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4.2 Synthesis and Characterization of the Sulfur-OligomericAlke otysulrio@ c System:
rt has been found that alky1 polysulfides dissor_ve

very readily in liquid sulfur at 14ooc. Dia]lyl monosulfide
has been reported to copolymerize with liquid sulfur(23),
These observations lead to the synthesis of oligomeric
alkenyl polysulfide (oaps) so as to investigate its network
forming copolymerization reaction with liqui. sul-fur and
structure-property studies on the copolymeri-c materials.

4,2.L. thesis of 01i AIkenyl sulf
Basic Catal./st,

The reaction of thiols with surfur in the temperature
range :-3oo-t6ooc to form polysulfides, RSxR/ArS*Ar, where x
is the rank of sulfur, has been investigated in some

detail(48'49). A free radical mechanism has been proposed
for the reaction(49). Arso it has been reported that the
reaction is base-catalyzed, probably by a general base_
catalyzed path obeying the Bronsted ru*(48). In the presence
of ax ami'ne catai-yst, the reaction has been reported to go

even at ambient temperatr""(11,50). Diethyl amine has been
found to be a very effective catalyst in the present study in
the temperature range of about ZA_5AoC,

The base catalyzed reaction of 2 moles of dodeevl
thiol with 3 g-atoms of sulfur :

Et - \ii ..:-_.:_-
jooc / -12''2 

5ux''2 5tlz - nz'

From A1I ThioI ana- Sut_ffi

2 Ct cHrrSH + 3 S

(E = 4)
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gives r mole of dodecyl polysulfide of average sulfur rank (;)
.( cal-c. for tetrasulf ide, MW = 466. 5, 61.?9% c. to .?z% H and.

27.t+9% S; obs. MW = 420 (vapor pressure osmometry), 62,42% C,

t0.75% H and. 26.42% S).

However, the base catalyzed reaction of 2 moles of
a1ly1 thiol with I g-atoms of sulfur:

Et2NH

2 CHr=gA-gHr-SH + 35 -#* cHr=s11- sHz-sx(c 
au6sx)ncu r- cH=cH,

gives a distribution of oligomeri-c polysulfides with the average

degree of oligomerization equal to n. rf the polysulfide was

only dially1 polysulfide of average sulfur rank 4, the
molecular weight would have been expected to be zlO.3. But

molecular weights of about z8o-350 (perhaps even higher) are
obtained. These moLecular weights do not appear to be

reproducible. The color of the polysulfide changes from ye1low

to red as the amount of EI2NH for i-ts slmthesis is increased,
but no significant effect on molecular weight is observed.

The purity of sulfur (e.g.,99.9995% or 99.8%) does not appear

to have any significant effect on molecular weight either.
The following reasons have been cited for the irreproducibility
of the molecular weight of the polysulfide:

1. The aI1yl thiol contains a double bond which is an
additional site for addition reactions with thiol-
in the presence of a basic catalyst(Sf).

2. Tt is a heterogeneous reaction of solid sulfur
with a liquid thiol where sulfur goes into
solution by the formation of polysulfide. There_
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fore, the reaction is expected to be dependent on
the efficiency of the mechanical mixing of the
system.

3, 411y1 thiol appears very much more reactive than
alky1 thiols, because very slow evolution of HrS is
observed at 5ooc even without the add.ition of EtrNH,
particularly when the sulfur is very pure (e.g.,
99.9995%). The span of time before the add.ition of
EtrNH to the thiol-sulfur system appears
qualitatively to affect the molecuLar weight, perhaps
the longer the time, the higher the molecular weight
of polysulfide.

The formulae for two samples of OAPS, which are obtained
by the reaction of 2 moles of a11y1 thiol with j g-atoms of
sulfur, are determined from their molecular weights (number-

average) ana elemental analyses and are shown below:

0APS-280 : MW = 2BO, 30.51% C, 4.52% H and 54.22% S

c[r=911- 6Hz - S4. 
o { CrUr-S4. 

o }o . UCH, - CH=CH2

0APS-150 i MW = 350, 3L.08% C, 4.58/, H and 64.42% S

cHr=611-6Hz-53 . r{C r[u-r:. 5),. oCHz-CH=CH2

The values of n shown above are only the average

numbers. Chemical ioni-zation mass spectrometric studies have

been carried out on a sarnple of OAPS-150, where n is l.O,
using. iso-butane as the reactant in order to obtain a mass

spectrum without much fragmentation. In chemj-ca1 ionization ,.

mass spectrometry, usual]-y the spectra contai-n signif icant
amorrnt ions with m/e values equal to one unit higher than the
moLecuLar weights of the compounds(52). Hence it is rel-atively
simple to detect the species of varying molecular weights in
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the oligomeric dj-stribution of polysulfi-des by chemical

ionization mass spectrometry. only the dia11y1 polysulfides
(where n = 0) have been observed.. The higher oligomers are

not observed due to their extensive decomposition at the high
operating temperature ot z4ooc. (see Append.ix rrfor details. )

However, it (i.e., the presence of n = 0 in a sample of n = 1)

gives suffi-cient evidence to indicate that an oligomeric

distribution of polysulfide does exist. The relative
composition of some dia11yI polysulfides:

CH r= 
gY- gHZ - S *- CHr- CH= CH,

are observed to be l-00.0%, 64.j% and ZZ.?% for x = Z, 1 and 3,

respectively. It is, howeverr possible that interconversion
between different diaI1yl polysulfides may have occurred by

redistribution reactions ( 53 ) 
.

4.2.t.1.

lke

The Nl[R spectrum (in CSr) of dia11y1 sulfide (Figure 14)

shows two groups of protons, A and B, for the olefinic and the
a]1y1ic protons, respectively. The NMR spectra (in CSr) of
0APS-280. and 0APS-35O (Figures 15 and 16) show three distinct
groups of proton - A, B and C. The signals in the region C

(Figures 15 and 16) are attri-buted to the saturated protons of
OAPS; the effect of molecular weight of oAps, which in turn
affects the intensity of the signals in the region c, is
clearly observed in the spectra. The chemical shifts of two model

tructure Characte zation and
terminat e "Polysu1fide

i stribut 1
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TjLb]-e 10

Chemical Shifts ( 6) of the o-Hydrogens in Diethyl
Polysulfide and Dial1y1 Polysulfide (RSXR) in CS2

with tMS as the Internal Starrdard

cH3-cilz- 2.4(a)

CH.=C11-gnr- z.eaft)l ,.*

in cct,.( 57 )
+

as determined by the author Ln 2ZO MHz
NMR spectrometer.
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compounds, ethyl polysulfide and. a11y1 polysulfide, both
havi'ng varying sulfur ranks, are shown in Table 10(54).
Similar behavior with some other polysulfldes, RSXR, and
polysulfanes, RSXH, have also been reported.(5il. Thus it
appears that it wou1d. be difficult by NMR analysis to
distinguish between high sulfur ranks, where x is greater
than 4. A 22o ltifrJz NMR spectrum (in CSr) of OAPS_350 1n the
region B, the a11y1ie protons, is shown 1n Figure l? , The
distinct chemical shifts, splitting pattern and coupling
constant (JV on an average being Z.1B cps) help to unambigu_
ously assign the presence of x equal to z, 3 and. 4 as shown
(Figure 1?). The signals around 3.57 + 0. 02 6 are attributed
to x > J. Since the saturated protons with x = 4 have about
the same chemi-car- shift as the a11y1ic protons with x = I
(Taule 10), the presence of monosulfide cannot be unambiguously
established' However, its concentration 1s expected to be
negligi-bly smar-l(48). The presence of some additional broad
lines seen in the spectrum (Figure t?) cannot be accounted for
at thls time. since the polysulfides of different sulfur ranks
have been assigned as shown, their approximate mor-ar composi_-
tions in oAps-lJo can be determined from the integration r-ines
(not shovrn) in Figure L?, and are shown beLow:

Sulfur rank, x
Zi):LL:>l

Molar composition of x
= 1.2 t Z.4 | 2.5 : 2.4

Assuming that the amounts of monosur-fide and polysurfides of
sulfur rarrk greater than 5 are negligibly small, the number
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average sulfur rank in 0APS-350 can be calculated as:

_y_ = L.3x? +- 2. !_x3 + ?. 5x4 I 2.4x5 = ), (

This calculated value of 3.7 is cl-ose to an observed value of

3,5, determlned from elemental analysis and molecular weight.

Formation of polysulfane, R-S*H, as an intermediate in

sulfur-thio1 reactions has been reported(IL''49 '50) , rn the

aI1yI thiol-sulfur reaction, sulfane/polysulfane can add to

the al1y1ic double bond in two ways, I and r1, as shown below:

-q 

_iH _a1{-x vtL2 ",.2

II
- 

sx- cHz-

Steric consi-derations give preference to the linear isomer,

I, but electronic consi-derations for nucleophillic addition
give preference to the branched isomer, TI. AIso, consider-

1ng the mild reaction condition, a free-radical mechanism

cannot be ruled out. The rel-atlveJ-y hlgh intensity of the

signal around L,45 6 in region C (Figures 15 and 16) gives

evidence that the branched structure of the saturated protons

is definitely present in large abundance and the linear
structure may be present in small amounts.

A sampJ-e of OAPS of number average molecular weight

J00 has been made by mixing appropriate amounts of

Z-S*H + 
-Sx-CH.-CH=CH,I

Et^NH I 5ooczt
v

-CHZ-Sx-CH2-CH=CHZ

and/or

9H:
CH-Sx-CH r-CH=CH,

CHr=611-5,

I
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0APS-280 (1:.60 s), oAps-zg5 (18.14 g) and oApS_350 (l.ro g; as
shown below:

Mn of0APS-fOO = = .. = j00.i

The number of moles of double bonds per mole of OAps_JOO has
been d'etermined by NMR analysis taking benzene as the internal
standard and integrating the spectrum (not shown) over the
olefinic protons of benzene (?.2 6 ) ana oAps-joo. lhe number
of olefi-nic protons in 0Aps-100 can be calculated using the
following e{pression:

1\o. or aromatrc protons in benzene

and it is found to be 5.

5.3/3) for the number of
close to the theoretical
eryor involved i-n 60 MHz

Inteelal lieigh! (oApS-aOOr
No. of moles of 0ApS:l6O-

- per unit vol.

No. of moles of bEn?enEJe-r
unit vo-l-.

of 1.8 (i.e.,

0APS-300 is
experimental

3. This determined value

moles of double bonds in
value of 2.0 within the
NMR analysis.

4.2.t.2. Th

Po sul
It is er,gected and, i.n fact, observed with the samples

of 0APS-280 (X = 4.0 and n = 0.4) and OApS_35O (f = 3.5 and,

n - 1.0) that as the average degree of oligomerization, n,
increases, the average sulfur rank, ?, decreases. rn a general
case, it can be shown for the reaction of A moles of a11y1 thlol
with B g-atoms of sulfur that the var-ue of *- is given by:

fg-tlpa1 Predictio of the Aveank in OIi ric Alkenyl_
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=-rrB(n+2\^ - " AFrIT
rn the reaction of 2,,mo1es of d.odecyl thiol with

J g-atoms of sulfur, where n is always equal to zero, r is
calcuLated to be 4 and aLso observed to be 4. fn the reaction
of Z moles of a1ly1 thiol_ with I g_atoms of sulfur, I i-s
calculated to be 3.5? for n = 0.4 and J.2J for n = I.0. The
respective observed. sulfur ra,,ks of l+.0 for n = 0.4 aad,3.5
for n = 1.0 ca. be considered. to be in agreement with the
resur-ts predicted by the above equation. For this particular
system, the equation shows that r will as;rmptotically approach
a value of 2.5 if a high molecular weight polymer is formed.

An idear reaction scheme for a system of 2 moles of
al1y1 thiol with l g-atoms of sulfur is shown be10w to
calculate x for n being strlctly equal to 1:

2 CHr=Cfl-CHr-SH = 3 (fi cnr=cH-CH2_SH)

3 s = tj = ,3rr/U

lrnr=rn-cHz-sH+ 3rrru
(oxidation)l 2

^ J-jj cur=sti-cHz-i;g1A-

Hzs

cH=CHz

CH,=Q11-6H2-SH
I(addition) I + ?'.,' 3 )

I cnr='Y-.n, -i* 
g io:n e-i*i 

t1r r-cH= cH2

sg/4
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Considering this i_d.eal reaction scheme

A moles of a11yl thiol and. B g-atoms of
having the degree of oligomeri-zati-on n

can be shown that:

for the general ciltje of
sulfur forming O/\tlli

and sulfur rank x, l.t;

A clr=s11-snz-sH = (n+2, 
[*" 

cHr=s1i-6rr-rn]
and

Sn = (n+1)

therefore,

B(n+2)t+g ' A(n+1)

It is expected that even if a distribution of oligomers of
varying sulfur ranks is formed, the average value of x should
remain constant and as pred.icted by the above equation
provided the average value of n remains constant.

4.2.2. Copolymerization of Liquid Sulfur wit
.l-gomerl_ c Polysulfide

The "Iow temperature reaction (at l4OoC),, of liquid
sulfur with oligomeric alkenyl polysulfide (ogps) has been
investi-gated in the present study. oAps has been found to
readily dissolve in liquid sulfur at t4ooc and the melt
viscosity of the solution increases with time due to a

copolymerization reaction giving a dark brown prod.uct. The
analytical- characterization of the product is shown in
Table 1l-. rt is observed that the nature of the system vrith
an equimolar composition of Su and oAps is a viscous liquid

B [*"=*dL A (n+1

q-
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Table 11.

characterization of the sulfur-ollgomeric A1keny1. Polysulfide
of Molecular Weight 35O (Ss:OAPS-j56 = 1:1 molar) Reaction

products prepaied Lt 140uC with Varying Reaction Ti-mes

Analytical Characterization Reaction Time at l4ooc
2 hrs. 4 hrs. 6 hrs. I hrs.

Nature of the Prod.uct
viscous
liquid

soft
rubber

soft
rubber

soft
rubber

Unreacted free SB, % 2,8 l-8.7 (.+ 4.s

CSZ-soluble conlent, /o 97 .2 70.9 r0.1 L4 ,3

CSz-rnsoluble content, % 0 10.4 82. 5 81.4

M. of CSr-soluble
polysulfide polymer

Lt55 1102 t5o4 10o5

T- onset temperature, oC

6 (ptg, t5oc/min.) -42!4 -26+6 -26+4 -2&l

(a). T- varied from -1J to -Z9oCtg
of tire re-run of the previous
heated to 3loc.

-z6oc is the value
-z9o c sample ,
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at a reaction time of 2 hours and a soft rubber at 4 hours and

longer. The conversion increases with time and therefore the

content of unreacted free SU decreases with time, with the

exception of the 2 hr. reaction product, the conversion at

the 8th hour being g5.?% 
[or +.3%-Sd. The content of CSz-

soJ.uble polysulfid.e polymer d.ecreases with ti-me, consequently

the content of crosslinked polysulfide pollrmer (CSr-insoluble)

increases with time arrd fi-na11y 1eve1s off at about 8O%. The

number average molecular weight, Mrr, (as determined. by vapor

pressure osmometry using CS, as the solvent) of the CSr-

soluble polymeric polysulfide has been determined to be about

1OOO-1500. It appears that when M'r, exceeds thi-s va1ue, the

polymeric polysulfide is no longer soluble in CSZ. This

CSZ-insoluble product can be described as the crosslinked

polysulfide pol)rmer, which, as expected, comprises the major

part of the product at high conversion. It i-s observed that

the "T--onset temperature" (which is a littl-e l-ower than the
b

"T--extrapolated onset temperature" that will l-ater be
5

accepted as "correct T*" ) of the soft rubber is -Z5oc. Once

again, the 2 hr. product (viscous liquid)' is an excepti-on

with a T., of -4zo1. The initial 1ow free SB content and
5

liquid nature of the product (i.e., the 2 hr. product)

suggests that inserti-on of sulfur into polysulfide linkages

is an important reaction in the early stages, though it cannot

be explained in detail at the present time. Subsequent

conversion and cross-lrnking are more or less consistent with
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what is expected from a crossl-inking polymerization reaction.
The rR spectra of oAps-lJo and the copolymer mad.e from

an equimolar compositron of SB and oApS -35o by reacting g hours
at 14ooc are shown in Figures 18 and 19 respectively. The

stretching band at 1630 .*-1 for the double bond in 0Aps-lJo
(Figure 18) is observed. to completely disappear i-n the
copolymer (Iigure 19). Since the reaction conversion for this
system is more than 95% as determj-ned by free sulfur analysis
mentioned earlier, the ideal structure of the network pory-
sulfide polymer can be represented as shown below assuming a
LOO% conversion:

cnz-i*-sx2
cHz
I

i*',
l-t

c ^H.
1)o
s.-rt^I r

CH^
l'

-t*r-cH 
--crz-

The average values of the different parameters above are:
n = 1.0, X1 = 3.5 and x, = 4.0. However, the sulfur ranks *1
and x, may not be distinguishable and may have an average

1val-ue "f i(*L * *Z) equal to 3.25 for 0ApS-35O where n = 1.0,
because the sulfur ranks of "Thioko1,' polymers when heated with
sulfur are known to increas.(rr;.

The presence of the allylic protons in oAps may give
rise to polysulfide structures substituted at the a11y1ic
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carbon. possible mechanisms for this are shown below(58)

_ n_ar
II Al( ,\ -(/-

-J' \I.-- -fi- J''_,j-_'J)'"-, _j_=, =l;x--

-c-
d u-E-

?-.*-i-
(n- +- R')

rr. J=.-d-n + R-s r lI r I - -. -x' t-- ?=9-?. * R-&-H
t,
?=q-?. * s8 

-, c=C-c_s.. I R_sx.

R-S*. + olefin 
--) 

polysulfide product

:,.""t 
structures give rise to resid.uar_ double bond.s which, ifthey irre not further sulfurated, may remain in the product.

$ince the rR spectrum (Figure 19) does not show any olefinic
atretching band near t6oo 

"rn-1, it appears that a11y1ic
eubstitution prod.ucts are negligibly sma11, if at all present.
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(r*-S7l

structure-property studies have been carried. out on the
surfur:DCp, sulfurrDCp-s^ and sulfur:OAps copol3rmer systems andon the sulfur:oAps ,at-=l terpolymer system. The properties of
interest consid.ered in the i-nvestigation of these new polymeric
materials are the stability of the materials against surfur
crystallization, their glass transition temperatures, mechanical
properties and chemical stress relaxation, which is a property
characteristic of polysulfide polymers.

4'l':" 
,

plastic sulfur, which is a mixture of amorphou" sB
rings and amorphous polymeric sulfur, is thermodlmamically
unstable, and its instability has been di-scussed in detail
earlier' rt und'ergoes embrittlement at ambient temperature due
to the rapi-d crystallt,zation of octameri-c sulfur to orthor_
hombic sulfur. Elementar- sulfur has been proposed for a
rangeofapplications(lr;, but the development of many of
these applications has been reported to be hindered by the
propensity of sulfur to revert rapidly to the crystalline So
form(rr1. Therefore, it is important to investigate and
develop copolymeric materials of sulfur which wilr- be stable
against crystalli-zation of su-l-f ur under amb ient condi tions.

euantitative determination of the allotropes of surfur
has been carried out by Blight, e-[ al. on dicyclopentadiene
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