ligands on both thiuram and benzothiazole zinc 
complexes. Hdmtc, liberated on crosslinking, should, 
likewise, exchange with Zn ( mbt)2 , leading to the 
observed increase in Zn2 ( dmtc)4 and concentration 
and to the release of MBT during the early stages 
of reaction (Figs. 1-5). 

ZnS, formed during crosslinking, is a less efficient 
trap than is ZnO for Hdmtc" and the loss of Hdmtc 
during Zn2 ( dmtc )4-accelerated crosslinking [ reac- 
tion ( 1 ) ] will lead to a decrease in Zn2 ( dmtc)4 con- 
centration. The high concentrations of MBT de- 
tected also imply that reaction between MBT and 
ZnS is limited. 
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Figure 5 Upper figure: (-) DSC; (- - -) TG; ( - - * ) 
degree of crosslinking. Lower figure: HPLC analysis of 
IR-TMTD (0.5)-MBT (0.5)-sulfur (1)-ZnO (1) heated at 
2.5OC/min. 

The rapid decrease in the early stages of cross- 
linking of accelerator species not containing zinc 
points to their participation in crosslinking. The 
formation of polysulfidic pendent groups by these 
species and their subsequent crosslinking is well es- 
tablished.16-" Byproducts of such crosslinking re- 
actions would be MBT and Hdmtc. The concentra- 

tion of MBT is seen to increase rapidly while Hdmtc 
would react with ZnS or exchange with Zn (mbt), 
to form Zn, (dmtc ), . 

SYNERGISM 

Reversion that occurs a t  elevated temperatures 
makes analysis of crosslink density data in different 
formulations difficult. A limited interpretation, 
making use of the maximum crosslink densities 
achieved in different systems, is given below. 

As indicated, crosslinking appears to be domi- 
nated by Znz ( dmtc ),, and in all cases, a synergistic 
effect is observed in the binary accelerator systems 
(Table 11). Zn, (dmtc), and sulfur lead to a higher 
crosslink density than do the equivalent amounts of 
Zn ( mbt ), and sulfur (Table 11). In the absence of 
rubber, an exchange between ligands on Zn2 (dmtc ), 
and Zn(mbt), occurs readily? The conversion of 
most of the zinc complex to Zn,(dmtc), via an ex- 
change with Hdmtc produced in the Zn2 (dmtc), 
crosslinking reaction would result in higher crosslink 
densities than if the zinc accelerators acted inde- 
pendently. The synergistic effect is further enhanced 
where the equilibria between species results in high 
concentrations of N,N-dimethylthiocarbamylben- 
zothiazole disulfide ( P 2 ) ,  as reflected in HPLC 
analyses at 25°C (Table 11). Assuming that P2 and 
N,N-dimethylthiocarbamyl-benzothiazole polysul- 
fide ( PP ) are present in the rubber (and not only 
in the HPLC solution), it points to the importance 
of pendent groups, formed via accelerator polysul- 
fides (PP,  TMTP) in contributing to the crosslink- 
ing reaction. These would crosslink independently 
and in addition to the Zn2 ( dmtc ),-initiated reaction, 
although their crosslinking may be catalyzed', by 
Zn2 (dmtc ),. 

Table I1 
Compounds 

Maximum Crosslink Densities (~Mc) Achieved in Different 

System 

IR-Znz(dmtc)4-sulfur 
IR-TMTD-sulfur-ZnO 
IR-Zn( mbt),-sulfur 
IR-MBT-sulfur-ZnO 
IR-Zn,(dmtc),-MBT-sulfur 
IR-Zn,(dmtc),-MBT-sulfur 
IR-Zn,(dmtc)4-Zn(mbt)2-sulfur 
IR-TMTD-Zn (mbt)+wlfur 
IR-TMTD-MBT-sulfur-ZnO 

$Mc X lo-' 
Found 

mol/mL % P 2  Reference 
Calcd. a t  25OC or Figure 

12 
23 
3 
4 
8 

15 
13 
20 
33 

Ref. 19 
Ref. 20 
Ref. 10 
Ref. 10 

5.5 < 5  Fig. 1 
9.5 10 Fig. 2 
7.5 < 5  Fig. 3 
5 35 Fig. 4 

40 Fig. 5 
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The effect of ZnO, as opposed to Zn-accelerator 
complexes, in increasing the crosslink density (Ta- 
ble 11) is well although not yet explained 
(see Table 11). This effect is also evident in 
DMTBS-sulfur-ZnO and TMTD-MBT-sulfur- 
ZnO compounds (Table 11) where ZnO is in excess 
of the amount required to form the Zn-accelerator 
complexes. 

We wish to thank the South African Foundation for Re- 
search Development and Karbochem, Division of Sen- 
trachem, for financial assistance. 
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