
Reduction of Molecular Chain Ends in Natural Rubber
Vulcanisates

G. R. Bakhshandeh and J. E. Stuckey
The University of Aston In Blrmingham,Gosta Green, Birmingham B4 7ET
England

-Rey words:

natural rubber, mastication, chain ends,

modification, radical acceptors .

ABSTRACT

It is necessary to reduce the molecular weight of natural rubber by mastication so that its plasticity is high enough to
accept compounding ingredients . This increases the number of elastically ineffective chain ends in the vuicanisate and
causes a decrease in physical properties. If this mastication process is carried out in the presence of specific radical
acceptors which combine with the polymeric free radicals so formed to give end groups that are capable of producing
cross-links during the vulcanisation process, then the number of free chain ends are reduced and there is a marked
improvement in physical properties . Suitable radical acceptors include : 2 - mercaptobenzthiazole, mercaptobenzthiazole
disulphide, alkyl thiuram di- and polysulphide and dialkyl phosphoryl di- tri- and tetrasulphides . To reduce competition from
other radical acceptors, it is necessary to use acetone extracted natural rubber and masticate in the absence of oxygen . A
quantitative assessment of the reduction of free chain ends based on changes in the C I constant of the Mooney Rivlin
equation is described.

INTRODUCTION
The non-ideal behaviour of rubber networks from that

predicted by the kinetic theory of rubber elasticity is, in part,
due to network defects such as entanglements, free chain
ends, inter-molecular cross-links, sol fraction and inter-
molecular attraction (Figure I) . The free chain ends in the
network are elastically ineffective and result in a reduction of
its physical properties . The consequent practical implications
have resulted in numerous studies of free chain ends in rubber
vulcanisates including those made by Flory [1], Scanlan [2],
Baker and Greensmith [3], Oberth [4], Edwards [5], Hoffman
and Gobran [6], Moore, Mullins and Watson [7, 8], Hefland
and Tonelli [9] and Roussel [10] . This paper describes a
further contribution in this area.

The molecular weight of natural rubber is very high and
has to be reduced by mastication so that it has sufficient
plasticity to enable the incorporation of compounding
ingredients . It is further reduced by the shear forces exerted
during the compounding operations . It was proposed to make
use of these mechano-chemical degradation processes by
masticating the rubber in the presence of sulphur donors or
accelerators of known free radical acceptor activity so that
they would combine with some of the polymeric free radicals
produced by the rupture of the rubber molecules and form
active end groups (Figure II) . Model compound work has
shown that some such groups from tetramethyl thiuram
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disulphide and 2 - mercaptobenzthiazole (Figure III), for
example, are the precursors to cross-links [11, 12] and it was
hoped that they would so react during the subsequent
vulcanising reaction and effectively tie the loose chain ends
into the network .

EXPERIMENTAL

Materials

Acetone extracted Malaysian rubber (SMR - 5) was used,

Rgure L Network detects

E - Entanglement X - Free chain end S - Sol fraction

-e- Network continuation V - Van der walls attraction
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Figure Il. Shear rupture and active end group formation

which had to be sheeted on a water cooled laboratory two -
roll mill so that it could be extracted efficiently but this was
kept to a minimum so that very little molecular weight
reduction occurred.

The following accelerators and sulphur donors were
used as supplied by Monsanto Chemicals Limited: 2 -
mercaptobenzthiazole (MBT), mercaptobenzthiazole disul-
phide (MBTS), dimorpholino disulphide (DMDS), tet-
ramethylthiuram disulphide (TMTD), (Monsanto Chemicals
Ltd) and dipentamethylene thiuram tetrasulphide (P 25)
(Robinson Bros Ltd) . Bisdiisopropylthiophosphoryl di -, tri -
and tetrasulphides (DIPDIS, DIPTRI and DIPTET) and the
bisdibutylthiophosphoryl di -, tri - and tetrasulphides
(DBUDIS, DBUTRI and DIBUTET) were synthesized from
the corresponding sodium dialkyl dithiophosphates (Albright
and Wilson Limited) by methods previously described [13,14]

Compounding and Vulcanisation

The formulations used are shown in Table 1 . The
rubber was masticated in air with or without additives on a
laboratory 12" water cooled two roll-mill . Mastication of the
rubber under a nitrogen atmosphere was carried out in a
unirotor mixer designed by Watson and Wilson [15], and
manufactured by Baker Perkins Limited. Complete absence of
air was ensured by purging the chamber with nitrogen and
then degassing, under reduced pressure for a few minutes, a
process that was repeated three times before each mixing
operation . The temperature of the rubber was measured by
means of a thenmocou?le located 1 mm from the mixing faces
and kept at 20 - 25 C throughout the mixing period by
immersing the whole chamber in ice - water mixture . In all
cases a batch weight of 10 g and a rotor speed of 40 rpm were
used . When larger quantities of rubber were required, e . g. for

the determination of vulcanisate properties, these were
prepared from a series of 10 g batches in the unirotor mixer
which were then blended on a two - roll mill . Subsequent
compounding was also carried out on a two - roll mill . A
sample of the stock was reserved for molecular weight
determination and then vulcanised at 140 C in appropriate
preheated moulds for a range of accurately measured cure
times. The CI constant of the Mooney Rivlin equation [16],
hardness [17], ultimate tensile strength [18], the modulus at
100% and 200% elongation [19] and resilience [20] were then
determined .
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Figure M. Pendant / accelerator residues model compound

Measurement of radical acceptor activity

The radical acceptor efficiencies of some of the sulphur
donors and accelerators were assessed by determining their
effectiveness as peptising agents for acetone extracted NR
masticated under nitrogen [21] . The resulting molecular
weight decrease shown in Table 2 are greater than those
obtained when the rubber is masticated on its own in N 2 but
less than that obtained when masticated alone in air . The .
radical acceptor efficiencies were in the order:

N2 <MBTS <DIPDIS <DIPTET <DIPTRI < P25
<TMTD<MBT< 02

Molecular weight determination of rubber before vulcanisation

The molecular weight of the rubber after mastication or
immediately before vulcanisation was determined from the
intrinsic viscosity of a 1% centrifuged solution in toluene
successively diluted in an Ubbelhode viscometer at 25 ±
0 .1°C. Allowance for non - rubber constituents was made
where appropriate . This method was always used where
accurate M° values were required, e .g . for the calculation gin
of the number of free chain ends in the vulcanisate . Molecular
weights were also obtained from Wallace plasticity determina-
tions using the Mullins and Watson calibration curve [22] after
confirming the calibration for ourselves.

Quantitative assessment of the percentage of free chain ends
combines (% CEC) In the vulcanisate after modification by
mastication.

When NR is masticated to a molecular weight of S4- and
then crosslinked, the elastic constant C l of the Mooney Rivlin
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equation, [23, 24] is related to Mc CHEM by the Moore, Muffins
and Watson equation [7, 8, 25].

C1 = [pRT (2Mcc-,Em)' 1 +0.78 x 106] [1 - 2.3 Mcc~ Mn]'1

dynes cm2

Where p = density of the rubber hydrocarbon, T = absolute
temperature, Mcc M = number average molecular weight
between cross - links and M„ = the number average molecular
weight of the rubber immediately before vulcanisation . pRT
(2Mc clm) - 1 represents the contribution due to chemical
cross - links, (0.78 x 106) is the maximum calculated
entanglements contribution and (1 - 2.3 MccHEm Mn-l ) is the
reduction due to free chain ends . The value of C1 was
determined using the Wallace reticulometer developed by
Smith [17] on small samples of the vulcanisate (0 .6 cm diam x
0 .3 cm thick) swollen to equilibrium in n - hexane at 25 ±
0 .1°C .

When NR is masticated to the same M value but in the
presence of a radical acceptor that will produce terminal
groups that subsequently combine with the network during
vulcanisation, then the value of C 1 obtained (Cl MOD) is
different even though the value of Mca .Em is kept constant by
using the same formulation mixed and vulcanised under
identical conditions. This change in C1MOD must be due to the
only remaining variable Mo which changes to an apparent
value of M,,, when the reactive end of the molecule combines

with the network. If the chain end modification is 100 %
effective, then the value of M. becomes very large and the
number of free chain ends becomes very small.

Mastication of NR in air without additional radical
acceptor along with its subsequent vulcanisation will result in a
total number of molecules combined = (M-S)M„-1 where M
= the overall molecular weight of the network and S =
molecular weight of sulphur used in cross-linking . As there are
two free ends per molecule of rubber combined, the total
number of free chain ends is 2(M-S)M„-l.

Mastication under N2 with a vulcanisable radical
acceptor to the same value of M„ gives an apparent value of
M,; and the total number of free ends becomes 2(M-S)M„-1 .

%CEC=(1)100

	

(1)

The value of M„ can be calculated as follows:

CI	[pRT(2MccHEm)-+0.78x 106][1-2 .3 MCCHEMM„ -1 ]

C1 MOD [pRT(2Mcc i )_+ 0,78x106][1-2.3 Mcc Mt;~ 1]

ee

	

(2.3Mccln,l a - Mn) (C1 - C1 MOD)
%CEC =	 x 100

(

	

2 .3 C1MccfmM	)

e
e e

2 .31CIAC 1Mcc M
e e Mn(C 1-C1 MOD) +2.3 C IMODMCQmM

(2)

Table 1 : Formulations

Formulation
A
AA

B C D E
EA

F G H M N

A N BN CN DN EN FN G N HN M N N N

Natural 100 100 100 100 100 100 100 100 100 100
rubber
Sulphur 2.5 2.5 - - 0 .5 - - 0.5 - -
Zinc oxide 5 .0 5.0 5.0 5.0 5.0 5 .0 5 .0 5.0 5.0 5.0
Stearic 3 .0 3.0 1 .0 1 .0 3 .0 1 .0 1 .0 3 .0 1 .0 1 .0
acid
MBT 1 .0 - - - - - - - - -
DMDS - - - - 1 .63 - - 1 .63 - -
MBTS - 1 .0 - - - - - - - -
TMTD - - ~

	

3.5 - - - - - - -
DIPDIS - - - - 3.0 - - - - -
DIPTRI - - - - - 6 .0 - - - -
DIPTET - - - - - - 6.0 - - -
P25 - - - 3 .5 - - - - - -
DBUDIS •- - - - - - - 4 .0 - -
DBUTRI - - - - - - - - 7 .0 -
DBUTET - - - - - - - - - 7 .0

Subscript A = mastication in air with the accelerator or S-donor Subscript N = mastication in N2 with the accelerator or S-donor

No subscript = mastication in air without additives
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Values of the % CEC calculated for a range of values of
Mn from equation (1) are shown in Figure 1 . It should be
noted that at high values of % CEC a very small change in %
CEC produces a very large change in Mn and it is difficult to
estimate it with any accuracy.

Table 2: Reduction of molecular weight of acetone extracted
NR when masticated with Sdonor or accelerators In unlrotor
mixer for 20 mina 5 25 C

Additive Atmosphere QI„ (kg mole '1)

None N2 425
MBTS N2 260
DIPDIS N2 260
DIPTET N2 250
DIPTRI P42 220
P25 N 2 220
TMTD N2 180
MBT N2 180
None Air 125

and vulcanised under indentical conditions. The continued
reaction of these end groups can be deduced from the fact that
the % CEC increases from 22 .4 to 25 .2 % when the cure time
is increased from 10 to 30 rains.

Table 3. Values of C1 ,? c m,Mcrey„ M„ and % CEC for rubber
masticated with MBT to a molecular weight M~ 128Kg
mole -' under N2 at different cure times at 140 ' C

Cure
Formulation time Cl

	

Mcreys

	

Mcc„

	

Lil ; %CEC
(mins) (Nm -2)(Kg mole-l ) (Kg mole ')

A 10 0 .77 14 .79
22.57 165 22.4

AN 10 0 .88 12.79
A 15 1 .02 11 .16
AN 15 1 .12 10.13 16 .77 167 23.4
A 20 1 .00 11 .36

17 .10 168 23.8
A N 20 1 .09 10.46
A 30 0.90 12 .70

19 .25 171 25 .2
AN 30 1 .01 11 .21

NR was masticated in air and a mixture of NR +/1 phr
MBT masticated in nitrogen to a molecular weight of M n =
128 Kg mole -1 in each case.

These rubbers were used to prepare a series of
vulcanisates (formulations A and AN) which were cured for
10, 15, 20 and 30 mins, respectively, at 140 * C. The C1 values
of these vulcanisates were determined by the reticulometer
technique and the corresponding values of Mcn1YS MC(,M,
Ma and % CEC calculated from swelling measurements and
related C1 values . These are shown in Table 3 . The % CEC
and the physical properties of vulcanisates from natural rubber
that was similarly modified during mastication under nitrogen
and air with TMTD, P25, DIPTET, DIPDIS, MBTS,
DIPTRI, DBUDIS, DBUTRI and DBUTET to a molecular
weight of Mn = 128 Kg mole-1 and in the case of DIPDIS to a
further reduced value of Mn = 100 Kg mole -1 were also
determined.

RESULTS AND DISCUSSION

The radical acceptor activity of the accelerators and
sulphur donors as is shown by the reduction of molecular
weight when NR is masticated in their presence under
nitrogen (Table 2) suggests that the rubber is modified by the
formation of end groups . The ability of these end groups to
react with the main chain to form cross-links during the
vulcanisation reaction is demonstrated by the decrease in the
number of free chain ends . This is illustrated in Table 3 where
MBT is used as the radical acceptor and vulcanisates prepared
from the modified rubber are seen to have a higher C 1 value
due to a reduced number of chain ends than those prepared
from rubber masticated to the same molecular weight in air

When TMTD, P25, DIPTET and DIPDIS are
masticated with rubber under nitrogen to a molecular weight
of gin = 128 Kg mole1 the % CEC increases further to
optimum values of 49.6, 34, 39.1 and 29 .7, respectively,
(Table 4) . Mastication with either MBT or DIPDIS in air
however, results in an unexpected increase in the number of
free chain ends when compared with the vulcanisates prepared
from rubber masticated to the same molecular weight in`air
without additives . This increase in the number of chain ends,
shown by a negative value of % CEC, must result from
degradation processes occurring during vulcanisation. All
networks produced from rubber masticated in air with or
without additives will have undergone some chain scission
reaction resulting from the thermal decomposition of
hydroperoxide groups formed at the mastication stage . The
additional degradation apparent in vulcanisates made from
rubbers masticated in air in the presence of MBT or DIPDIS
may be due to the formation of a higher concentration of -
OOH groups or to their more efficient decomposition to
scission-producing free radicals.

In the case of DIPDIS the mastication under nitrogen
was continued until a molecular weight of M n = 100 Kg mole 1

was achieved. The high concentration of active end groups
produced is shown by the large increase in % CEC in the
vulcanisate (95 .8 %) although the reliability of this figure at
such high values of % CEC is, as already noted (Figure 1),
suspect . When masticated with DIPDIS in air to a molecular
weight of Mn = 100 Kg mole-1 however, there was once again
a decrease and not an increase of % CEC. These results are
shown in Figure 2 which also includes the values of % CEC for
MBT and TMTD vulcanisates.

The ability of MBTS, DIPTRI, DBUDIS, DBUTRI
and DBUTET to form modifying end groups can be seen from
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Figure 1 : Curve of M„ variations with %CEC values

the results shown in Table 5 in which the % CEC in NR
vulcanisates at optimum cure prepared from rubber that has
been masticated under nitrogen with these radical acceptors is
shown . Although the radical acceptor activity of TMTD is less
than that of MBT (Table 2), TMTD is a much more effective
chain end reducer. It must be presumed that although a large
number of polymeric free radicals generated during the
mastication process must be terminated by MBT, their
reaction with sulphur to produce cross-links during vulcanisa-
tion must be very inefficient.

The effect of the reduction of free chain ends upon the
physical properties of the vulcanisates is quite pronounced
(Table 6) and the improvements correspond to a reduction in
the number of free chain ends . The very large reduction in free
chain ends produced when NR is excessively masticated with
DIPDIS under nitrogen to M,, = 100 Kg mole ' is

Table 4: Percentage of free chain ends combined (%CEC) In NR
vulcanisates prepared hum NR that has been
masticated to a molecular weight of At, = 128 kg
mole'' under N2 or air In the presence of the
accelerator or S-donor necessary for vulcanisation
compared with vulanisates prepared from NR
masticated In air without additives to the same Al,
value. Each pair of vutcanisates Is owed under
Identical conditions. The modification with DIPDIS
marked * was carried out bymasticating to a value of
M„ = 100 Kg mole''

Cure Cure
Formulation time %CEC Formulation time %CEC

(mina) (mires)

A,AA 20 3.0 C,CN 10 5.9
30 -4.1 12 8.6

(MBT) 40 -6.7 (DIPTET) 15 33.3
60 -10.3 30 39.1

C,CN 12 16.9 E,EN 20 6 .6
25 48.0 23 7.3

(TMTD) 40 49.6 (DIPDIS) 26 29.7
120 38.2 50 28.5

D,D N 3 4.5 E,E N` 25 81 .8
4 22.0 23 88 .1

P25 5 29.3 (DIPDIS) 26 90 .7
15 34.0 50 95.8

E,EA 25 -5 .8
30 -26 .7

-48

,

(DIPDIS) 40 -36.2
60 .8

accompanied by further relative improvements in physical
properties (Figure 3), e . g . the modulus at 100 % elongation
and the ultimate tensile strength of the modified vulcanisates
are greater by a factor of 3% and 31%, respectively, than
those made from comparable unmodified rubber.

CONCLUSIONS

Work with laboratory scale equipment has shown that
it is possible to modify natural rubber with conventional
accelerators or sulphur donors so that the additional free chain
ends produced during the mastication process are tied into the
network. This reduction in network defects results in an
improvement in the physical properties of the vulcanisate.
Unfortunately the modification process involves mastication
under anaerobic conditions which exclude the use of two roll
mills and is difficult with large scale internal mixers . Angier
and Watson [26] have successfully carried out anaerobic
mechanochemical reactions on a large scale using an extruder
but whether the consequent improvements in properties
would warrant such trouble is doubtful.

All the present work has been carried out on unfilled
vulcanisates and the advantages resulting from the reduction
in free chain ends may well be masked by the massive
improvements obtained using reinforcing fillers . The filler
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Table 5: % CEC for NR vubanisates at optimum cure after
mastication with 8-donor or accelerators wider the
conditions used for those shown In Table 4

Formulation % CEC

B,BN 81 .5
F,FN 45.3
H,HN 78.2
M,MN 89.7
N,NN 71 .3

Table 6: Comparison of the physical properties of rubber
vulcanlsates prepared from NR masticated to an
Initial molecular weight M„ = 128 Kgm mole In the
presence of accelerators or S-donors wider N2
compared with NR masticated to a molecular weight
of Mn = 128 Kg mole-' In the presence of air without
additives

Formulation Hardness Modulus at Ultimate Resilience
(IRHD) 200% None.

(MN m')
tensile
Strength
(MN m'4)

(%)

AA - - -
A 32.5 0.88 11 .1 86 .6
A N 34.0 0.95 12.0 87.9
C 34.0 0.75 9.2 81 .7
C N 36.5 0.90 10 .7 83 .7
D 42.0 1 .26 24 .4 91 .0
D N 44.0 1 .39 26 .1 93.2
E 33.0 0.92 22.7 89.9
EN 34.0 1 .09 26.2 91 .0
EA 32.5 - 22.1 89.5
G 38.0 1 .22 14.8 87.7
GN 42 .0 1 .31 16 .5 91 .0

itself may reduce the number of free chain ends by a carbon
gel mechanism [27] . The use of these reactions for the
production and subsequent vulcanisation of liquid rubbers
which inherently have poor physical properties because of the
high concentration of free chain ends is now being investigated.

LEGENDS TO FIGURES
Fig 1 Calculated values of % CEC for a range of apparent

initial molecular weights (Ma').
Fig 2 Variation of % CEC with cure time for rubber

vulcanisates prepared from NR masticated to M, =
128 kg mole-1 with various accelerators and sulphur
donors except in the case of the DIPDIS vulcanisate
marked* in which the rubber was masticated with
DIPDIS in N2 to a value of A, = 100 kg mole-1 .

Fig 3 Comparison of the ultimate tensile strengths and moduli
at 100% elongation of DIPDIS vulcanisates after
prolonged mastication with DIPDIS in air (E,), in

nitrogen (EN) and in air without DIPDIS (E) at various
cure times. Ma before vulcanisation in each case = 100
kg mole1 .

Rgure 2: Variations of % CEC with cure time

Flgure3: Variations of modulus at 10096 slonngatlonwlthcwe time
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