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synopsis 
The thiol-disulfide exchange reaction is shown to be applicable to cleavage of disul- 

fide crosslinks in accelerated sulfur vulcanizates of natural rubber. The reaction, in 
conjunction with the previously reported selective cleavage of polysulfide crosslinks, is 
used to determine the distribution of crosslink types for several accelerated sulfur vul- 
canization systems as a function of cure time. Discrepancies between the results and 
published results obtained using the reagent sodium di-n-butyl phospbite for disulfide 
crosslink cleavage are discussed. 

INTRODUCTION 

An essential part of the structural characterization of sulfur-vulcanized 
rubber networks is the determination of the amounts and types of chemical 
crosslinks present. This can be achieved by measuring chemical crosslink 
density before and after treatment with chemical reagents which specifically 
break particular types of crosslinks. Saville and Watson1 have recently 
discussed this approach and have stressed the need for critical assessment of 
experimental procedures if even semiquantitative conclusions are to be 
drawn from the results. In  particular, they stress the errors which can 
arise (a)  through use of equilibrium volume swelling techniques for measur- 
ing crosslink density without adequate knowledge of the appropriate value 
of the solvent-polymer interaction coefficient, x, of the Flory-Rehner equa- 
tion relating equilibrium volume swelling to physical crosslink density, and 
(b )  through failure to distinguish between chemical crosslinks and the total 
number of physically effective crosslinks, which includes network entangle- 
ments. 

The work of Mullins,2m3 and Moore and Watson4 has provided a route to 
estimation of the total chemical crosslink density in unfilled vulcanizates of 
natural rubber (NR).6 This is based on the Mooney-Rivlin treatment? of 
stress-strain data in simple extension for dry vulcanizates and provides 
semiempirical corrections for the effects of chain ends and physical en- 
tanglements (eq. 1, where and ATn are, respectively, the number- 
average molecular weight of the rubber hydrocarbon chain segments be- 
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tween chemical crosslinks and the number average molecular weight of the 
polymer chains after mixing and before vulcanization). 

= [RT(2ME&,J-1 + 0.78 X lo6] 

X (1 - 2.3M:&, M,-’)dyne (1) 

Use of this procedure for estimation of chemical crosslink density in con- 
junction with specific cleavage of particular crosslink types provides un- 
ambiguous information on chemical crosslink structure. In  this respect 
the approach differs from that of Studebaker and Nabors,‘j which is based 
on chemical estimation of hydrogen sulfide and rubber-bound thiol groups 
after treatment of networks with lithium aluminium hydride, and does not 
distinguish between crosslinks and other sulfurated network features, e.g., 
pendent accelerator residues and cyclic structures. The existence of such 
network features has been adequately demonstrated by work on the sul- 
furation of model olefins’ and by measuring the numbers of sulfur atoms 
combined in the networks per chemical crosslink present before and after 
treatment with triphenylphosphine.’ v 8 p 9  

The requirements of a satisfactory chemical reagent for selective cross- 
link cleavage in vulcanizates have been described by Saville and Watson .l 
In  addition to adequate characterization of the chemist.ry of the cleavage 
reaction using relevant model compounds, the reagent must be capable of 
homogeneous distribution in the rubber network and the excess must be 
easily removed after treatment. A reaction system which conforms to these 
requirements is the rapid cleavage of polysulfides at room temperature with 
a solution of propane-2-thiol (0.4M) and piperidine (0.4M) in n-heptane.lJO 
Under these reaction conditions disulfides react one thousand times as 
slowly and are essentially unaffected in the time required for complete 
cleavage of polysulfides. 

The present paper describes the use of a more reactive thiol reagent system 
(hexane-1-thiol in piperidine solution) for combined cleavage of disulfides 
and polysulfides according to reaction Schemes A and B. From the known 

RSH + R‘SSR’ + RSSR’ + R’SH 

RSH + RSSR’ 2 RSSR + R’SH 
RSSR’ + HS,SR’ 

A 

RSH + R’SS,SR’ 

(2X - 1) RSH + HS,SR’ S RSSR’ + xHzS + (X - 1)RSSR B 

RSH + RSSR’ RSSR + R’SH 

relative reactivities of polysulfides and disulfides towards propane-2-thiol 
and piperidine in heptane solution, it can be concluded that reaction condi- 
tions which cause cleavage of disulfides at  an experimentally useful rate will 
also result in extremely rapid cleavage of polysulfides. 

The reaction system studied represents an alternative to the existing 
method of combined di- and polysulfide cleavage using a solution of sodium 
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di-n-butyl phosphite (0.13M or 0.4M) in dry benzene," and has been 
developed in an attempt to circumvent difficulties encountered with the 
latter reagent. Sodium di-n-butyl phosphite is hydrolyzed readily to 
sodium hydroxide, necessitating rigorous drying of the benzene solvent and 
of the rubber sample before treatment, to prevent formation of sodium hy- 
droxide within the rubber network. In spite of precautions taken to dry 
rubber samples (storage in vacuo) this formation of sodium hydroxide may 
be the partial cause of the net increase in weight (approx. 5%) generally 
observed as a result of treatment of vulcanizates with the phosphite rea- 
gent." Furthermore, dry vulcanizates after treatment with the phosphite 
reagent can give Mooney-Rivlin stress-strain curves with no well defined 
linear portion from which reliable values of the elastic constant, C1, can be 
obtained. When satisfactory plots are obtained the corresponding values 
of the constant C2 are generally unusually high. Although stress-strain 
measurements on partially swollen samples avoid these difficulties, they 
are experimentally inconvenient and provide results which are not strictly 
applicable to calculation of crosslink density. This is because the Moore- 
Mullins-Watson calibration and the corrections for chain ends and physical 
entanglements are based on C1 values obtained from stress-strain measure- 
ments on dry samples, and Mullins2 has pointed out that these are not 
identical with C1 values obtained from swollen samples.* The phosphite 
reagent causes a certain amount of degradation in carbon-carbon crosslinked 
vulcanizates" and this has been ascribed to cleavage of peroxidic linkages, 
even in unaged networks. The extent to which this sort of degradation 
contributes to the over-all degradation observed on treating sulfur vul- 
canizates with the phosphite reagent is uncertain and there is therefore 
some ambiguity in quantitative interpretation of the experimental results. 

The results presented in this paper for the distribution of mono-, di-, and 
polysulfide crosslinks as a function of cure time for three accelerated sulfur 
vulcanization systems of N R  were obtained by use of the hexanethiol re- 
agent for combined cleavage of di-, and polysulfide crosslinks, and the 
propane-2-thiol reagent for selective cleavage of polysulfide crosslinks only. 

EXPERIMENTAL 

Bis-(1,3-dimethylbut-2-enyl) disulfide (A1S2A1), and di-(2-methylpent-2- 
enyl) disulfide (BlSzB,) were prepared by published pro~edures.'~~*3 t-Butyl 
l13-dimethylbut-2-eny1 disulfide ( A  B2But) b.p. 79.5-S0.5 O /0.7 mm was 
prepared from S-(1,3-dimethylbut-2-enyl) thiuronium bromideI2 by con- 
version to the Bunte salt using sodium thi~sulphate'~ and subsequent re- 
action with 2-methylpropane-2-thiol in aqueous-ethanolic sodium hy- 
droxide. Di-(2-methylpent-2-enyl) monosulfide (Al&&) was prepared by 
a published procedure.15 All other thiols, disulfides, and amines, were 
commercial products purified by fractional distillation. Benzyltrimethyl- 
ammonium methoxide was a commercial product obtained as a 40% solu- 
tion in methanol. 
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Vulcanizates were prepared as 1 mm thick sheets by normal mixing and 
vulcanization procedures from NR (RSS1 Yellow Circle), zinc oxide (Gold 
Seal) , lauric acid, N-cyclohexylbenzothiazole-2-sulfenamide (CBS, re- 
crystallized, m.p. 101-3", sieved, SO mesh) and sulfur (sieved, SO mesh) or 
from NR (RSS1 Yellow Circle) and dicumyl peroxide (Table I). 

Thiol and disulfide purities were assessed by gas-liquid chromatographic 
(glc) analysis. Saturated compounds had a purity not less than 97%. 
Alkenyl disulfides contained up to 7% of isoalkenyl isomers [1,3-dimethyl- 
but-2-enyl 1,l-dimethylbut-2-enyl disulfide (A&&), 2-methylpent-2- 
enyl 1-ethyl-2-methylallyl disulfide (BISzBz) , and l,l-dimethylbut-2-enyl 
t-butyl disulfide (A&J3ut)] but not more than 4% of other impurities. 

Rates of exchange of butane-1-thiol with model disulfide compounds 
were measured by quantitative glc analysis. Response factors of reactant 
disulfides relative to appropriate internal standards were determined under 
the column conditions used for analysis of the corresponding reaction mix- 
tures. Structurally isomeric disulfides were assumed to have the same 
response factors relative to a given internal standard. Response factors 
for mixed disulfides were estimated by graphical interpolation from the 
values for the appropriate pair of symmetrical disulfides. For each rate 
measurement, two standard solutions were prepared in piperidine, one con- 
taining reactant disulfide and internal standard for glc analysis and the 
other containing butanethiol. Reaction mixtures were prepared from equal 
aliquots of each solution and were analysed at appropriate time intervals, 
after quenching by pouring into n-heptane and extracting the piperidine with 
dilute hydrochloric acid. For reactions at S O T ,  the reaction solutions 
were sealed in  vacuo but for reactions at  25°C they were kept in stoppered 

TbBLE I 
Mix Compositionss and Curing Conditions for Vulcanization Systems 

A B P D E F 

Zinc oxide 5 . 0  5 . 0  5 . 0  5 . 0  - 
Lauric acid 0 . 7  1 .0  1 .0  1 .0  - 
Sulfur 2 . 5  1 .5  1.5 0 .4  - 
CBS 0 . 6  2.37 2.37 6.0 - 

- 0 . 5  
Cure temperature ("C) 140 140 140 140 150 
Cumyl peroxide - - - 

Cure time (hr) ("1 ("1 (") (") 1 

a Parts per 100 parts RSSl Yellow Circle. 
b Nominally ident(ica1 to B but prepared separately. 
c Variable. 
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tubes under nitrogen. Reaction of AlSAl (0.1M) with butane-1-thiol 
(1.OM) in piperidine at  25°C in vucuo was followed in the same way. 

Linear swelling measurements on rubber samples were carried out in 
vucuo. The rubber sample and reagent solution (or pure solvent) were 
placed in separate limbs of an apparatus consisting of two glass tubes 
connected near their upper ends by a short transverse tube. The solution 
was degassed in one limb, the apparatus sealed in vacuo and the solution 
then poured on to the sample through the transverse tube. The whole 
apparatus was immersed, with the sample horizontal, in a thermostat bath 
at  25 + 0.2"C and the change in length of the sample followed using a 
travelling microscope. 

The standardized procedure for combined cleavage of di- and polysulfide 
crosslinks in vulcanizate samples was as follows. Unextracted vulcanizate 
samples were sealed in vucuo with a solution of hexane-1-thiol (1.OM) in 
piperidine (50 ml of reagent solution per g of rubber) by the procedure 
described above for linear swelling measurements. After a standard re- 
action time of 48 hrs a t  25"C, the samples were removed from the reagent 
solution, surface-dried on filter paper as quickly as possible and dried to 
constant weight in vacuo (0.005 mm Hg) at room temperature. 

Treatment in a stoppered tube under a blanket of nitrogen gave rise to 
more network degradation than did treatment in vucuo (Table VI) due to a 
small amount of oxidative degradation. This could be counteracted by 
addition of phenyl-8-naphthylamine (1% w/v) to the system but subsequent 
extraction of the antioxidant with cold petroleum ether (b.p. 40-60°C) was 
necessary in order to obtain good Mooney-Rivlin stress-strain curves for 
the dry samples. 

The procedure for cleavage of polysulfide crosslinks in thin (0.2 mm) 
vulcanizate samples with propane-2-thiol (0.4M) and piperidine (0.4M) 
in heptane solution has been described elsewhere.' Results presented in 
this paper were obtained by a modified procedure developed by R. M. 
Russell of these laboratories. Rubber samples (1 mm thick) were allowed 
to swell in heptane overnight at room temperature under an atmosphere of 
nitrogen. Sufficient propane-2-thiol and piperidine were then added to 
give concentrations of 0.4M for each reagent in the final solution. The 
samples were left in this solution for two hours a t  room temperature under 
nitrogen and then continuously extracted with petroleum ether (b.p. 
40-60"C) overnight and dried to constant weight in vacuo. 

At all stages of handling rubber samples considerable care was taken to 
avoid mechanical distortion. This was particularly important during 
chemical treatment and subsequent extraction and/or solvent removal. 
Strips of vulcanizate were extracted lying flat in a horizontal continuous 
extraction apparatus and were supported in aluminium foil during removal 
of solvent in vacuo. The strips were frequently eased free from the foil 
surface to prevent adhesion. Failure to observe these precautions often 
resulted in permanent deformation of the strips, rendering them unsuitable 
for stress-strain measurements. 
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The stress-strain measurements were made at room temperature using 
dry samples 120 X 30 X 1 mm in size on a precision, manual appara t~s .~  
For untreated vulcanizates, the derived CI parameter (C1,RV) was used to 
obtain C l , R H  the C1 parameter pertaining to the rubber hydrocarbon com- 
ponent of the network, by the procedure described by Bristow and Porter.I4 
For vulcanizates which had been chemically treated, the Cl parameter 
derived from the stress-strain data was assumed to be cl,ERv, i.e., the Cl 
parameter pertaining to the extracted rubber vulcanizate, and was used to 
calculate C1,,.14 The magnitude of the corrections applied to c 1 , R V  and 
Cl,ERv did not exceed 5% for any of the vulcanization systems studied. 
Values of Cl ,RH were used to determine concentrations of chemical cross- 
links using equation 1. Concentrations of monosulfide crosslinks were ob- 
tained directly from C1 ,RH after hexanethiol treatment, on the assumption 
that no carbon-carbon crosslinks were present.' Concentrations of poly- 
sulfide crosslinks were obtained by difference from total chemical crosslink 
density and chemical crosslink density after treatment with propane-2- 
thiol reagent, and concentrations of disulfide crosslinks were obtained by 
difference from chemical crosslink densities after treatment with propane- 
2-thiol and hexanethiol reagents. 

RESULTS AND DISCUSSION 

Rate of Thiol-disulfide Interchange 

On the basis of preliminary results for the rate of the interchange re- 
action between the disulfide A1S2A1, (0.10M) and butane-1-thiol (1 .OM) 
under a number of different reaction conditions (Table 11), reaction in 
piperidine solution at 25°C was chosen for further study. This amine 
swells N R  vulcanizates to approximately the same extent as does benzene, 
and is therefore a suitable solvent for allowing easy access of thiol to the 
crosslinks, as well as being sufficiently basic to sustain a reasonably rapid 
rate of cleavage of the sulfur-sulfur bonds. The rates of reaction of 
several relevant model disulfides (0.10M) with butanethiol (1 .OM) in 
piperidine solution at 25°C are shown in Fig. 1. Formation of product 
disulfides was followed in addition to the disappearance of reactant di- 

TABLE I1 
R.eaction of bis-( ll3-dimethy1but-2-enyl) Disulfide (A1S2A1, 0.10M) 

wit,h butane-1-thiol (1.0M) under Various Conditions 

% 
Reaction unchanged 

Solvent Temp. ("C) time (hr) A 184 1 

Heptane + go/;, w/v piperidine 80 4 . 5  90 
Piperidine 80 3.0 4 
Piperidine 25 4.0 8 
Pyridine 25 22 100 
Dilz-butylamiue 2.5 96.5 72 
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10' 

TIME (HRS.). 

Fig. 1. Rates of reaction of disulfides (0.1OM) with butane-l-thiol(1.OM) in piperidine 
solution at  25OC. A = di-(%methylpentr2-enyl) disulfide, B = bis-(1,3-dimethylbut-2- 
enyl) disulfide, C = di-isopropyl disulfide, D = trbutyl 1,3-dirnethylbut-2-enyl, E = 
di-t-butyl disulfide, and F = di-(l,3dimethylbut-2-enyl) monosulfide. 

sulfide and in each case good agreement with expected reaction stoichiom 
etry was obtained, indicating clean thiol-disulfide interchange (Reaction 
Scheme A). Dialkenyl monosulfide (AlSAI) was recovered almost quan- 
titatively (95%) after 48 hrs under these conditions. The relative rates of 
reaction of the disulfides were in the order of steric accessibility of the 
sulfur-sulfur bonds, with the possible exception of the relative rates for 
AIS2AI and di-isopropyl disulfide. The latter is somewhat less sterically 
hindered but reacts more slowly than AISzA1. Since di-t-butyl disulfide 
reacted extremely slowly, disulfide crosslinks having t-alkyl structures at 
both termini will remain essentially unbroken on treatment of vulcanizates 
with alkane-l-thiol in piperidine solution. This type of disulfide has not 
been detected in products of reaction of model olefins with various sulfur 
vulcanization systems,',' and it is therefore considered to be of very minor 
importance in vulcanizates. 

The thiol-disulfide interchange reactions attained equilibria in which 
small amounts of the reactant disulfides were still present.* The positions 
of these equilibria in treatment of rubber networks is clearly of critical im- 

* A recent paper by Gorin, Doughty, and Gideon16 discusses the general relationships 
between initial concentrations, equilibrium concentrations and equilibrium constants for 
the thiol-disulfide interchange system. 
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portance in determining the validity of the reaction system as a means of 
breaking disulfide (and polysulfide) crosslinks. Under the experimental 
conditions, where reagent thiol was initially in ten-fold excess over the 
reactant disulfide, 2, 5 , 6  and 10% of the reactant disulfide remained in the 
reactions of di-isopropyl disulfide, A l S A ,  BIS& and AlS2But, respec- 
tively. I n  a rubber network having a high chemical crosslink density, the 
concentration of chemical crosslinks is of the order of 1 X moles/@; of 
rubber hydrocarbon, i.e., approximately 9 X moles/l. When such a 
network is swollen to equilibrium in a piperidine solution of alkanethiol the 
volume fraction of rubber in the swollen gel (v,) is approximately 0.3 and 
the effective concentration of chemical crosslinks within the swollen gel is 
approximately 2.7 X moles/l. The effective concentration of re- 
agent thiol within the swollen gel is 0.7 moles/l, and therefore the ratio of 
reagent thiol concentration to concentration of chemical crosslinks within 
the swollen gel is at least 25: 1 i.e., 2.5 fold greater than the ratio of thiol to 
reactant disulfide in the model experiments. In addition to this, dialkyl 
disulfide formed during reaction with the network equilibrates with the bulk 
of the reagent solution, thus reducing its effective concentration within the 
swollen gel (by a factor of 19, using 50 ml of reagent solution per g of rub- 
ber) and displacing the crosslink cleavage equilibrium further towards 
complete cleavage. On the basis of the above arguments there will be an 
experimentally insignificant number of disulfide crosslinks remaining at 
equilibrium on treatment of vulcanieates containing primary or secondary 
alkenyl or secondary alkyl disulfide cromlinks, but the situation may be 
slightly less satisfactory if tertiary alkyl structures make a major contribu- 
tion to the total number of crosslinks. The latter situation is expected to 
arise only in unaccelerated sulfur vulcanization.’ 

Reaction in Vulcanizates 
Rates of reaction of disulfide crosslinks within a rubber network may 

differ from the rates of reaction of the model compounds in homogeneous 
solution. For this reason, an independent assessment of reaction rate in 
rubber systems was obtained by measurement of linear swelling of vul- 
canizates in a solution of hexane-1-thiol (1.OM) in piperidine as a function 
of time (Fig. 2). Hexanethiol was used in treatment of vulcanieates in 
preference to butanethiol because its lower volatility offered somewhat 
greater experimental convenience. The difference in reactivity of the two 
thiols was assumed to be insignificant. The results show that, for samples 
1 mm thick, a standard reaction time of 48 hrs at 25°C is sufficient to ensure 
complete reaction even when the extent of degradation is large (compare 
Fig. 2 and crosslink density measurements in Table V). The shapes of the 
curves are complex functions of reaction rate and swelling rate and are 
strictly reproducible only for samples of the same size and geometry. 
Samples appreciably thicker than 1 mm may require longer treatment, be- 
cause of the longer time required for equilibration with the reagent soh- 
tion. 
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Fig. 2. Linear swelling measurements in (a) piperidine and (b) hexane-1-thiol(1.OM) in 
piperidine solution in vacuo at 25°C for samples from vulcanization system B, having the 
cure times shown. Lo is the initial length of the dry sample; L. is the swollen length at  a 
given time. 

Treatment of carbon-carbon crosslinked vulcanizates with the hexane- 
thiol reagent resulted in no network degradation (Table 111, vulcanizates 
E and F ) ,  showing that network chains are not broken by the treatment. 
The slight increases in C I , ~ ~  after treatment may reflect inaccuracies in the 

TABLE I11 
Control Experiments for Hexanethiol Treatment of Vulcanizates 

Sulfur combined 
in network, yo 

at 25"C, dynes/cm*(X 106). w/w 

After After After 
hexane- equilibrium hexane- 

Vulcanizate thiol swelling in thiol 
and cure Unextracted treat- piperidine Unextracted treat- 

time vulcanizate ment at  25°C vulcanizate ment 

E 0.51 0.54 - 0.04 0.05 
F 0.97 1.03 - 0.03 0.04 
B, 240 rnin 2.10 - 2.17 - - 
B, 30 rnin 2.18 - 1.7b - - 

* Measured on dry samples. 
b Estimated from measured v, in piperidine and x = 0.400, the value of x found for B. 

Also applies for Tables IV-VII. 

240 min cure, from v, and C,,ERM for the untreated dry vulcanizate. 
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corrections applied to the measured values of C 1 . 1 4  or may arise from some 
physical effect of the swelling-deswelling cycle. Similar increases were ob- 
served after vulcanizates had been swollen to equilibrium in benzene and 
dried in vacuo. Treatment of sulfur vulcanizates with piperidine at  25"C, 
in the absence of thiol caused no degradation when the polysulfide content 
of the network was low (Table 111, vulcanizate B, 240 min) but a highly 
polysulfidic network (vulcanizate B,  30 min) suffered appreciable degrada- 
tion, due, possibly, to direct cleavage of long-chain polysulfides by piperi- 
dine (c.f. reactions of elemental sulfur with amines16). For this reason 
control experiments in which vulcanizates are subjected to the experimental 
procedure for hexanethiol probe treatment in the absence of thiol are of no 
value. 

Comparison with Other Systems for Disulfide 
Cleavage in Vulcanizates 

An attempt was made to use disulfide interchange as an alternative to 
thiol-disulfide exchange for cleavage of disulfides. The system investi- 
gated was the interaction of vulcanizate samples with a solution of di-n- 
hexyl disulfide (1.OM) in piperidine at  25°C in the presence of a low con- 
centration of n-hexanethiol (0.01M) as catalyst. Network degradation oc- 
curred but the reaction was much too slow to be of practical value. 

Treatment of a sample of vulcanizate C,  120 min cure, with a solution of 
thiophenol (2 ml) and benzyltrimethylammonium methoxide (0.57 ml) 
in a mixture of methanol and tetrahydrofuran (1 :4, 40 ml) in vacuo at 
25°C gave a result ( c 1 , R H  = 1.67 x lo6 dyne cm-' at 25°C) in good agree- 
ment with that obtained by treatment with the hexanethiol reagent (Table 
VI). This reagent system is similar to the one used by Frensdorff" and 
described by Cluff and Gladding,Is but addition of methanol was found to 
be necessary to prevent precipitation of the substituted ammonium salt of 
thiophenol. Ommission of the methanol led to significantly less degrada- 
tion. 

Some difficulties were encountered in obtaining a direct comparison of 
the results of treatment of vulcanizates with the hexanethiol reagent and 
with the sodium di-n-butyl phosphite reagent of Moore and Trego." 
Samples of the 30,45 and 120 min cures of vulcanizate B were treated with 
the phosphite reagent, but after treatment only the sample of the 120 min 
cure gave a Mooney-Rivlin plot (for the dry sample) from which a reliable 
value of the elastic constant, c 1 , R , ,  could be obtained ( c 1 , R H  = 0.95 x 
lo6 dyne em-' at 25"C, c.f. c 1 , R H  = 1.51 x lo6 dyne em-' at 25°C after 
hexanethiol treatment, Table V). For this one direct comparison, the 
phosphite reagent caused more network degradation than did the hexane- 
thiol reagent. The difference between the results obtained using these two 
reagents tends to be confirmed by comparison of published results for mono- 
sulfide crosslink levels in different vulcanization systems" with the results 
in Tables IV to VII obtained using the hexanethiol reagent. However, 
these comparisons must be made with some caution because of the possi- 
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TABLE IV 
Distribution of Crosslink Types as a Function of Cure 

Time for Vulcanization System A* 

CI ,RH at  25OC dynes/cm2 
( X  10-9 

@M:,%v3n)-' g moles/g 
rubber hydrocarbon ( X  lo5) Cure Hexane- Propane- 

time thiol 2-thiol 
(min) Untreated treated treated Total, mono-, di-, poly- 

20 1.55 0 0.63 4 . 3  0 .0  1 . 3  2 .5  
40 1.75 - 0.92 5 . 1  0.3b 1.7" 3 . 1  
60 1.59 - 1.05 4 .5  0 .5b 1 . 9  2 .  I 

120 1.40 0.70 1.14 3 .7  1 .4  1 . 4  0 .9  
360 1.18 0.83 1.09 2 .9  1 .7  0 .9  0 . 3  

a Mn for rubber hydrocarbon in mix = 2.28 X lo5, based on [q]taluene measurement. 
b Approximate values, estimated from degree of swelling in the hexanethiol reagent. 

Values dependent upon estimated monosulfide figures. 

TABLE V 
Distribution of Crosslink Types as a Function 

of Cure Time for Vulcanization System Ba 

C,,RH a t  25°C dynes/cm2 
( X  10") 

(2Mf,:hem)-' g molesjg 
rubber hydrocarbon (x 106) Cure Hexane- Propane- 

time thiol 2-thiol 
(min) Untreated treated treated Total, mono-, di-, poly- 

30 2.18 0.80 1.66 7 .0  1 .7  3 .1  2 .2  
45 2.28 0.87 1.77 7 . 4  1 .9  3 .4  2 .1  

120 2.20 1.51 2.09 7 .1  4 . 2  2 .4  0 . 5  
240 2.10 1.71 2.04 6 . 7  5.1 1 .3  0 .3  

a M ,  for rubber hydrocarbon in mix = 2.16 X lo5 based on [q]toluene measurement, 

bility of nominally identical vulcanizates differing from one another in de- 
tailed network structure. Such differences can be seen in comparison of 
the results in Tables V and VI for two sets of vulcanizates prepared from 
separate mixes of the system RSSl (100) S (1.5) CBS (2.37) ZnO (5.0) 
lauric acid (1.0). They do not arise from lack of reproducibility of the 
thiol treatment (c.f. values of C I , ~ ~  after hexanethiol treatment in Table 
VI) . 

The discrepancies which exist between results of network characteriza- 
tion using the phosphite and the hexanethiol reagent systems are not such 
as to drastically alter the general picture of vulcanizate structure as a 
function of cure time or vulcanization recipe, but they are sufficient to 
warrant some further consideration. 

As discussed earlier, the existence of an equilibrium involving unbroken 
disulfide crosslinks within the rubber network during treatment with 
hexanethiol reagent is not expected to be of experimental significance, but 
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TABLE VI 
Distribution of Crosslink Types as a Function of Cure 

Time for Vulcanization System 0 

C,,RH at 25°C dynes/cme ( X  
( 2 ~ : , % ~ ~ ) - 1  g moles/g 

rubber hydrocarbon (x 106) Cure Hexane- Propane- 
time Un- thiol 2-thiol 
(min) treated treated treated Totla], mono-, di-, poly- 

~~ 

20 1.99 0.  OOb 0 .72 6 . 2  0 . 0  1 . 5  4 . 7  
30 2.23 0.63 f 0.02" 1.24 7 . 2  1 .3  1 .9  4 . 0  

4.5 2.38 1.07 =t O.0lc 1.62 7 . 8  2 . 5  2 . 2  3 . 1  
120 2.32 1.64 f 0 . O W  2.02 7 . 6  4 . 7  1 . 6  1.3 

0.  75e 

1.738 
1.63' 

1.66 f 0.029 
240 2.20 1.63 + O.0lc 2.04 7 .1  4 . 8  1 . 6  0 . 7  

* M,, for rubber hydrocarbon in mix = 2.21 X lofi based on [v]to~uene measurement,. 
b Vulcanizate did not dissolve in reagent but was extremely highly swollen. 
c Average of two separate measurements. 

Average of five separate measurements. 
e Redetermined after storage of sample for several months at  room temperature under 

f Treatment carried out under nitrogen in a stoppered tube in the presence of phenyl- 

g Treatment carried out under nitrogen in a stoppered tube in the absence of anti- 

an atmosphere of nitrogen. 

@-naphthylamine antioxidant. 

oxidant. Average of five measurements. 

TABLE VII 
Distribution of Crosslink Types as a Function of 

Cure Time for Vulcanization System DB 

CIRH at 25°C dynes/cm2 ( X  10") (2~:,Lem)-' g m o W g  

Untreated treatedb Total mono- 

~ rubber hydrocarbon ( X  106) Cure 
time Hexanethiol 

40 0.97 0.67 2 . 2  1 .4  
60 1.38 1.00 3 .7  2 .3  

120 1.63 1.38 4 . 7  3 . 7  
360 1.47 1.43 4 . 0  3 . 9  

- ~~ ~ 

a Based on an assumed value of 2.20 x lo6 for M ,  of rubber hydrocarbon in the mix. 
b Treatments carried out in stoppered tubes under nitrogen, in the absence of ant'- 

oxidants. 

rubber-bound thiol groups formed during the treatment could lead to re- 
formation of crosslinks by addition to double bonds of adjacent rubber 
chains or by oxidation back to &sulfide crosslinks. Cunneen'g has shown 
that addition of alkanethiols to N R  is slow, even in the presence of peroxide 
catalyst or uv light, and isomerisation of N R  by alkenthiols does not occur 
in the absence of free radical catalysts and elevated temperatures.l9 This 
is in marked contrast to the effects of thiolacids.20 The results of sulfur 
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analysis of peroxide cured vulcanizates before and after treatment with the 
thiol reagent (Table 111) confirm that reagent thiol does not add to the 
double bonds in the network chains under the conditions of treatment, and 
by analogy, addition of rubber-bound thiol is unlikely to occur. Further- 
more, any addition of rubber bound thiol occurring during treatment would 
introduce crosslinks into the network while the latter was in a highly 
swollen state. Such crosslinks would be elastically ineffective, and hence 
undetectable, during a large part of any stress-strain measurement on the 
unswollen sample. Addition of rubber-bound thiol in the dry vulcanizate 
after treatment would give elastically effective crosslinks, but such addition 
is shown to be unimportant by the results of redetermination of the elastic 
constant, Cl,RH, for two thiol-treated sulfur vulcanizates after several 
months storage at room temperature in an atmosphere of nitrogen. (Vul- 
canizate C, 30 and 120 min cures, Table VI). Stress-strain measurements 
were normally made within five days of the hexanethiol treatment. Oxida- 
tion of rubber-bound thiol groups by atmospheric oxygen to re-form disul- 
fide crosslinks has been observed in the case of degraded polyurethane 
elastomers by Cluff and Gladding.'* In the present work such a possibility 
was avoided by storing the thiol-treated samples in vacuo until immedi- 
ately before stress-strain measurements were made. Any rapid oxidation 
to disulfide crosslinks during the stress-strain measurements would be ex- 
pected to result in distorted Mooney-Rivlin curves due to continual in- 
crease in crosslink density as the measurement proceeded. The curves for 
thiol-treated vulcanizates were in fact free from distortion. 

We conclude that the hexanethiol reagent provides a reliable means of 
cleaving all di- and polysulfide crosslinks in a network within an experi- 
mental accuracy of about 5%. By comparison with results obtained using 
the phosphite reagent we must conclude that the latter causes network deg- 
radation in excess of complete cleavage of these crosslinks. 

The results in Tables IV-VII distinctly show two important features of 
accelerated sulphur vulcanization of NR. For any given ratio of accelera- 
tor to sulfur in the vulcanization recipe there is a steady increase in the 
number of monosulfide crosslinks as the cure time increases. Polysulfide 
crosslinks, formed at early cure times, are lost. As the ratio of accelerator 
to sulfur is increased monosulfide crosslinks are formed in the network 
much more rapidly and poly- and disulfide crosslinks make less significant 
contributions to the network structure. 

CONCLUSIONS 

The moderately fast exchange reaction between alkanethiol and disul- 
fides in piperidine solution has been shown to be applicable to cleavage of 
disulfide (and polysulfide) crosslinks in accelerated sulfur vulcanizates of 
NR. In conjunction with the previously reported reagent system for 
selective cleavage of polysulfide crosslinks only, the reaction has been 
used to determine the proportions of mono-, di-, and polysulfide crosslinks 
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in several such vulcanizates, on the assumption that there is no direct 
carbon-carbon crosslinking in the networks. There are quantitative dis- 
crepancies between the present results and data in the literature for the 
same vulcanization systems, obtained using the reagent sodium di-n- 
butyl phosphite for cleavage of di- and polysulfide crosslinks. The evi- 
dence presented in support of the quantitative reliability of the hexane- 
thiol reagent is reasonably satisfactory but final confirmation of this reli- 
ability will require independent direct estimation of the numbers of mono- 
sulfide crosslinks in vulcanizates. 

The author wishes to thank his colleagues for helpful discussion during the course of 
this work, which forms part of a research programme of the Natural Rubber Producers’ 
Research Association. Acknowledgment is also made to A. C. Haynes for practical 
assistance. 
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