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Cleavage of Disulfide Polymers. 111. By Disulfides* 

E. 34. FETTESI and H. MARK, Polytechnic Institute of Brooklyn, 
fh-ookhjn, New York 

Synopsis 
A study was made of the cleavage of polymeric disulfide by organic disulfides of dif- 

ferent structures in the presence and absence of sodium disulfide. While aliphatic di- 
sulfides will cleave polymeric disulfides only in the presence of sodium disulfide, hydroxy- 
ethyl disulfide and aromatic disulfides will cause partial cleavage in the absence of in- 
organic disulfide. It is believed that cleavage results not from a disulfide-disulfide 
interchange, but from cleavage of the organic disulfide by water t o  form a RS- anion. 
Other salts known to cleave disulfide groups promote the cleavage of polymer by butyl 
disulfide, sodium sulfoxylateformaldehyde being particularly active. Benaothiazyl 
disulfide and tetraalkylthiuram disulfides reacted t o  cleave in the absence of sodium di- 
sulfide but had no effect when sodium disulfide was present. By carrying out) the rear- 
tion stepwise, it  was found that sodium disulfide reversed the softening action of the 
disulfide reforming the cleaved linkages. When the disulfide polymer contained ter- 
minal thiol groups, tetramethylthiuram disulfide would reform the high polymer by con- 
verting thiol terminals to  disulfide links. In  spite of the known ability of these complex 
disulfides t o  dissociate homolytically into radicals and initiate vinyl polymerization, no 
evidence was found that the cleavage of polymeric disulfides involved RS.radicals. 

INTRODUCTION 

Although thiol-disulfide interchange has received emphasis in the chemi- 
cal literature and has been recently reviewed, 1-4 the interchange between 
two disulfides has received little attention. Smiles and Gibson6 found the 
expected unsymmetrical disulfide formed from the reaction of a mercaptide 
and a thiolsulfonate ester (RSS02R‘) to be contaminated with the two 
possible symmetrical disulfides, but attributed this to the reaction of di- 
sulfide with mercaptide discovered by Lecher.6 Stern and Tobolsky’ 
postulated the occurrence of a disulfide-disulfide reaction to explain the 
stress relaxation of polysulfide rubbers, but later Mochulsky and Tobolsky* 
concluded that the mechanism of relaxation of stress was probably a thiol- 
disulfide exchange. 

A number of patents by Kleiman claimed that halogens and halogen 
 halide^,^ organic peroxides,’O hest,” and lightI2 would all catalyze the re- 
action of one disulfide with another to effect exchange. Proell in a patentla 

* This paper is based on a portion of the dissertation submitted by E. M. Fettes to 
the Graduate Faculty of the Polytechnic Institute of Brooklyn in partial fulfillment of 
the requirements for the degree of Doctor of Philosophy, June 1957. 

t Present address: Research Department, Koppers Co., Inc., Monroeville, Pa. 
603 



604, 13. M. FETTES AND €1. MARK 

claimed that a mixture of two organic disulfides can be redistributed to the 
unsymmetrical disulfide by heating with an alcoholic solution of both 
sodium sulfide and potassiimi hydroxide. As sodium sulfide has already 
been shown to cleave organic disulfides to form inercaptide~,~ and as mer- 
captides do react with disulfides,6 this is probably not a true disulfide- 
disulfide reaction. The later patent by Proell and Adams14 described the 
formation of symmetrical from unsymmetrical disulfides by heating with 
sodium sulfide in an alkanolamine solution, but here too a mercaptide- 
disulfide reaction is likely to be occurring. The reaction of butyl disulfide 
with polysulfide polymers occurs r e a d i l ~ , ~  but sodium polysulfide is neces- 
sary for the reaction. As sodium polysuliide can convert organic disulfidres 
to mercaptides,16 this is probably not really a disulfide-disulfide inter- 
change. 

The homolytic cleavage of disulfides by radiation, both visible and ultra- 
violet, has been well established. The redistribution of two disulfides in 
the presence of ultraviolet radiation to  produce the unsymmetrical disulfide 
in low yields has been described.I6 Assymmetrical aliphatic disulfides such 
as ethyl n-propyl disulfide were found" partially to disproportionate into 
the corresponding two symmetrical disulfides upon standing at  room tem- 
perature for long periods of time. Irradiation with ultraviolet light pro- 
duced the same results quickly, and even visible light had a pronounced 
accelerating effect on the reaction. Disulfides with other aliphatic groups 
behaved in the same manner with the exception of those containing even 
one tert-butyl group. The radical cleavage of disulfide links postulated by 
these authors to account for the exchange was substantiated by finding that 
acrylonitrile in the presence of methyl ethyl disulfide was stable in the dark 
but polymerized upon exposure to sunlight. The ability of disulfides to 
initiate upon radiation the polymerization of vinyl monomers has been 
described.'*-z* The polymerization of the cyclic trimethylene disulfide by 
light has been carried out even at  extremely low temperatures.Z5 

The thermal dissociation of aromatic disulfides to form free radicals has 
been advocated as an explanation of the color developed on heating in 
s'olution,26 but Lecherz7 has presented evidence against the dissociation nf 
phenyl disulfide into long-lived sulfenyl radicals. He found no interchange 
in aromatic disulfides in boiling xylene or benzene at 200°C.,2R although 
interchange was foundlg in dioxane at  170OC. OtsuZ2 found that phenyl, 
tolyl, benzyl, and benzoyl disulfides would not cleave thermally at  60, 80, 
or 120OC. to initiate polymerization of styrene but did so at  30°C. by sun- 
light. The influence of radiation, even sunlight, is so pron~nnced'~ that one 
must suspect that the thermal cleavages postulated in some cases may wrell 
be photochemical cleavages. The disulfides containing a nitrogen on the 
carbon atom bonded to the sulfur such as tetramethylthiuram disulfide or 
benzothiazyl disulfide do cleave thermally and thereby initiate polymeriza- 
tion.22-24 

In  summarizing the published work, it seems evident that a disulfide- 
disulfide exchange is not a simple bimolecular rearrangement. 
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Instead the reaction is initiated by cleavage of a disulfide group to form, 
depending on the cleaving agent, a radical (RS.) or an ion (RS-). Light 
and possibly heat can produce the radical; base, thiol, and possibly water 
can produce the ion. The radical or ion can read with another disulfide 
group regenerating the radical or ion. The initiation by RS- is actually 
the thiol-disulfide reaction discussed in the previous paper. It should be 
noted that extremely small amounts of thiol are capable of bringing about 
a disulfide-disulfide interchange. It is extremely difficult to be sure that 
disulfides are sufficiently free of thiol so that the reaction can be assuredlv 
disulfide interchange instead of actually a thiol-disulfide reaction. 

EXPERIMENTAL 

Polymer Preparation 

The polymeric disulfides used in all of these experiments were prepared 
by the reaction of an aqueous solution of sodium disulfide with 98 mole-% 
bis(2-chloroethy1)formal and 2 mole-% 1,2,3-trichloropropane by the poly- 
inerization process previously described.4 

Cleavage of Polymer with Disulfide 

The treatment of the aqueous dispersion of polymeric disulfide was car- 
ried out by addition of the desired disulfide, 0.05 mole/mole of polymer 
(segment weight) , as previously de~cribed.~ When sodium disulfide was 
present, 0.10 mole/mole of polymer (segment weight) was used, and the re- 
action carried out for 60 min. at 82.2OC. The effect of the disulfides on the 
polymer was determined by measurement of the hardness of a sample of 
dried polymer by a Shore Durometer A (ASTM D676-55T). When the 
elastomer was substantially cleaved, it was too soft to give a reading on the 
instrument and a qualitative observation was made. The method of 
preparation of suitable samples of dried polymer has also been described. 

When alkaline salts other than sodium disulfide were used in conjunction 
with dibutyl disulfide, the same number of moles (0.05) was used, all other 
reaction conditions being the same. 

DISCUSSION 

Aliphatic and Aromatic Disulfides 

It has been shown4 that 5% (mole) of dibutyl disulfide will convert an 
aqueotis dispersion of ti polyineric disulfide of high molecular weight to 
liquid polymer of low molecular weight if a small amount (5-10~0) of 
sodium disulfide is present. No decrease in the molecular weight of the 
polymer was found if the inorganic disulfide was absent. 
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The effect of a number of aliphatic and aromatic disulfides on a polymeric 
disulfide was investigated in the presence and absence of sodium disulfide. 
The results obtained are shown in Table I. The polymer in Dhe form of an 
aqueous dispersion had a Shore hardness of 50 which was not increased by 
an additional treatment with sodium disulfide. A value of 50 corresponds 
to  a tough elastomer, much too high in molecular weight to be capable of 
handling on a rubber mill. The dibutyl disulfide reduced this high polymer 
to  a liquid as expected when sodium polysulfide was present, but contrary 
to previous work,4 had a softening effect even in the absence of sodium di- 
sulfide. This behavior was so unexpected that a reinvestigation was made. 
It was found that the dibutyl disulfide contained traces of thiol as an im-' 
purity. Treatment of an aqueous dispersion of polymer with butyl di- 
sulfide, first treated with iodine to oxidize the thiol content, yielded prod- 
ucts only slightly lower in Shore hardness than the untreated polymer 
rather than the soft rubber shown in Table I. It is felt, in view of these 
results as well as previous work,4 that traces of unoxidized thiol were re- 
sponsible for the slight softening still obtained. This experiment points 
up the difficulty in being assured a reaction is really disulfide interchange 
rather than a thiol-disulfide reaction. 

TABLE I 
Effect of Disulfides on Cleavage of Disulfide Polymers 

~~~~ 

Hardness, Shore A 

Disulfide 
Without With 

sodium disulfide sodium disulfide 
~ ~~~~~ 

None 50 50 
Dibutyl disulfide Soft rubber Liquid 
Di-iert-butyl disulfide 50 36 

Dibenzyl disulfide Very soft rubber Soft rubber 
Diphenyl disulfide Very soft rubber Soft rubber 
Di-p-nitrophengl disulfide Soft rubber Soft rubber 

Bis( 2-mercaptoethy1)disulfide 30 45 

The di-tert-butyl disulfide had no effect on the polymer in the presence 
and only a slight effect in the absence of sodium disulfide. tert-Butyl mer- 
captan, unlike other thiols,' was not found effective in cleaving a disulfide 
polymer. This anomalous behavior of fert-butyl groups was also noted in 
photochemical cleavage.17 

The bis(2-mercaptoethy1)disulfide had a slight softening effect in the 
absence of sodium polysulfide and almost no effect in the presence of 
sodium disulfide. These results agree with previous work' with the cor- 
responding thiol, 2-mercaptoethanol, wherein the efficiency was much 
less in cleaving than was n-butyl thiol. This effect was attributed to the 
water solubility of the thiol. It is probable that the HOCH2CH2SNa 
formed by the action of sodium disulfide on the bis(2-mercaptoethy1)di- 
sulfide is partitioned so that it remains mostly in the aqueous phase and is 
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not in the polymer to react with it. The glycol disulfide does cleave the 
polymer in the absence of sodium disulfide, as does dibenzyl, diphenyl, and 
dinitrophenyl disulfides. This cleavage must be a true disulfidedisulfide 
reaction unless water (in the presence of the magnesium hydroxide remain- 
ing in the polymer) can have a sufficient hydroxyl ion concentration to 
cleave the disulfide linkage. Cleavage of disulfides by water has indeed 
been postulated by FrommZ9 and by Sch0berlU-3~ to produce the thiol which 
can effect cleavage. 

RSSR+HzO RSH +RSOH ( 2 )  

Evidence of such a reaction has been claimed for aromatic disulfides, com- 
bined cystine, and dithiodiglycolic acid, although mechanisms for the cleav- 
age not involving the sulfenic acid have also been p o s t ~ l a t e d . ~ ~ , ~ ~  What- 
ever the mechanism, it is evident that aromatic disulfides and bis(2-mer- 
captoethyl) disulfide can cleave aliphatic polymeric disulfides in the ab- 
sence of thiol impurities and sodium disulfide. The amount of cleavage is 
slight as the amount of disulfide used was sufficient, if fully utilized, to re- 
duce the high polymer to a liquid of low molecular weight. Aliphatic di- 
sulfides such as propyl, butyl, or amyl, when free from residual thiol, have 
no effect on a polymeric disulfide unless sodium disulfide is present. 

A number of other alkaline salts were tried in place of sodium disulfide 
to see if they would effect cleavage of a polymeric disulfide by dibutyl di- 
sulfide which was treated with iodine to oxidize any traces of thiol present. 
The results in Table I1 show that sodium monosulfide and sodium hydroxide 
were equivalent in producing a very soft polymer. Sodium sulfite had a 
slight effect while sodium thiosulfate had almost none. Sodium sulfoxyl- 
ate-formaldehyde was equivalent to sodium disulfide and was used because 
of its known cleavage of the disulfide linkage in 

The salts which promote interchange of butyl disulfide with polysulfide 
polymers are those which have already been shown or would be expected 
to have a cleaving action upon disulfides. Indeed, all of the experiments 
described lead to the conclusion that disulfide interchange in polysulfide 
polymers occurs by way of a heterolytic cleavage of the disulfide. For 
aliphatic disulfides, sulfide ions, or an ion of similar nature is needed to 

TABLE I1 
Effect of Various Salts on Cleavage of a 

Disulfide Polymer with Dibutyl Disulfide 

Hardness of product, 
Salt Shore A 

None 
Sodium disulfide 
Sodium monosulfide 
Sodium hydroxide 
Sodium sulfite 
Sodium thiosulfate 
Sodium sulfoxvlate-formaldehyde 

50 
Liquid 
Very soft rubber 
Very soft rubber 
35 
44 
Liquid 
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initiate the ionic cleavage to mercaptide ion which then reacts with the di- 
sulfide group in the polymer. For disulfides known to cleave readily (aro- 
matic), water is apparently sufficient to cause cleavage and thus initiate the 
exchange reaction. 

Thiazyl and Thiuram Disulfides 

Thiuram disulfides and benzothiazyl disulfides have long been used in the 
processing of polysulfide polymers to soften the material on the mill. This 
action has been s h o ~ n ~ ~ ~ ~ '  to be a chemical scission of the polymer and pre- 
sumably involves disulfide-disulfide interchange. Unlike aliphatic and 
aromatic disulfides, these complex disulfides are known to undergo homo- 
lytic cleavage to form active radicals by heat or light. Tetramethyl- 
t h i ~ r a m ~ ~ - ~ ~  and benzothiazyl disulfideZ2 will thermally dissociate even at  
7OOC. to initiate polymerization of vinyl monomers. 

The action of tetramethylthiuram disulfide and benzothiazyl disulfide on 
polymeric disulfides in aqueous suspension was examined in the same 
manner as was done with aliphatic and aromatic disulfides. As tetra- 
methylthiuram monosulfide will thermally dissociate to initiate polymeri- 
zation of vinyl compounds,22 it was included along with metallic derivatives. 
The results are presented in Table 111. 

TABLE I11 
Effect of Complex Disrdfides on Cleavage of Disuifide Polymers 

Hardness, Shore A 

Without With 
sodium sodium 

Cleavage agent Structure* disulfide disulfide 

Uenzothiazyl disulfide 
Mercaptobenzothiazole (MUT) 
Zinc salt of MBT 
Tetramethylthiuram disulfide 
Tetramethylthiuram monosulfide 
Zinc dimethyldithiocarbamate 
Lead dimethyldithiocarbamate 
Sodium diethyldithiocarbamate 
None 

1tSRlt 
ltRH 
ItSZnSIt 
It 'SSlt ' 
It 'SR 
It'SZnSlt ' 
It 'SPbSIt ' 
1t'SNa 

Liquid 
37 
50 
Liquid 
Liquid 
44 
45 
47 
50 

50 
50 
52 
50 
42 
55 
42 
50 
50 

While the metallic derivatives of benzothiazyl and tetramethylthiuram 
disulfide had little effect in cleaving, tlie disulfides themselves, as antici- 
pated, and also tetramethylthiuran1 monosulfide reduced tlie high polymer to 
a liquid when used alone. Surprisingly no cleavage at all was found with 
these two disulfides when sodium disulfide was present. This behavior is 
the opposite of that encountered with dibutyl disulfide which reacts with 
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the polymer only in the presence of sodium disulfide. A possible explana- 
tion would be the conversion of tetramethylthiuram disulfide by sodium 
disulfide into the sodium salt of the dithiocarbamic acid already shown in 
Table I11 to be ineffective in cleavage. It was found that tetramethyl- 
thiuram disulfide was virtually unchanged by treatment with aqueous 
sodium disulfide for 60 min. at 82.2OC. Another possibility was that the 
complex disulfides did cleave the polymer and the sodium disulfide then 
converted the cleaved polymer back to a high molecular weight. Aqueous 
dispersions of high polymer were cleaved to liquid polymers by treatment 
with benzothiazyl disulfide, tetramethylthiuram disulfide or tetramethyl- 
thiuram monosulfide and then treated in a second step with sodium disul- 
fide. All three liquid polymers were converted back to tough elastomers, 
showing that indeed the sodium disulfide reversed the cleavage of the poly- 
mer by the complex disulfides. This action of sodium disulfide is similar in 
action to that of zinc oxide in removing, during vulcanization, the effect 
of the benzothiazyl disulfide used for cleaving the elastomer to facilitate 
processing. 

Further examination of the reaction of thiuram disulfides with aliphatic 
disulfide polymers was made with an aqueous dispersion of a liquid polymer 
with terminal thiol groups16J6 prepared by treatment of the high polymer 
with sodium hydrosulfide plus sodium sulfide. It was found that tetra- 
ethylthiuram disulfide alone in this case did not lower, but on the contrary, 
increased the molecular weight. An amine odor was noticed during the 
reaction. The same reaction was carried out with the use of butyl mer- 
captan as a model compound instead of the polymeric dithiol. It was 
found that butyl mercaptan was oxidized to dibutyl disulfide and quantities 
of the diethylamine salt of diethyldithiocarbamic acid were isolated. The 
reaction of thiuram disulfide with a simple dithiol, bis(Zmercaptoethy1)- 
sulfide, was carried out. The dithiol was oxidized to a waxlike polymer, 
and the amine salt could be volatilized out of the mass. It is evident that 
when a disulfide polymer contains thiol groups, the thiuram disulfide does 
not react to cleave the disulfide groups in the polymer but instead reacts 
with the terminal thiol groups. A search revealed that tetramethylthiuram 
disulfide had been already shown38~3~ to convert n-dodecylmercaptan to the 
disulfide with liberation of the dimethylamine salt of dimethyldithiocarba- 
mic acid. 

The conclusion reached that ordinary aliphatic and aromatic disulfides 
cleave heterolytically to form RS- which then reacts with the polymeric 
disulfide might not necessarily be true for these complex disulfides which 
can readily cleave honiolytically to form RS. radicals. These radicals 
produced by thermal dissociation of the complex disulfide may he capable 
of reacting with a disulfide group in thc polymer regencrating a radical 
from that disulfide group even though tlie disulfidc group in thc polymer 
could not of itself cleave homolytically to form radicals. 

TSST + 2TS. 
-RSSR- + TS- + -RSST- + RS- 
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If this could happen, a small amount of thiuram disulfide should be able to 
initiate complete interchange between an aliphatic disulfide polymer and an 
aliphatic disulfide such as dibutyl disulfide in the absence of sodium disul- 
fide. The amount of cleavage of the polymer would then be determined by 
the total of reactive disulfide, tetramethylthiuram disulfide, and inactive 
disulfide, dibutyl disulfide. The cleaving effect on a polymeric disulfide of 
5 mole-% dibutyl disulfide, plus 0.5% tetraethylthiuram and also plus 0.5% 
of azobisisobutyronitrile as an alternate source of radicals, was examined. 
The hardness of the polymer was unchanged by the dibutyl disulfide 
plus AIBN. The polymer was slightly softened by the dibutyl disulfide 
plus tetramethylthiuram disulfide, but to an extent attributable to the 0.5% 
of thiuram disulfide. Complete reaction with the 5% dibutyl disulfide 
would have produced a viscous liquid. 

It has been shown that thiuram disulfides will react with aliphatic di- 
sulfide polymers to  rearrange, lower the molecular weight, and place dithio- 
carbamate groups on the chain as terminals which can be removed by the 
action of sodium disulfide. In spite of the knowledge that these complex 
disulfides can readily form radicals at  these reaction temperatures, it seems 
evident that the reaction with aliphatic polymeric disulfides in an aque- 
ous medium proceeds by an ionic mechanism. 
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R6sumi5 

On a etudie la rupture du disulfure polymerique par des disulfures de differente- 
structures en prbsence et en absence de disulfure de sodium. Alors que des disulfures 
aliphatiques rompent les disulfures polymCriques uniquement en presence de disulfure 
de sodium, le disulfure d’hydroxybthyle et les disulfures aromatiques provoquent un 
clivage partiel an absence de disulfures inorganiques. On croit que la rupture rCsulte 
non d’un Bchange disulfuredisulfure mais de la rupture du disulfure organique par l’eau 
pour former un anion RS-. D’autres sels connus pour leur pouvoir de rupture des 
groupes disulfures favorisent le clivage de polymkres par le disulfure de butyle avec le 
sulfoxylate de sodium-formaldChyde qui est particulierement actif. Le disulfure de 
benzolthiazyle e t  les sulfures de tetraalcoyl-thiurame reagissent dans le clivage en absence 
de disulfure de sodium mais n’ont pas d’effet lorsque le disulfure de sodium est present. 
On trouve en effectuant la reaction Btape par Ctape que le disulfure de sodium renverse 
l’action adoucissante du disulfure e t  reforme les liens rompus. Lorsque le polymkre 
disulfure contient des groupes thiols terminaux, le disulfure de tktram6thyl-thiurame 
reforme le haut polymkre par conversion des thiols terminaux en liens disulfures. Bien 
que l’on sache que ces disulfures complexes peuvent se dissocier homolytiquement en 
radicaux et  initier la polymbrisation vinylique, on n’a pas trouvk de preuve que le 
clivage des sulfures polymkriques implique des radicaux RS.. 

Zusammenfassung 

Die Spaltung polymerer Disulfide durch organische Disulfide verschiedener Struktur 
in Gegenwart und Abwesenheit von Natriumdisulfid wurde untersucht. Wahrend alis 
phatische Disulfide polymere Disulfide nur bei Gegenwart von Natriumdisulfid spalten, 
bewirken Hydroxyathyldisulfid und aromatische Disulfide auch in Abwesenheit anor- 
ganischer Disulfide eine teilweise Rpaltung. Es wird angenommen, dass die Spaltung 
nicht durch einen Disulfid-Disulfidaustausch, sondern durch Rpaltung des organischen 
Disulfides durch Wasser unter Bildung eines RS--Anions zustande kommt. Andere 
Salze mit bekannter Spaltungswirkung auf Disulfidgruppen begunstigen die Spaltung 
des Polymeren durch Butyldisulfid, wobei Natriumsulfoxylat-Formaldehyd besonders 
wirksam ist. Benaothiazyldisulfid und Tetraalkylthiuramdisulfide reagierten bei 
Abwesenheit von Natriumdisulfid unter Spaltung, hatten jedoch bei Gegenwart von 
Natriumdisulfid keine Wirkung. Durch schrittweise Durrhfiihrung der Reaktion 
konnte festgestellt werden, dass Natriumdisulfid die weichmachende Wirkung des Di- 
sulfids durch Neubildung der gespaltenen Bindungen aufhob. Bei einem Gehalt des 
Disulfidpolynieren an endstandigen Thiolgruppen kann Tetramethylthiuramdisulfid 
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das Hochpolymere durch Umwandlung von Thiolendgruppen zu. Disulfidbindungen 
zuruckbilden. Trotz der bekannten Fiihigkeit dieser komplesen Disulfide zur homolyti- 
schen Zerfall in Radikale mit Fahigkeit zum Start der Vinylpolymerisat.ion, konnte kein 
Hinweis dafur gefunden werden, dass die Spaltung von polymeren Disulfiden uber 
RS-Radikale verlauft. 

Iteceived December 18, 1962 




