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Infrared Study of Some Structural Changes In Natural 
Rubber During Vulca nization* 

Frederic J. Linnig and James E. Stewart 1 

A knowl edge of t he st ructure o f vulcan ized rubbc r i ~ essential t o the in terpretation of 
yulean iz.9.tion and oxidatio n studies and the phys ica l prope r t ies of the ma·te rial. 

In the prese nt wo rk an infra rnd study has bee n made of s1ructllres reslii t ing from a 
number of different methods of vulcan iza t ion. Sulfur vulcani z'l l C's show t he prese nce of 
a sbifted doubl il bond, O l ' i gin a ll ~' obse r ved by Sheppard and Sutherland. The pr3sence of 
co njugated double bonds is also ind icater!. Acce lerat or ,; such as tetra 'lleLhy lt hiuram 
disulfide and zinc dibuty l di t hioca rba''late increase the r3;Le of the double-bond shi ft and 
reduce t he amount of conj ugated double bonds. ='Jei t her t he double-bo nd shift nor con
jugation i s obse r ved as a result of vu lcan izat ion wi t h tet ramet h.d t hiuram d isulfide a lone, 
h.vdrogen sulfide and sulfur diox ide (Peachcy process) , a pcroxid e, or gamma rays. These 
r esult ill a poss ible dec rcase in ca rbony l stru cLures , and in t he case of thc last t hrce , possibl c 
incre'lsed absorpti on due to OR and ioni zed ca rboxy l groups. 

A ppa rentl .\', the doublc-bond shift and co njuga tion a rc p ri ·na ril .,· phenomena relaLed 
to Lh e usc o f ele 'lle n ta l sulfur. The ot her v ul ca ni zat io n SYste'l 'S st udied evidently in vo l Ve 
differeut n'echan is1l1S. An i'll p li cat.ion o f t he present· wo rl~ is (hat t here ma." be a' I'clat ion
ship betwccn the repor ted case of oxidation of sulfur vulcani zate~, acce ler'1ted v ul cani zat es , 
and R lilfurl e~s vu lcan izat eR (te·( ra llleth .v l thiuraill di 'iUlfide alone) , wh;ch decreases in t he 
ordc l' II med, a ncl t he probab le am oun t of conjugat ioll in1he com pOll nd, which decreases in 
the iiaille order. 

1. Introduction 

In o rder to elucid a t e s truc tu ral changes occ urring 
(luri ll g v ulcanizat ion, Sheppard a nd Sutherland [35, 
:36] 2 s tudied thc infrfl re ci s pectra, bet \\' een 2 and 
18 !1- , of accelerated a llc\ lInflccclerated s ulrur vul
ca rrizat es. In Lhe 6.0 !1- r egion tll('Y founci li tl le 
eyiciellce of changes ill flbsorpt ion due to double 
bonds. A band at 10 .4 !1- was a ttribuLcd to trans 
hydrogens adjace n t to a earbon-t o-ca rbon double 
b ond resulting from a shifL of th e do uble bond 
norm.all." presen t ill ullv ulcanized rubber. This 
band had beell ciisco\e lw l e,HIier b.l- Sefl l'S [:31]. 
Salom on and Van d el' Schee [28] h ave co nfirmed , 
esse ntiall.I', the fi nd in gs of Sh eppa rd a ncl Sutherland 
[:35. :36]. The l es uIt s of infrared s Ludies o f v ulcani
zat ion through 1949 a rc summarized by Mann [25]. 

The earlier stud ies ha d beell IPacie lIs ing s ingle
beaJYl illst rmpent s. The double- beam ins trurr>.e n ts 
now a vailable are, of course, capable of greater 
defi n iti on in the eritieal dou ble-bond r egion Jl ear 
6.0 !1- a nd ill other regiolls where there oec urs intense 
atrros pheric absorption . For t hese r easo ns, som e 
o f the st uciies oft hese workers \\ ere r epea ted using 
a double-beam instruIPe nt . S ince the work on 
accelerated an d 1.1Ilaeeelerate([ s ulfut v ulea n izat es 
pro\' ed fruitful , a ddition al s tudies were IT'ade of 
oth er v ulcanization systerr-s includillg those in
volving t etraJYl ethy lthiuraIP disulfide (T:\1TD) alon e, 
a peroxicie, gml' lT'a l'a.'·S, and sulfur dioxid e a nd 
hydroge n s ulfide (Peach ey process). 

'ThiS \\'01' 1< \\'as presen ted at t he 70th meetin g of the Divisi0U of Rubber 
C hemi stry of the Ameri can Chemical Society , Atlanti c Ci t y, :-.J . .T., September 
1956. A portion of this \\'ork was pCl'fortllcci as part (If a resea rch project span · 
s'l l'e(\ by the .'\a tiona l Science l?oll l1cbtion in connection with the GovC'rnment 
Synthetic Rubbcr P rograTII . 

I 1:l1'(,8(, l1 t addrC'ss: Deckma n instruments, Inc., ]I'ullerton, Calif. 
2 F' igul'es in brackets indicate t he li terature references at t he end of this paper. 
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Sorp(, s peetra were a lso oblai ned in the reg ion 
het\\ een 15 a nd 40 !1- us ing a ce iu m. bromide prism 
to d eter rP ine the exis tel1('C of bands ill this region, 
which nl ighL be ciue to C- S a nd S S linkages. 

1n order lo s upport the work on s ulfur v ulcaniza
t io n a st udy was m ade o f the squalene·s ulfur s.I's tem., 
nncl chemical ey iden ce WflS ob ta in ed for OIl(' of the 
infrnred int C'rprctnt ions . 

2. Experimenta l Proced ure 

:\10s t o r the infrared spectra were ohlained with a 
PC'rk in-E ll er rrodcl 21 c1ouhle-beam spectrop ho
tom ele r eq uipped with a sodillm chlorid e p ri slll. for 
the ra nge b etwce n 2 and 151l , a nd a ('es iul l. broTP ide 
prism. fOI ' the ran ge betwee n 15 and 40!1-. An at 
Lachwe nt ord inarih' used to h old s rr all KBr dis ks 
was emplo~'ed in ·m.os t of this work . ~\yit h t his 
attachrEe nt, lr.e speci u rn. is inserted through the 
ope ning in the ins trument cove l to a pos iti on of 
mi lli rP lt m beam size , thus ,a king p oss ible the use 
of s pee iIPe ns as sll1fl.ll as 3/8 in . in diaJllete r , which 
in some cases \Vere all tha t ('ou ld be obtainecl. 

Addit ional rreasu l e]T'cnls at higher resolution 
were mad e Oil certain ba ll<ls us ing a Beckm.fi ll IR- 4 
speet rophotOIT' et er equipped wi t h two soclillm ch lo
ride prisITs . Sorre of the com.plet e speet ra were 
also obtai ned with this instulll' elll. 

Spec irre ns of llnvulcani zed rubber \\ ere pi epared 
b .\' eVfipo ra ling to dryness natUJ al rubber latex which 
had bee n diJut ed with l'vater s uffi (' ientl~' lo giye a film. 
of sati s fac tory thickn ess. In addition, sp ecim en s of Ull

vulcanized smokecl sheet, crepel' ubb cr , orpurifiecll ub
b el' wer e prepared b.l-h ot-p ressi ng th e JYl a teria] b etween 
sheets of fihLD' in urn foil with the aid of a CarTcr press. 
It was found thaL a press ure of about 1,000 to 4 ,000 
lb/in. z was s uffici ent to produce a sp ecim en of suitable 
th ickn ess , i. e. , somewlle re between 0.05 allet 0 .12 



mm. The samples v ulcanized by the Peache.\" 
process or by treatment with gamma rays were first 
pressed between sh eets of aluminum foil for a short 
time at elevated temperature to obtain a thin sheet, 
and then subj ected to the vulcanization treatment. 
All the other samples were v ulcanized under pressure 
ina Carver press. 

Compounding was done on a laboratory rllbbel 
mill rq II i p ped with rolls 3 in. b)- 8 in. 

3. Results 

The res ults of this study are presented in typical 
s pectra given in figures 1 to 9, which are discllssed 
in detail along with related spectra, in the sections 
that follow. The arrows in the figures indicate the 
pertinent bands in this sLndy. The results arc 
summarized in tabl e 1. This table indicates changes 
in bands and in band intensities as a result of t he 
var ious vulcanization processes , and is included for 
conveni ent reference in reading the discussions. 

In t.his table and in the following discussions, it is 
to be emphasized that conclusions involving changes 
in band intensities are to be viewed with caut ion. 
In general, the intensit ies of absorptions in films, 
in addi tion to thickn ess, are influenced by factors 
such as scatter, inhomogeneity, surface reflection , 
and the effect of n eighboring bands. These factors 
arc importHn t in rubber and especially so when the 
added solids used in vulcanization are present. 

Consequentl)-, in a nllmber of cases it was 11 0t 
possible to come to a definit e decision regarding 
changes in band in tensities. However, in cases where 
a change in intensit.\T appeared to occur, the change 
has been noted as a possible or apparent change, 
with t he intention of indicatiug to the r eader that 
t he intensity change is at least a possible result. of 
the' treat·ment disc ussed. 

3.1. Unvulcanized Natural Rubber 

Figure 1 shows the spectmm between 2 and ] 5 JL 

of a film of natural rubber obtained by the evapora
tion of water from latex. This spectrum is essenti ally 
the same as t hat obtained by previous investigators. 
Sheppard and Sutherland [35] suggest that the band 
at 3.05 JL may be due to the C- H stretching vibra
tion of the " lone" bydrogen on the ethylene bond 
in rubber. If, on the other hand , this band is due 
to NH groups in proteins perhaps, or to OH groups, 
its position indicates th at these gro ups are strongly 
hydrogen bonded. :N 0 interpretation of the weak 
absorption near 4.9 /L is possible beyond the fact 
that i t occurs in the region where acetylenes, nitriles, 
isocyanatcs, allenes, and amino acids absorb ; it is 
probably the same band that Sheppard and Suth er
land [35] found at 4.98 p.. The bands near 5.75 anc1 
5.85 p. may indicate two types of carbony ls ; the)
may be due to carbo nyls already presenL in the 
h ydrocarbon chain, or form ed by oxidation of the 
chain, or else to carbollyls in the resinous portion . 
They are probably the small bands near 5.8 J1. me'll
tioned by Dinsmore and Smith 112], and Saunders 
and Smith [30]. 

It is interesting to no te that purifi cation of n atural 
rubber by the method of McPherson l26] does not 
change markedly th e in te nsity of any of these bands. 
The purified rubber used here con tai ned 98.7 -perccn t 
rubber hydrocarbon, O.44·pereent protein, and 0.18-
percent ash. The sample also con tained I-percent 
phenyl-beta-naphthylamine added as an antioxidant, 
an amoun t that proved insufficien t to affect the 
spectrum. This purified rubber had also been used 
by Roberts and Mandelkern l27] and was obtained 
from them. The fact that purification does not 
greatly red uce the in tensity of these bands indicates 
that they arc not related to the resin or protein 
content of the r ubber, which is greatly reduced on 
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Frr:URE 1. i nfrared spectrnm of .film oj dried natnral rubber latex. 
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T A13Llo 1. Spectral results and conclusiuns 

P, Prcscll t; A, absent; I, illcrease::;; IJ, dccl'l'aSt's; - , not illvcsLigatcu . 
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J Nll m bers indicate referell<X's in li tel·aturc cited. 
• Probably 4.98-1' band of rcfercnce 05. 
a Probably one of weak bands near b.8jJ. in refcrence 12 and 30. 
4 Ncwly observed . 
• Probably band at 16.0 to 17.7" of reference 35. 
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Ht'mark s 

Probably oxidation banel. 

"., 00 wmow",,"~",,, ., '''"" • , M' ,. "., '""'-r' "''''''',,''M,. ill 5 with T .\L'!'D and BZ and in 7, 8, and 9 (on 9, sec text) . cd by purificat ion 
of ru bber ; there· 

:\1'"" increase in 5 \\'ith T~ITD a nd in 6. forc, not wholly 
Possible (Iecrcase in 7.8, g, may be relate(1 to } Either o ne or both characteristic of 

increase of 6.5-,u. bane!. b3ncis may be proteins or resins 
Possibk' decrease in 6. affected in 5. as Sti ch . 
Double bond in UlH'ulc::lIlizcd rubber. 
B and at 6.02,u. UJl symmetTical in purified rubber; in flection in 

T hese bands indicate 
t hat considerable 

dried latex; shoulder in coagulated rubber; resolved at least un sat uration of 
for sulfur Hllcanizalcs; appears to become stronger relath'c to various types re-
6.0'1-,u. band in vulcanizatcs containing more than 12-prrcent main s eYrn after 
su lfur (sec text). \'ulcanization with 

Conjugated double bonds; band appears in sulfur \' ulcanizates 25-pcrccnt sulfur. 
with oyer 5·per<X'nt sulfur . 

Present in 5 with smaller quantity of TJ\I T D , otherwise presence in 5 and 6 may be 
obscured by band s in '1' ~\I_ rl'D and BZ ; may 1)(' inc(eased in 7, 8. and g (on g, ~ce text). 

S hifted double bond ; confi rmed for com poun(ls contai n ing m ore t lmn 2-pcrccnt sulfur ; 
rate of formation incre~ed by accelera.tor::;. 

.I-Iydl'ogcn on double bond in ullnllcanil.ed rubber. 
A PPl',W in sulfu r vulca ll izatl'S containing more Ulan J2-pcrccIl t sul fur; so me Li m es prCSCll L 

with acct'leralol's (15% sulfu r ) . 
Occurs in sulfu r n llcanizaLl'S with less than J2·perc.'c nt sul fur; usually present in [) (15% 

sulfur) and in 6 (L5% rr l\l 'rD 4 hl' a.nd ovcr at J25° C). 
~\ 1 ay be slight intensification of a shoulder on 17.5-,u. band in wlvulcanizcd rubber . 
Band confirmed. 
n and co nfirmed. 
Broad swellings centered ncar these wa\·clengths. 

'rtlC'se bands occur in region where S- S linkages absorb . 

-------
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F I GURE 2. Far infTared spectrum of fi lm of dried natural n,bber latex. 

purification , unless appreci.o,ble quantities of resin
or pl'oteinliJm units arc in some way part ot the 
polymer chain. Dinsmore and Smith l12B], and Saun
ders and Smith [30], however , did not find the 3.05 }J. 

bandin deproteinizedrubber . It shouldbepointedout 
that it is possible to explain all four of these bands 
as ei ther combina tions or overtones of frequencies 
observed for absorp tions in figures 1 and 2. These 
band s are of interest here since their intensities may 
be affec ted by certain vulcanization processes. 

There is an inflection point at 6.1 }J. in the spectrum 
of dried latex given in figure 1. This absorption is 
all but absen t in the sp ectrum of purified rubber , 
the only evidence of i ts presence being the unsym
metrical nature of the band at 6.0 !J. which is broader 
on the longer wavelength side. On the o ther hand, 
this absorp tion appears as a strong shoulder in 
spectra of coagulated rubber , i . e. , T ensocrepe, pale 
crepe No.1 thin, pale crepe No . 1 thick , smoked 
sheet and T ensosheet. Dinsmore and Smith [12] 
first attributed this shoulder to absorp tion by a 
terminal double bond. In a later ar ticle Saunders 
and Smith [30] concluded th at the band at 6. 1 }J. 

was largely due to an impuri ty. The presen t work 
indicates th at this impuri ty is probably introduced 
during coag ulation. App aren tly the strong shoulder 
at least is no t, as sugges ted by Sheppard [34], an 
over tone of the 11 .95 !J. bane1. It may be, however , 
that t he residual absor p tion in purified rubber is 
due to terminal double bonds or to an overtone of 
the 11 .95 !J. band. The sligh t difference between 
dried latex an d purified r ubber, if real , may b e due 
to an impurity in dried latex. 

Tbe coagulated samples also showed what is 
probably a somewh at stronger absorp tion at 3.05 
and a band a t 6 .5!J.. Again , these effec ts are ap
parently due to impurities in troduced during coagula
tion and no t removed by the washing process. 

As a resul t of a comparison of spectra of smoked 
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shee t and purified rubber , Saunders and Smith [30] 
seem to consider not only the band at 6.1, but also 
the bands at 3.05, 5.75, 5.85 , and 6.5 !J. to be due 
largely to impuritiE's . 

Figure 2 shows the spectrum of dried natural rub
ber latex in the region between 15 and 40 J.L . The 
spectrum of purified rubber is essentially the same. 
There are two broad absorptions with peaks n eal' 
17 .5 and 19.8 !J., respectively, in reasonable agreemen t 
with the findings of other workers [22, 30] . It is 
probably the former to which Sheppard and Suther
land [35] refer as ex tending from 16.6 to 17.7 !J. . In 
addition, there are two very broad swellings between 
21 and 30 !J. which have not been repor ted previously . 
The smaller bands beyond 30 J.L are clue to uncom
pensated atmospheric water-vapor absorp tion. 

3.2. Vulcanization With Sulfur Alone 

In this work, some samples of n atural rubber (pale 
crepe No.1 thick ) con taining from 2- to 25-percen t 
sulfur and no zinc oxide were vulcanized approxi- , 
mately to completion (abou t 20 h I') a t 1500 0 while 
ot hers containing 15-percen t sulfur and no zinc oxid e 
were vulcanized for periods of t ime ranging from 15 
min to 4 days at 125 0 0 and from 1 hI' to 20 hI' at 
1500 O. 

Figure 3 gives the spectrum between 2 and 15 }J. of 
natural rubber vulcanized with 15-percen t sulfur for 
96 hI' at 125 0 C. In addition to the changes indicated 
in tabl e 1, som e ot her unexplained changes near 9.0 !J. 
have taken place during vulcanizati on . Th ese 
changes become noticeable with abou t 5- to 8-
percen t sulfur ; they also occur in accelera ted vul
canizates, but not in th e other types of vulcanizates 
discussed here . 

The band at 10.4 !J. not present in unvulcanized 
rubber has been interpret ed by Sheppard and 
Suth erland [36] to be due to the out-of-plane de-



formation vibration of th e trans hydrogens on a 
cl oubl e bond r esulting from a shift of th e followin g 
type: 

C U" C H 3 
Tf I H H * II I 

- C- C= C- C- + R ·--->- C- C= 
l[ H H 

C I-I3 
H I I-I 

H 
C- C- + RI-I 

H 

- c- C- c=c-
H H 

whereR· is a free rad ical. These workers pointed out 
that t his is consis tent with the id ca of a-m ethylenic 
initiation of th~ sulfuration reaction as advanced by 
Farmer and SI1Lpley [16]. Shllppard and Sutherland 
fo und the intensity of this band to be con 'e1ated wi th 
th e amount of combined sulfur. In tllis case t he 
attack tool, place on the a-me thylene group marked 
with an as terisk:. This change in t he spectrum would 
of coul"se,not occu r if the attack had ta ken place o~ 
th e a -methylene g roup on the other side of t be double 
bonet In tIle present wo rk, this band was observed 
in fully vulcanized compo und s conta ining only 2-
percent sulfur , tIl e small est q uan ti t.\, studied here, 
a nd it in creased in intensi t.y and sh i fted to sligh tly 
longer wavelengths (ca. 10.35 to 10.44 fJ. ) as t he sulfm 
content was increased from 2 percent to 25 percen t. 
It will be referred to, howeve r, as the ba nd at 10.4 iJ.. 

As 1V0uld be expected, t he in tens ity of the band at 
11.95 fJ. related to tbe hydrogen on the origin al double 
bond decreased with an in crease in the intensibr of 
th e band at 10.4 iJ.. . 

The weak absorptions at 14.3 and 14 .8 fJ. co uld b e 
cI ue to the hydrogens on the corres ponding cis con
figuration. It is reasonable to expec t both isome rs 
to be formed during the double-bond shift . Th ese 
bands could also be caused , however, by C- S link
ages, or by skelctal vibrations not ch aracteristic of 
any par ticular functional group . Th ese ba nd s appeal' 

as sepamte absorp tiolls in fully vuleani7.ed com
pounds co ntain ing more than 12-percent sulfu r. 
With sulfur concentra t ions from 2 to 12 percent , 
only a broad gen eral abso rp tion appears that is 
centered nra r 14.5 iJ.. Th e newl~r discovered sha rp 
band at 6.25 iJ. occ urs in th ~ region where conjugated 
double bonds absorb, ancl lS t reated separatel \' ill ll, 
later section. It occurs in all ru bber-sulfur vulcan
iz.ates conta inin g 5 prrcent or more o f ulfur and its 
in tensity increases with increasing sulfur co~tent. 

The weak broad balld near 6.5 fJ. iS prrsnm abh 
the . same band rcport ed b)' Sheppard a nd Suthel···· 
land [:35] as occurring at 6.52 fJ. in ullvulcanized 
rubber mixes to whi cll stearic acid a lld zin c oxid e 
had been addrd . T hey at tributed tiJ is ban d Lo tl le 
stearat e ion and r eported tJl aL it di sappeared on 
vulcanizatioll. llowrver, Elli s all d Pyszora [n] 
haH shown Lilat t he i nte ns it\· of Ule band increases 
again Lo approxima tely its o'rigillal va lu e whell the 
specimen is allowecl Lo rCllJain at rOom temperature 
for 18 hr . Thoy atLribute th ~ obse rvl'fl dfec:Ls Lo 
a ll in te ract ion between na tll rll l ru bber a Ild zi Il C 
sterate LhaL is not related to Lhe vulcani7.aLioll 
process. The compou nel used Lo obLaill fio'ul"e :3 did 
Il ot co n Lain a rlcl rd 7.i l1c oxidr or straric ""ar·i el bu t 
t he original rubber sample slto\\'('d a ll ab~o r'pt i o ll 
at 6.5 fJ. which, as suggested earli er, rna\' r('sul L fro m 
im purities illtroduced duri ng coao· lila ti oll. The 
illt e n s i L~ ' of thi s balld sOlDct imes appea red to b(' 
l"('c1uced on vulcalliza tion il l this work . 

Tilr' prese nce oj' 7.ill(, oxicle ill su lfu r v ulcuniza tes 
of Tellsocrcpc or pair cr('pe i\ o. 1 t1 1ill leads to 110 

apparellt ehallge in the ra te of t lte doubir,bollcl Sll ifL 
a nd the band a L 6 .25 /L appears a bou L as soo n as i t 
docs without 7. in c oxide. There usually sel'ms to \)(' 
some redu ction ill the ill lensilr of eiLll(:- r or both the 
carbo nyl balld s ncar 5.75 and '5.85 fJ. . 

There is a chan ge in Li lc relalive inLensities of the 
bands a L 6.0 alld 6.1 iJ. as a resul L of vulcan izat ion . 
The in crease of Lhe 6.1-fJ. band rela Li ve Lo th e banel 
at 6.0 iJ. is noLiceablein compounds co n Lai ll ing 
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12-pel'eent sulfur , and increases with increased sulfur 
content un til wi th 25-pel'cent sulfur i t becomes the 
more prominent band , while the band at 6.0 J.l. appears 
only as a shoulder . 

Under higher resolu tion , th e band at 6.1 iJ. ill 
vulcanized rubber may be r esolved into two com
ponents a t 6.10 and 6.13 J.l. wi th the main " 6-iJ. " band 
appearillg at 6.02 iJ. . The shoulder a t 6.1 J.l. in 
unvulcanized rubber could also be due to two compo
nents, bu t this fact is no t qui te as apparent as ill the 
case of vulcanized rubber . 

At present it cannot be said wit h cer taint.v wheth er 
there is an actu al in crease in the in tensity of the 
6. 1-J.l. band on v ulcanization or whether the observed 
r elat ive change is due entirely to a decrease in the 
6 .0-J.l. band. 

Because of the uncer tain ty of the nature of the 
band a t 6.1 Ji. , and because the absorptivi ty of 
double-bond s tretching vibrations is quite variablc , 
no quantitati ve s ta tement can be made about 
changes in unsaturation during vul caniza tion except 
that in accorda nce wi th the results of previous 
workers [28, 35, 36] even with 25-percent sulfur con
siderable unsaturation of various types including 
t hose a bsorbing at 6.1 J.l. remains. To this r esidual 
unsaturation should now be add ed that due to tlte 
eonjuga ted double bonds absorbing at 6.25 J.l. . 

The same structural changes take placc when 
n atural rubber is vulcaniz ed a t 150 0 0 bu t at an 
accelerated rate. There is often some in crease in 
carbon~71 s tr ucture, which also res ults from h eatin g 
r ubber alon e a t this temperature. 

It is in teresting to note that in a spectrum of a 
v ulcanizate of Coral r ubber , a s~Tn theb c pol.visopl'ene 
[3 7], the in tensities of the band at 6.25 J.l. indicating 
co njugation and the band ncar 6.1 iJ. were consider 
a bly greater relative to the band a t 6.0 iJ. than in the 
case of vulcanized na tural r ubber with the same 
amoun t of added sulfur (15%) . The band at 6.0 J.l. 
was r educed to a sligh t should er on the band at 
6.1 iJ. . The fipectrum of the un v uleanized Coral 

rubber used here conta ill ecl small bands nea l' 6.1, ' 
6.2, 6.3, and 6.65 J.l. . 

Figw'e 4 shows t he s pectrum between 15 and 40 J.l. 
of nat ural rubber (pale crepe Ko . 1 thiek ) vulcanized 
with 13-percent sulfu], for 20 Ju at 1500 O. It will 
be no ted t.hat: (1) There is some l'edu etion in the 
in tcnsity of the band at 17 .5 J.l. , (2) th e broad band 
a t 19.8 J.l. is reduced, (3) the two consecu tive swellin gs 
in t he r egion between 21 and 30 iJ. have disappeared, 
and (4) these swellings have been replaeed b~T weal,;: 
bands a t 21 .2, 22 .7, 24.4 , and 26 .6 p . N o in terpre
ta tion of th ese bands is possible a t the present time 
beyond the observation tha t S-S linkages absorb in 
this region . 

The band at 17.0 iJ. , men tion ed by Sheppard and 
Sutherland [35] appears possibly as a slight in tensi
fi ca tion of a should er on the original band at 17.5 iJ. . 

Gehm an [19], a nd Gehman alld Osterhoff [20] have 
obtained Raman spectra of portions of ace tone
extracted rubber soluble in petroleum ethel' or e th~'l 
ether . Apparentl~- , repor ted attempts to obtain 
Raman spectra of whole rubber have been uns uc
cessful because of diffi cult ics du e to Rar leigh scatter
ing by rubber and by part icles in the rubber as well 
as fiuorescenee of the nonrubber constituen ts of the 
whole sample. Attempts at th e Bureau to obtain 
Raman spectra of whole rubber both lillv ulcanized 
and v ulcanized have also been un suceessful for the 
same reason . Raman spectra of vulcanized rubber , 
if ob tai ned, would sh ed ligh t on the existence of 
C- S and S- S linkages, which are generally k nown 
to produce stronger efl' ec ts in the R aman spectrum 
than in the infrared, and should aid in establishing 
the identit,- of some of the infrared bands observed 
111 this work 

3.3. Reaction Between Squalene and Sulfur 

Squalene (a hexaisopl'ene), ha ving a lower molec u
lar weigh t and being a liq uid , is more useful for ceJ'
tain experiments than r ubber . It has beeD s uggested 
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h.\- Bloomfield [5] tltat squalelle , because of its 
mol('c ular complex i! .\-, is more s imila r Lo 10llg clwin 
POI.\·lsoprcll es Lll a ll s maller eompou llc/ s thaL have 
I)('e ll used as l'ubber s ubs t itutes . . It sh ould be well 
aclaplecl fo r th e s tud.\' of t he s tructural ch anges of the 
double-bond shift ancl cO lljugat io ll discussed here . 
t f we consider two adjn e-e ll t isopre ne uilits ill the 
qualell e molecule 

it will be seen t haL a co nj ligated sys Lem could a ppear 
,) S a r es ul t of ei t her a sllif t of two double bond s 
toward each other or two success ive s ilifts of one 
double bo nd. It could a lso result from t he int ro
du ction of a n ew double bOlld between Lwo orig in al 
clouble bonds . S imila r possib ili Lies for co njugatioll 
of Lhis type, of eourse, exis t in lIatu ra l ru bber. The 
s pectr um of Eastma ll prac tieal g rade (90%) squalenl' 
given ill the upper parL of fi g ure 5 is esse lltialll- the 
sa~e as ~hat .obtaill ed b.\- oLile r workers [9 , 10 ,1'1,38] . 
[ t lS Similar .L11 manv res peels to thaL o f rubber as 
shown in fig ure I , illcludillg tile balld at 6.0}J. a lld ti le 
s tro ng absorpLio ll aL 12 _0 }J. , proba bl.\- due Lo th e 
Ilydrogell on the carboll adjaee ll L Lo tile dOllble bOlld. 
Wurthermo["e , iL lIas no absorpt ion at 10.4 }J. e llilr
,tcteris lic of trans iI .nlroge lls ad ja ce llt to a double 
bon.d , it l~cI there is 11 0 balld at 6.25 }J. illdicatin g 
("O ll.l ugaLJOII . 

Tili s maLeria l \\' I) S rea e ted for 22 1/2 hr aL 150 0 C 
wi th s ulfu r i ll a sealed tube ullder 11 itrogen . Tile 
squalelle-"ulfur reactioll proclucL was ve l".\' dark a llcl 
Illore viscous t lla ll Lhe or igillal squale ne . The 
s peclrum o f t ill' r eacLion p rocl uet is g ive n ill Lhe lower 
part of figu re 5 . This s pectrum co ntaill s the ba lld s 
1) 1 LO A a nd 6 .25}J.. The Il ew ba nd Il ear 6 .1 }J. is 

aecompani ed ill L1li s ease by ,til ill c rease ill the a bso rp
tion al 11.25}J. . Bolh efreeLs have been 112A , 29] 
related to the fo rma tioll of termillal double bond s. 
This s iLu at ion is cliA'erellt from tll at o bser vc'd with 
rubber vulcallizates fo r which a n increased nb o rp
tlOIl at 1 1.25 }J. was Il ot observed (figs . 1 a nd 3) . The 
mi grat ion of double bond s ill sq ualene as a result o f 
difrrren t t rcatrnl' n I s ha s been di scussed b \- oLiler 
a u thors [9 , 11] . lilt hei r s tudy of dou ble bonCi m ig ra
tion s in squalene' during hydrogellation a nd d ell.\'
drogellatioll , Daic a nd Artun [9] found evid ence of 
co njugat io n in the ultravioleL ' pectrum but 110 band 
aL 6.25 }J. ill the illfrared s pedrum. There are also 
two ballds near 14.5 a nd 14.9 }J. wltiell a re reaso nably 
close to Lhe band s at 14.:3 itndl 4.8 }J. whiell ill s ulfur 
vuica lli zates .were att ributed to the C- S Jillkflge, to 
h y drogen s CLS to H double bond , o r to s keletal 
vi braLio li s . 

3.4. Chemical Evidence of Conjugated Double 
Bonds 

Farmer and Shipl ey [16] have di scussed th e 
possibili ty of conjugated s.\' s tems in v ul ca ni zation . 
Other autho rs [2, 4, 6, 15] have mentioned apparently 
co njugated reac tion p rodu ct s formed in t he s tudy 
of v ulcanization u sing small molecuks . 

T he band observed in these s t udi cs at 6.25 J.I. , 
if not due to conjugation, could 1)(' t il e res ul t of 
comb inations o r ove rtonc o f absorpt ions oceuring 
a t ot il er frcq uencics . None of t il e band s o r com 
binations oJ bands observed to inereasc' on vu l
can ization could a ccount for t he 6.2.5- }J. ba nel in 
t ili s mann e!". However, in v iew of t il e apparent 
im portance of t hi s b and , whi ch is di sc ussed latcr , 
it was deemed d es irabl e to attempt to vcril\- th e 
pre'sence o f conj ugat('d sys tems by cli('mi cal mean". 
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This was accomplished by demonstrating that a 
reaction takes place between the squalene-sulfur 
reaction product and maleic anhydride and that, 
as a result of this reaction, the band at 6.25 Ii. is 
removed. 

Compounds containing conj ugated dou ble bonds 
normally react with maleic anhydride to form 
addllcts in which the conjugation is removed not 
only from the compound in question but also from 
the anhydride. Examples of this Diels-Adler type 
of reaction arc described by Kloetzel [24] . 

A portion of the squalene-sulfur reaction product 
(0.17 g) was mixed with 0.04 g of maleic anhydride, 
Fisher reagent. The mixture was agitated and 
heated for about 15 min to produce good mixing and 
a spectrum was obtained using a heated cell to 
keep the mixture molten. This spectrum is given 
in the upper half of figure 6. Absorptions neal' 
5.05, 5.2, 5.4, 5.6, 7.8, 7.9, 8.1, 9.5, 1l.25, 1l.55, 
11.9, and 14.35 arc at least in part due to the presence 
of maleic anhydride. It will also be noted that 
the bands ncar 6.0 and 6.1 due to the squalene
sulfur reaction product are quite apparent. The 
broadening of the band at 6.25 Ii. is probably due 
to the absorption of the maleic anhydride that 
occurs at 6.27 Ii.. Though there is no evidence of 
complete removal of conj ugation, the extension of 
the band at 10.4 Ii. to 10.55 Ii. indicates that some 
reaetion has already taken place. 

This mixture was then reacted for 70 hI' at 100° C 
in a scaled tube under nitrogen. The tube was 
cooled, broken open, and the reaction mixture 
heated until completely melted. After m ixing with 
a spatula, a spectrum was obtained in a heated cell 
to maintain the liquid state of the sample. 

The spectrum of the final reaction mixture is given 
in the lower part of figure 6. Increased absorption 
near 5.8 Ii. and just beyond 8.0 and 9.0 Ii. as well as 
the greatly increased absorption from about 10.5 
to beyond 11.0 Ii. indicate that reaction has taken 
place. The continued absorption at 6.0 and 6.1 J1-
indicates that at least a portion of this part of the 
squalene-sulfur reaction product is still intact It 
will be noticed that the band at 6.25 Ii. has been 
removed completely, leaving, in fact, a slightly 
increased transmittance. The fact that a reaction 
has taken place and the band at 6.25 J1- has been 
re:moved is evidence of the presence of conjugated 
double bonds in the original reaction product. It 
is interesting to note that there is still absorption 
at 10.4 Ii. probably due in part, at least, to shifted 
double bonds which are not conjugated. This, of 
course, assumes that the double bond in the final 
reaetion product is cis as in the case of the reaction 
product obtained with butadiene and maleic anhy
elI'ide [17, 24]. 

A sample of unreacted squalene mixed with 
maleic anhydride and run as a control showed no 
change after heating, except for the produetion of a 
band at 10.9 f.1 and shouldel's at 5.35 and 5.85 f..L 

indicating that the other changes observed with the 
squalene-sulfLU' r eaction product arc probably due 
to the Diels-Adler type of reaction. The quantity 
of maleic anhydride used in the above experiment 
was sufficient to react completel~T with one con
jugated system per squalene molecule . Doubling 
this quantity of anhydride led to the same spectral 
picture, but increasing it fivefold obscured all tbe 
bands of the squalene-sulfur reaction product. 
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Prc\iminanT work had shown that the reaction 
b ctwccn mafeic a nhydridc and the sq ualene-su lfur 
rca ction product does not take p lace in 8 da.\~s a t 
room temperature. Backer and Blaas r1] h ave 
uscd tcmperatures b etwcen 1500 and 1650 C in 
J'cactions involving thioether compounds containing 
conj uga tcd double bonds, molccu lar types Ivhich 
migh t be p rcsen t in th e sq ualene-sulfu r rcaction 
product . T hese higher temperatl lres wcre avoid ed 
!tcrc in an attempt to elimin ate the non-Diels-Adlcr 
type rcactions involving maleic an hy d rid e and 
varioll s Ityd rocarbons [17] . 

It is illteresting to notc that, s in ce malcic anh ~' 
c1ri clc docs not react with the benzcnc Ilucleus, the 
cO lljugated system s in 010 squalenc-s ulfur rcaction 
prod uct arc not phenyl rin gs. T lt is cO llclus ion is 
co nsistcnt with tl1c specLrum in the lowcr h alf of 
fig ure 5 wh ich sh ows no ch a nge in Lhe ]1- to 15-J..l 
],cgion whcre various a romaLic compou lld s abso rb . 
Simila rl y , this lack of new ba nds in t he 1] - toI5-J..l 
rangc in thc spcct rum of v ulcan ized rubbcr indica tes 
that tIle conjugation in vulcanized rubber is pro b
abl~' not caused b.l" phcnJ'1 rings which might rcsult 
from rcversion during th c v uka ni za tion proccss. 

Us ing purified squalellc ayaila ble onl)' in small 
q ua n ti ti es, spectr a I\'(' re obtai ned on sq ualcne a nd 
tltc squalene-su lfur reaC'l io ll producL ill orei er to 
dctermine the effe ct of til c impuri t il's prcsl' ll t ill til l' 
pract ical grade. ExccpL for t hl' absc ll cl' of carbo ll.\'l 
gro ups ill tll c purifiNI material, t he s pcctra of t ltl' 
Ullrcacted a nd rcac tNI samplcs wl' rl' qualitativ ('h~ 
sim il ar . R eactioll of maleic a illtyd ririe wi til sq ua 1-
cne-s ulfur rcacLion product obtaill NI from purifil' d 
squ alene also rcsul Led ill J'cmoval of th c balld at 
6.25 iJ... Therc was, howcve r, a sha rper ball d at 
5.8 iJ.., a lld d i[erellccs ill the a bso rp tio n pattcrll be
Lwcc ll 9 anci 11 J..l . Thc c ciin'crCIl CCS are not UIl CX-

, pcctcd in view of the puri fied naLurc of t hl' sam pit' . 
Following the work with squalene , atLcmp ts wl' rc 

made to remove thc ba nd at 6.25 J..l in rubber-sulfu r 
v ulca nizaLes by ad ding variolls clicnopililcs to thc 

i compound before vuit'anization . Of Lhe l'l'agc nts 
t ried, m aleic anhydridc , di eth'yl f umaratc, di (2-
ethylhexyl) malcate and dice ty! m aleaLl' , onl y di
eLll yl fumarate produccd a n ap parcnt ciecI'easl' in 
thc ill tensity of the band at 6.25 iJ... T hc larger 
qua ntity (J3 .5 %) produ ced a grcater appa renL c[c'ct 
than the smaller quantity (5%), bu t did not com
pletel.I' rcmove the band. 

TARLE 2. AceeleTatcd C01n7)01mds 

Amount in compound 
Constituent 

1 __________ ~ __ B ___ c_I~~_r_' _ 
% % % % % "'0 

Pale crepe :-10 . I thiIL __________ 8~ 7i 7i 77 
rr cnsscrclX' _ -------------- --- 77.5 77.5 
Sulfur __ 
rretramethylth-iu,~a,11---dfsuYff(lc -

1.5 15 15 15 15 15 

(TM'l'D ) ____ ------- --- 1. 5 7.5 7.5 
Zinc dibllty l dith iccarbamate 

(BZ) _, •. ____ . _____________ -, 7,5 7.5 
MCrelpV) benzoth ia1.OIc (M BTl_ 7.5 
Zinc oxide ____ _. --, ------ 0.5 0.5 0.5 0.5 
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3.5. Vulcanization W ith Sulfur and Accelerators 

III order to detcrmillc t il c efl'C'ct of accelera tors on 
some of the s tructUl'CS fo und in unacceleraLl'ci 
samples, s pcc·tra \\' C' rC' obtainC'd on the vulcan iza tcs 
of pale (' repC' rubbcr give ll in table 2. T he quanLitil's 
of sul fu r a lld accelerato r used in Lh esc s tudics wcJ'c 
much la rgc r thall those uscd ill convenlional com 
poullds ill ordN lo prod ucc pronounceci effects ill 
Lhe infrarcd s pec·t ra. Compounds A through E 
WNC v ulca ni zl'd at 125 0 C for pcriods of time up to 
48 hr . Compound I,' was vulcall izcd for from 7>~ 
min to 8 hI' a t 150 0 C. 

I n samples accl'll'ratcd with T:-'[TD a nd BZ 
(compoullds A t li roug h ]~ ) li l(, rat c of th e doublc
bond shift was grC'ater t ha n in the un acc('lerateci 
samples. For example, about as much doublc-bond 
s hi ft occ urreclin 2 hI' jn samples acc('lcratl'd with 
BZ as occ urreci in 16 hI' with samples accelcra tecl 
with Lll(' la l'gc r quant it.', of T:-'lTD . This same 
amo unt of doubl c-bo nd shift occurs in about 48 to 
70 hI' in un acc l' lcratcci sllmpll's. Thc dTect of th c 
smaller q ua lltiLy of T;\[TD on th e do ubl e-bo nd silift 
ma.v not havl' bel'n as grcat as lhat o f th c la rgC' r 
quantity. 

In com.parison with lInaccelcratC'Cl compouncls, 
howeve r, conj uga tioll , as d ('(l'rmincd b.v tile presence 
of a band at 6.25 iJ.. , was ei ther vir tually elim.inated 
01' i ts first appcarancc WflS delayed relative to a giv en 
amo lilt of dOllble-bond slli f!. ~[ o rl'ov('j' , onee 
slight conjugation h ad appeared , fur t her vulcaniza
tion of t!lcse acceleraled compounds did not cause as 
g rca t all inc rcase i n th e amoll nt of conjuga tioll as 
'A as obsclT ed in unaf'c eleraLed compolilld s . 

In all cascs Lhe relaLive change in tilC intcnsities 
of thc bands at 6.0 and 6. 1 iJ.. was observed as was ill 
all bu t thc shorter cu res, a band 01' bands b('(ween 
14 and 15 iJ... Th e band at 6.5 iJ.. was pl'csent ill 
samplcs containing Lhe smaller quantity of T:\ITD 
only; in thc ollici' samplcs it vas prObably partly 
obscured by bands from T;\ ITD and BZ. 

In sam.plcs accelcrated witb m ercaptobenzothiazolo 
(MBT ) the rate of the dou ble-bond sh ift vas again 
more rapid than without Lh e accelerato r but nothing 
co uld be detel'mined r egarding the presencc of con 
jugation since the b enzene nucleus in the accc\erator 
also h as an absorption at 6.25 iJ... 

In some of the samples accelcrated wi th TMTD 
and BZ, Ll lCt'e may bc an intensificatio n of th e b and 
at 3.05 J..l. There may also be an increase in thc in
tensity of tb e small band at 4.9 iJ.. in a few of the 
samples accelemtecl with T!lITD . Accc\eralors also 
seem to reel'uce either 01' bO Ul of Lh e carbonyl bands 
neal' 5.75 and 5.85 iJ.. . 

3.6. Vulcanization With TMTD 

Compo l.ll1ds of pale crepe No. 1 th in containing 
15-pel'cent TMTD an_d 0.5-peJ·cent ZnO aloJ1 e were 
vulcanized at ] 25 0 and 150 0 C foJ' periods of time 
varying from 7% min to 40 hI' at the 10 ve l' and 8 h I' 
at the h igh er temperature. A spectrum of a sam.ple 
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vulcanized for 2 Ill' at 125 0 C is typical and is giv en 
in figure 7. U nlike spectra of compounds in which 
TMTD serves as an accelerator in sulfur v ulcaniza
tion, this spectmm shows no evid ence of either co n
jugation 01' the double-bond shift indicated by bands 
at 6.25 and 10 .4 J1. , respectively. There is, however, 
an a bsorption Ileal' 10.3 J1.. There also seems to be 
no appreciabl e change in the absorptions at 12 .0 allCl 
near 6 J1. as a result of difi'el'Cnt periods of vulcaniza
tion, indicating th at the doubl e bond in the polymer 
is no t noticeaoly affected. 

After curing 't here is sometimes an apparen t in 
crease in the intensity of the weak band observed at 
4.9 J1.. As curing proceeds, there is a decrease in 
absorptions at 6.65 , 8 .1 , 8.7 , 9.6 , and 10.3 J1. , wave
lengths at whi ch T~1TD itself absorbs. This in
dicates destruction of the TMTD during the curing 
process. The band at 5.85 attributed to carbonyl 
absorp tion in rubber seems to be redu ced. The 
band at 14 .5 J1. appears in samples vulcanized over 
4 hr. Again, the band at 6.5 J1. may be obscured by 
a band in TYITD . 

In some samples vulcanized for the longer periods 
of time, there is increased absorption ncar 10.4 J.l 
which disappears after the sample has been allowed 
to stand in air at room temperature . 

3.7. Vulcanization by the Peachey Process 

In preparing samples for this type of v ulcaniza
tion, one piece of aluminum was stripped off the 
pressed sample leaving the rubber film on the other 
piece of aluminum. The rubber film (pale crepe) 
on the aluminum was cu t in to small strips and these 
strips were attacll ed to a wire rack in a tube and 
vulcanized by th e Peachey process for from 1 to 24 
cycles as described in th e paper by Bekkedahl , 
Quinn, and Zimm erman [3]. A single cycle con
sisted of passing sulfur dioxide over the sample for 
5 min, followed by a brisk 10-sec sweep of air to 
r emove the sulfur dioxide gas not a bsorbed by th e 

samples, and then passing hydrogen sulfide over the 
sample for 5 min , followed by another brisk lO-sec 
sweep of ail'. 

Spectra wer e obtained on a number of these 
samples, of which the one given in figure 8 for the 
sample receiving an 8-cycle treatment is typical. 
It will be noted that there is no evidence of the 
doubl e-bond shift, of conjugation or of bands between 
14 and 15 J1.. There is a lso littlc cvidenee of changes 
in a bsorption at 12.0 and near 6 J1. . 

The absorption at 3.05 J1. appears stronger. The 
carbonyl absorption at 5.75 J.l appears to be reduced , 
a nd the strong absorp tiou at 6.5 du e to ionized 
carbox,d or to ni tro gro ups may be intensified . If 
the 6.5 -J1. band is actually due to ionized carboxvl 
groups, it would appear that the balld at 5.75 J.l 'is 
related to the earboxdic acids in the ru bber. Since 
the band at 5.75 J.L is not greatly a ffected by purifi ca
tion, some of these acids may b e attached to the 
polymer chain . In addition , there are some slig ht 
changes in absorption near 9.8 J.l . 

The intensities of these various bands do not seem 
to change much from 2 to 24 cycles . For tlle more 
highl)" v ulcanized samples there seemed to be a 
tendency for the other carbonyl absorption at 5.84 J.1 
to be red u ced. At 24 c~"cles there was some slig h t 
evidence of a band at 10.4 J.L. However, the more 
highl~7 vulcanized samples had thicken ed during the 
process and comparison of their spectra with others 
was rather difficult. It should be no ted that onlv t wo 
cycles arc req uired for an optimum cure a lld that a 
sample treated with 24 cycles migh t be expected to 
con ta in nearly 9.0 percent combined sulfur, while one 
t reated with only 8 c)"cles might co ntain somewha t 
over 7 percent combincd sulfur [3]. 

Salomon and Vall del' Schee [28] observed no 
changes in the infrared spectrum of 1'ubbcrvulcanizcd 
by the Peache~- process. 

It is interesti ng to notc that, wllile an active sulfur 
radical has been assumed to produce the double
bond shift in sulfur v ulcallization [18], no double-
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using 6 cycLes of both gases. 

b ond shif t OCC UI'S in Ule Peach ey pro('css wllich is 
also bel ioved to in vol vo an ac l ivc fo rm of s ulfur [23]. 

3.8. Vulcanization With Di-Tertiary Butyl Peroxide 

In comparing pCJ'oxid c v ulcani zaLion \\'ilh sulfur 
vul ca niza tion it was I1 c('cssa r:l- to ch oosc a pcroxid e 
lh at did not conta in conjuga ted double bond s. Di 
tl'l'ti a ry bu t~-l p eroxici e was sa t isfactorl' from this 
s la ndpoin t a llet has 1'ccc iveci som e sl ud y [7, 14]. It 
is believed to ac t by a h ce radical m ccha nis m , doc's 
not combinc with lIl c pol.I'mN, a nci fo rms o nl .l· 
vola tilc d ecomposi Li on prod ucls, tct'li an '-bu t a nol 
a ncl aceton e [14]. Furlh erm orc, lIle oxygc n co nL('nt 
0 [' lh e v ulcanizatc is sa id t o bc nol significantly hi ghrr 
th an lhat of th e raw rubber [14] . 

Samples of pale crcpe na t ural J'ubbcr wc re prc
par cd co nta i ni ng 1.5-, 4.0-, a nd 7 .25-pel'ccn t p C'rox
ide. These samplcs WNC' v ulcanized for clifI('rC' n t 
peri ods of t im(' var y ing [rom ]5 min to 24 hI' at 125 0 

a nd ] 35 0 C. Th e sp ectrum gilTl' ll infig u1'c 9 \\'as 
t ." pical a nd was obla in ed on a sample co nta illing 
4. 0-p (' rcc nL pcroxid c vulca ni 7.c cl for 2X hI' at ] 350 C. 
Tho apparC' nt cha ngcs have bcc n no led ill Pcac hey 
v ulca n iza lion. Th cl'e is a poss ible i Il c)'('asc i n titc 
in to nsiti cs of th e ba nd s a l :3. 0 .5 a nd 6 . .5 fJ- , a nd a 
possibl e r edu cli o ll i n tll e carbon.d a bso rption al 
5.75 fJ-. 

It was foulld , howcve r, lh a llhesc appare ll t cha nges 
were p rcsc nl in a sample (co nta ining 7.25 % p croxide) 
which h ad IIOt bce n v ulca ni zed,i . C. , llca ted a bovc 
lite lcmpcraLure in volveci in millill g. Howcyer , lhis 
sample ('x hibilcd non(' of lh (' m ec ha ni cal prop crti es 
o f t il e v ul ca lli zed m a Leri a ls, no r was it l l'a nspa1'C'nt 
a ncl fl'ce f rom tac kiu ess. D i fl'crc il l tim es of vulcani
zat ion for til e sam ples ('o n tai Ili ng th e d ifl'e rC' 1l L 
q ua nti t ies o[ pcroxide did not ch a ngc th e sp('c lrum 
app L' e(' i abl~~ . Sligh t in creases in absorpli on at 8.4 
a nd ] 0.3 fJ- were noted whcll samples co ntaining 
7. 25-pe rcc lll p('l'oxici c wore v ulca ni zed ro t' 24 hI' a t 
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135 0 C. Only a very slight change was no ted at 
8.4 fJ, and none at 10.3 fJ, when these samples wen 
vulcanized for 24 hI' a t 125 0 C . 

3.9. Vulcanization With Gamma Rays 

In order to compare the structural changes ob
served for sulfur vulcanization with those resul ting 
from gamma rays, pressed films of pale crepe rubber 
alone and with 8- and 15-percent sulfur were exposed 
to a gamma-ray source of 50-curies streng th for 
120 hr (exposure dose of 106 to 10 i roentgens) in air 
and under a vacuum. Tbis exposure is sufficient to 
cause gelation. The treated specimens were quite 
sticky and some of them became too thick to give 
satisfactory spectra. 

The changes occurring in the sample containing 
no sulfur when irradiated in air appear to be the 
same as those resulting from compounding with 
peroxide as. iI:di cated in figure 9. For .the speci
mens con tall1l11g no sulfur and vulcamzed In a 
vacuum and for the sampl es containing 8- and 15-
percent sulfur vulcanized eitheF in air or i.n a vacuum, 
the spectra were not sufficlen tly sa tIsfactory to 
estimate the sta tus of the bands at 3.05 and 6.5 
/-L. how ever, the band at 5.75 /-L did not seem to be 
r~dll ced . None of the specimens showed any evi
den ce of conjugation . Because of an incomplete 
spectrum , the status of the b and at 10.4 /-L could not 
be aetermined for the speClmen con tall1lDg no sulfur 
and vulcanized in a vacuum, but in all other cases 
there was no evidence of a double-bond shift . 

Sears and Parkinson l32] and Sears, Parkinson , 
Sisman and Towns l33j have exposed Hevea pre
s umably vulcanized and containing sulfur, zinc 
oxide stearic acid , benzo thiazyl disulfide, and phenyl 
iJ-nap'hthylamine to gamma radiation (absorp tion 
dose of 2.2 X 109 rads). They report a co ntinua
tion of the double-bond shift already started during 
vulcanization. 

4 . Summary and Conclusions 

Infrared studies have been made of natural rubber 
vulcanized with sulfur alone and also with sulfur and 
various accelerators. The spectral change (ap
pearance of band at 10.4 /-L ) resulting from the double
bond shift observed by Sheppard and Sutherland 
136] was verified for compounds containing 2 percent 
or more of sulfur. The presence of conjugated 
double bonds in compounds containing 5 percent 
or more of sulfur has been indicated spectroscopically 
for the first time (appearance of band a t 6.25 /-L ) 
and supported by chemical evidence obtained fr?m 
studies performed with sq ualenc-sulfur reactIOn 
product and maleic anllydride . Conjugation pre
sumably results from either two double-bond shifts, 
or the introduction of a new double bond. Shep
pard and Sutherland l36] have shown the double
bond shift to be correlated with the amount of 
combined sulfur. 

In general , the effect of such accelerators as zinc 
dibutyl dithiocarbamate (BZ) and tetramethyl
thiuram disulfide (TMTD) is to reduce at least the 
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amoun t of conjugation occurring with a gi ven amoun t 
of double-bond s hift and hence with a given amount 
of combined sulfur . Apparently t bese accelerators 
either preven t the formation of the conjugated 
double bonels or react to remove them after they are 
formed. Accelerated compounds also show evidence 
of red uced absorption due to carbonyl groups and 
possible increased absorption due to OR groups as 
tbe most likely structures. 

Compounds cured with TMTD alone, peroxides, 
gamma rays, or sulfur dioxide and hydroge n sulfide 
(Peachey process) do not show evidence of the 
double-bond shift or of conjugation. They do 
show a possible decrease in carbonyl structures, and 
in the case of the last three, possible increased ab
sorption due to OR and ionized carboxyl groups . 
Again, the stm ctures named seem to be the most 
likely ones involved . 

Apparently, the double-bo nd shift and the resul t
ing conj ugatio n are primarily phenomena rela ted 
to th e use of elemental sulfur. The other vulcani
zation systems st udied eviden tly in volve different 
mech anisms. 

There is, during sulfur vulcanization, an increase 
in the intensity of the band near 6.1 /-L relative to 
t hat of the band at 6.0 /-L. This change in relative 
intensity is noti ceable with 12-percent sulfur and 
increases with increased sulfur content. In rubber
sulfur vulcanizates, at least, the band near 6.1 iJ. 
has been resolved into a doublet with one absorp
tion at 6.10 fJ, and the other at 6. 13 /-L. 

The faeL that. the double-bond shift, co niugation , 
etc ., were observed spectrosco picall~T in this work 
onl\' with certain minimum ouantities of sulfur or 
tirres of v ulcanization, does n~t iwply that they ao 
not actually occur with less sulfur or shorter t i'1l.es 
of vulcaniz·ation . It is only reasonable to assume 
that they are a continuing part of the over-all vul
can izatio n reaction and t hat the condltlOn of occur
r ence of th.e bands results flom their absorptiv·it,y 
and the particular Irethod of spectroscopic sLudy 
employed. 

It is well~known that rubber-sulfur compounds, 
accelerated cocp.pounds, and cow pounds cured with 
TMTD alone (all containing the usual percentages 
of compounding ingredients) are increasingly ' r e
sistant to aging in the order named. If the present 
studies can in deed be o'(trapolated to the sCD.aller 
pel centages of compounding ingJ'edients usually em
ploved, the concentration of conjugated double 
bonds should also decrease in the sarr.e order. Since 
conj LIgated double bonds arc known to be highly re
active, it is reasonable to assume t hat the re should 
be SO'1l.e relationship between the ease of oxidation 
and th.e concentration of conjugated double bonds 
in the compound. 

Preli .inary observations have revealed that, as a 
sulfur-v ulcanized film of rubber oxidizes, the ap
pearance of absorption bands of C=O, C-O, and 
OR groups in the infrared spectrum. is accompanied, 
among other things, by a reduction in the conjugated 
double-bond absorption at 6.25 /-L . 

It should be noted that the interpretation of the 



balld at ] 0.4 /l, as discussed in this article is difrerent 
from lilat proposed b.v Glazch roo k and Sav ill e [21 ], 
a lld Bateman, G lazebrook, M oore, and Saville [2 ]. 
Trese autho rs suggest that this band is due to sub
s t it uted tetrahydro t hiophenes which th.eir stud ies 
with sll"' u.l1 molec ules havc indi ca ted a rc forrr .ed dur
illg , ·ukanization. Thesc tet.rah~-drothiophenes are 
reported to have bands nen,!" I 0.5 to 10.6 /l and onc 
of them. a lso is reportcd to havc a bal1Ci at 10 .44 /l. 

Ebol1 ite co ntain ing 32-pc rccnt sulfur all d squalene
pol~-s u lfi de residue from. distillation of the react ion 
prod uct arc also reported to hav'e banclsi n th is re
gion in co ntrast to thc res ults obtainedul1der the co n
ditions eIT ploycd in the prese nt work. It sho uld bc 
no ten that the wavclength of the band observed at 
10.4 /l in thc present work is shifted to longcr wavc
length s with in creased sulfur cont cnt a nd occurs at 
10.45 /l with 2S-perccnt s ulful. This gen eral trend 
is in agrecTPenL with the fi l1dings of Shc ppard a nd 
Sutherland [36] . Fu rthel'ITore , thc spectrum of Lh c 
squalene-sulfur J'eact ion product in rigurc 5 has a 
shoulder at 10. 5 /l. It rnay bc that the Letrahnlro
thiophenes producc thc ballds at thc longer ,'v-aYe
lengths a nd that I he band at the horte r wavclellg trs 
nca r 10.4 /l is acL ualll- clue to a s hift ed double bo nd . 
Pe rhaps thc Letrah.\~dl"Oth i ophenes fO]")")1 at a late 
sLage of the )"ea ctio l1 or ullcler cO lleiil iOll s of highe r 
cOllccntration of s ulfllr . ] n this cOlll1ection CI aig 
[8] ha s shown t haL tel rah:nl roLh iophelle it self does 
not leact with m aleic allhnlricle when l.be two al e 
heated at i2S o C for 90 il1 ill. Thus, the cha nges 
observed on reacting the squale ll e-s ulfur reactiol1 
product with m.a lcic anhydrid e, inclu ciill g reIT O' al of 
the bancl at 6.25 /l and a poss ible ciecrcase in thc 
intensity of the ba nd a t ] 0.4 /l , were p robab]~' not 
due to reaction wit h tetra.hydrothiophenes . In the 
absen ce of S011' e other illterpreLation, it is n,ss um ecl 
lh a t these ch a ngcs a re clue to reaction with a COll 
i ugated h:l-ciroca rbon 81'S( CIT'. 

The authors a re indebted Lo F. H. S(ross of Lhe 
Shell Developm ent Co. , E m er,l'v ille , Cn,lif. , for Sl lp
plying the purifi ed squalen c used in thi s work: and 
to Edmulld J. Blau, formeri .\- of the Bureau and now 
with the Appli ed PhysiC's Laboratory, Johns Hopkill s 
U niversity, Silver Spring, ~lcl. , for his ass is tancc ill 
the Raman studies. 
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