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Thermal interaction of Iiquid sulfur wlth several

olefi-nic systems at I4O-17OoC forming polymeric polusulfides

has been reported(11). Molecular weights of the soluble

polymeric polysulfi-de formed with the olefinic systems

investigated are rather Iow, about 3OOO-7000, and the poly-

sulfides appear to have widely varying sulfur ranks. Anionic

copolymerization of elemental sulfur with 1,2-propylene sulfide

at temperatures above 5OoC has been reported to give high

molecular weight polymers (Mr, = to4 to 105) with the sulfur

rank 9 > x > 1Gg) , The above reactions a,d. the polycondensa-

tion of o, r,l-d.ihaloalkarres with a1kali metal polysulfides

formed by the reaction of sulfide anion with sulfur, always

give a distribution of sulfur rartks in the polymeric poly-

sulfides. Polymeric polysulfides of homogeneous and uniform

sulfur ranks, (e.g. , sul-fur ranks of 3 and 4) have been

synthesized by the reaction of o, ro -dithiols and with dichloro-

monosur-f ane and dichlorodisulf ane , respect ively ( 30 ) . The

nrot-ecular weights here are 1ow (M- = 101) (30).
n

A systematic approach to the characteTLZation and

ll,ructure-property studies on the polyineric polysulf ides formed

l,.y the interaction of Iiquid sulfur with certain ofefini-c

;r.7r,1.ems at L4OoC has been investigated here. The olef inic

rryr;tems of interest are dicyclopentadiene (DCP) and an

nli;4omeric alkenyl potysulf ide (OAPS). DCP is a rigid

lrrri [ulky olefin which gives ]inear polymer after a relatively

,,1, ,r.1 reaction t j.me, and crosslinked polymer af ier Ionger

r ir,, (li.Fl ls; a ll_near at-io Lie;<i'r;-Ie clef i1 , ,vnicn j-s l'eaiily

__l
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4.1. Synthes s and act eriz at of the ulfur-Dic c1o-entad ne opolymeric st em:

., (Dcp) (Dcp_S3 or 5)' Dicyclopentadiene has been reported to react with
sulfur to give, initi.a11y, row morecul-ar-weight polysulf id.es
(e.9., tri- and. pentasur-fid.es). As reaction proceeds at t4ooc
they convert to higher molecular weight polymers(31). rn
contrast, styrene has been reported, to give initiarly high
molecular weight polymers which depolymerize as the reaction
proceeds to give 2,4-diphenylthiophene(31). The low molecular
weight polysulfides formed. with DCp, 8.g., exo_cyclic trithia
derivative of DCp (i.e. , endo-DCp), appear to be ,,inter_
mediates" in the sulfur-DCp copolyme r:.zattor.r(3r ).

H- 1/
,rX& (endo-DCp) # (exo-DCp)v"l

(endo-ocp-s_ )
3 ( exo-DCp-S^ )

J

2

II

(DcP)

IIT

;\y s (endo-Dcp-ss 
)

or3
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rn the present study both the endo- and exo-isomer of
dicyclopentadiene, I and rf, respectively, have been synthesized
for copolymerizati-on with sulfur to elucidate the effect of
steric constrai-nts. A1so, the exo-cyclic trithia derivatives
of endo- and exo-d.icyclopentadiene (endo-/exo-Dcp_s3), rrr and
rv,;ectively, have been synthesized for copol3rmerization
studies with suffur. The Dcp-s3 monomers dj-ssolve very readily
in liquid sg, whereas the DCp monomers dissolve in liquid sg
orrly with difficulty. Therefore, the DCp-S, monomers are
preferred over the DCp monomers for synthesis of terporymers
wlth sulfur and OAps for structure-property studies.

The behavior of melt vi_scosity and surface tension of
errrfur-DCP solutions are of practicar importance because they
&rB used as sprayable coatings. Also these studies are expected.
Lri p;i ve some understanding about the polymerization reaction as
lyl.L'1. l:.: described later and., therefore, have been included 1n
I irr,i :r;ent study.frr''

l1 1.1. Syqlhgsis of the Sterrffi,,, an. s-n-ar.
i-ricycropent aoienE- 1jffil ;,

(-onmercially available DCp i-s al_most exclusively the
l'Hr)rn':r, r, formed from cyclopentadiene by di-merization

lii'. t'o the cis. addition rure of Ar-der,32). However, the
, ff , is the thermod.ynamically more stable i=o*""(32.)
r;; been purif ied by di-st11lation of commercial DCp

i'erlrri'.ir pressure (33) . exo-DCp has been synthesized by the
-',,, , ,, rj.ir :iu,,.tilre(2+,::,))),

tr
lr;
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+HBr
48% HBr

7ooc,3 hr

Br
-HBr \

-

tBuOK,/
DMSO,

1o0oc ,24 ]nrs
( endo-oCP) ( exo-DCP)

The intermediate above, exo.-bromo-dihydro-exo-DCP, is formed

by the Meerwein-hiagner rearrangement Q5 ')4). The NMR spectra

(in CSr) of endo-DCP and exo-DCP are shown in Figures 2 and 3

respectively. In the range of about 5-6 6 where olefinic

protons usually appear, it is observed that the norbornenyl-

unsaturations i,n endo- and exo-DCP are more downfield than

the respective cyclopentenyl unsaturations, and the cyclo- 
.

pentenyl unsaturation in endg-DCP gi-ves a singlet and in

exo-DCP a multiplet, thus rendering it possible to distinguish

eas11y between the two isomers 
(35) 

.

III and IV have been synthesized from I and II '

respectively, by the active sulfuration method of Shields,
(26\ t / \ ^r itr ^--r ?rr ^1^et af.'-''. NMR spectra (in CSr) of 111 and IV are shown in

;;"= 4 and 5, respectively. It is observed that the

norbornenyl unsaturations d.isappear, the cyclopentenyl

unsaturation of the isomers remain and a doublet appears at

\-';9 O (Frgure 4) and. ),62 6 (Figure J) for the endo- and

g.x.o-isomer, respectively. This doublet is attributed to the

| ,jr.'r)f cis-enoo protons j-n the *urithiapentacyclic ring of

,r, Q6)' ' | -.,)
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Copol-rrmertzat ion of Liouid Sulfur with Dicycl_o_

Derivat ive of _iLclclopentaOi-ene[CFl$) Form1neirm#
Sulfur-olefin reactions are catagorized. as low

temperature (rp to 14ooc) and high temperature (higher than
l4ooc) reactions(36). Though a free-radical chain growth

mechani-sm was proposed initially for the 1ow temperature

reaction.(36), a catlonic chain growth meehanism proposed

later appears to have more experimental support (36) . How-

ever, these were not polyner formj-ng reaction condj-tlons.
High temperature reactions are complex and no unique mechanism

has been proposed, although both free-rad.ica.l- and. cationic
mechanisms can probably occur. The liquid sulfur-orefin low
temperature reactions have been investlgated here.

It has been shown via copolymerization e:cperiments that
the norbornenyl unsaturation in end.o-DCp is twi_ce as reactive
as the cyclopentenyl unsaturation; exo-DCP is twice as reactive
as endo-D0Prand endo-Dcp is 2.5 times more reactive than
propylen e(32) . DCp (boiling points for both the isomers are
the same, which is IZOoC) is soluble in liquid sulfur at 14OoC

in all proportions and the melt viscosity of the sulfur-DCp
solution increases with time due to a copolymerization reacti-on.
An exothermic sulfur-DCp reacti-on is crearly evident i_n the

DSC thermograms (rigure G) where the exothezm is observed to
start at about l-booc with a feed of abcut zo weight % DCp.

the sulfur_DCp (i.e., endo_DCp) reaction product initially
containing 4O/, endo-DCp (VW sulfur) is reported to

4 .1.2.
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Figure 5: DSC thermograms of sulfur - endo-dicyclopentadiene
(OCp) mixtures with varying compositions as shown.
(Heating rate in DSC is looc min-l).
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contain 64,3% polymeric porysulfide and 35.1/o unreacted

free sul-fur in the form of liquid-sg after 10 hrs. of
reacti-on at L4OoC(11). The polymeric polysulfide (Mr, = 3390)
has been described by the average structurervr, shown below(11).

S.b.

VI
The analytical characterization of the equimolar

sg-DCP reaction product after 4 hours of reaction at t4ooc
is summarized. in Table 4 for both isomers. rt is observed

that no crosslinked polymeric polysulfide (i. e. , CSr_insol_ubIe

materi-al) is formed. The crossli-nking could possibly occur
by the reaction of residual cyclopentenyr unsaturation in DCp.

The polymeric polysulflde is formed by reacti-on of the
norbornenyl unsaturation in DCp. The conversion in the
sU-exo-DCP system is observed to be higher than that of the
Sr-endo-DCP system and also the molecular weight (Mn) of the
csr-soluble polymeric polysulfide of the former is about twice
that of the latter (Table 4). Such behavior is consistent
with the relative reactivi-ties of the various unsaturatlons
mentioned earlier.

The analyti-caL character:-zaiion of the sulfur-Dcp_sJ
reaction product prepared with a feed composition of J g-atoms

of sulfur to l mole of DCp-S, and & hou::s of reaction at 1+coc
1s shown in Table J f or both the i-somers. rt is observed
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Table 4.

character:-zation of the Sulfur-Dicyclopentadiene
(so:DCp = 1;1 molar) Reaction Product-Preparedr-6' --rrom in" 4 h;. Reactlon at ].4ooc'

Table 5.

characterization of the Sulfur-exg- cyclic Trithia
Derivative of DicyclopentadienETs : DCP-S3 =

5 g-atoms:1 mole) Reaction Prod"91-Prepared from
the 4 hr. Reaction at l-40uc'

1..

endo-DCPAnalytical Characterization

Free SB, %

CSZ-insoluble content, %

CSZ-soluble content, %

soluble polYmeric
Polysulfide

exo -DCP-S -r)endo-DCP-S a)Analytical Characterizat ion

Free So, %

CSZ-insoluble content, %

CSr-soluble content, /,
of solubl-e polYmeric

Polysulfide
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that crossLinked polymeric polysulfid.es are formed with both
the isomers in this case. However, the conversion and the

mol-ecular weight (Mrr) of the cSz-so1ub1e polymeric poly-
sulfides are about the same for both isomers, unlike the case

wlth DCP. Molecular weights of the li-near polymeric poly-
sulfides (i.e., CSr-soluble) in all the systems are observed

to be 1ow, but the conversions are high (Tables ll and. 5).
The NMR spectra (in cs2 ) of the polysulfid.e prod.ucts

formed from the equimolar sulfur-Dcp reactions for J hours at
14ooc with the endo- and. exo-j-somers are shown in Figures ?

and 8, respectively. The norbornenyl unsaturati_ons are

observed to undergo complete reaction. The singlet and

multiplet cyclopentenyl unsaturations of the respective olefins
are observed around 5,60 6 in Fi_gures ? and 8, respecti_ve1y,

showing that there is no Meerwein-wagner type rearrange-

ment(25'34), There are two additional signals of interest
(Flgures 7 and 8), one at 3.55 6 and. the other at 3.85 6 .

The 2,1-cis-endo-protons i-n the exo-cyclic trithia and. penta-
thia derivatives of endo-DCP, endo-DCp-S, (rrr) and endo-DCp-

=5 (v) ' respectively, 'have been assigned. chemicar shifts
(in cc1u, 100 MlIz NMR) of 3.50 6 and. 3.86 6 , respectively(3l).
Therefore the signal at 3.85 6 (Figures ? and 8) is attributed
to the formation of cis-exo-cyclic pentathia derivatives of
the respective isomers of DCp(1]). The signal- at ).55 6

(Figures 7 and B) is attributed to the formation of the exo-

cyclic trithla der.ivatives, III and IV, as weII as polyrneric
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polysulfides, VII and VIII, formed from the respective

ol-ef ins (11) . Hence ,it appears that all the sulfurated
products formed through the norbornenyl unsaturatj-ons of

endo- and 9-&.-DCP are cis-exo in nature. It has been

ffi;r yry,:{
VII VIlI

observed that the sulfurated products formed from the

surfur-DcP-s. systems have the same characteristics in their)
NMR spectra as those from the sul_fur-D0p systems of the

respective isomers. Therefore,the same cis-exo-cyclic penta-

thia derivatives and cis-exo polymeric polysulfides, vrr and

VIIL are formed from the suLfur-Dcp-Sj systems.

The fraction of cSz-insoluble polymeric polysulfides
increases with inereasing reaction ti-me. This is clear from

the data in Table 6 which shows the composition of the sulfur-
endo-DCP (25% DCP, flW sulfur) reaction products formed at
varying reaction times at 14ooc(31). This is attributed to
the formation of crosslinl<ed pollrmeric polysulfides by

sulfuration of the residual cyclopentenyl unsaturation sites.
Thus,it is observed that the formation of crosslinked
polymeric polysulfides increases with reactlon time. The

sulfur rank of the polymeric polysulfide is expectec to depend

on feed composition and reaction conversion.
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Table 6.

Composition
(25% DCP)

of the SuJ.fur-endo-dicyclopentadiene
Reaction Products wtth Respect to
Reaction Time at 140oC

Unreacted
Sulfur

(%)

Total Polymeric
Polysulfide."

(%) ,i'

CSZ-insoluble
Polymeric

Polysulfide
(%)

Reaction
time
(hr. )

3 4s.l 54.7 15. 1

20 3L.3 68.z 55.5
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4,t.3.

The behavior of melt viscosity and surface tension of
the sul-fur-DCP (the endo isomer) solutions have been analyzed

and appears to give evidence for a step-growth mechanism of
polymerization. This is consistent with the results of
Blight, et a1. who have shown by analyticar characterizati-on
that as the reaction time increases the molecular weight of
the polymeric polysulfides formed in the sulfur-DCp system

increases(3r).

4. 1. l. 1.

The melt viscosity of the sulfur-D0P solution increases
with time due to a copolymerizatj-on reaction. Though the
norbornenyl unsaturation in DCp is observed to d.isappear in
the early stage of the reaction by NMR analysis, the vi_scosity
has been found to increase even afterwards. this can be

considered to be an indication for a step-growth mechanism of
polymerizat j.on O7 ) 

.

The melt viscosity behavior of the sulfur-DCp system

has recently been reported, but only qualitatively and only over
a naryow range of compositj-ons(38). The viscosity of sulfur
measured by the capillary method by Bacon and Fanelli are

consid.ered to be the best(39'40,41). Recently the viscosity of
sulfur measured by an apparatus containing an electric motor
and a rotating cylinder has been report"6(42;. Viscosity of
the sul,fur-DCP solutions are measured in the present stud.y

with a Brookfleld. synchro-Iectric viscometer.

Behav f the Melt V
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The exponential behavior of viscosity as a function of

time for varying compositions of 56 and DCP is shown in
Figures 9 and 10. The pronounced effect of temperature is
seen by comparing Figures 9 and 11. The maximum rate for the
logarithmlc increase i-n vlscosity i-s observed for an equimolar

feed of S, and DCP in Figure 72. Such behavior appears to

support a "step-growth copolymerization mechanism" ST) , ft
has been pointed out by Pryor in sulfur-olefin reactions that
only carbon-sulfur bonds are formed and no new carbon-carbon

bond.s are formed(43). Therefore, in such a copolymerization

reaction, one expects to get a strictly alternating structure.
Perhaps this is also a reason for the observed maximum rate
for an equimolar feed of Sg and DCP (Figure L2), The linear
relationship in Figure 13 shows that the rate of rncrease of
logarithmic viscosity is proportional to Xb, except around

[ = 0.5, where X is the mole fraction of DCP in the feed to start
with end b is an ernpirical constant, positive f or X less

than 0.J and. negative for X greater than 0.J at a given

temperature. The proportionality does not hold around

[ = 0.4 to 0.6, because of the relative]y flat nature of the

curve at X = 0.4 to 0.6 in Figure l.2,

A general exponential equation, the derivation for
which is di-scussed 1ater, has been developed:

n - ?o exp(a Xb t), at constant temperature.

It quantitatively relates the melt viscosity,4, of sulfur-DCP

solutions (in centipoise) as a function of the initial feed
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composition, X, (the mole fraction of DCP) and timd, t,
(in hours). 4o,^ and b are empirical constants, no being the

vi-scosity at t - 0, a is a quastity in the unit of reciprocal

time and b a dimensionless number. The assumptions made

here arer

1.

2.

Newtonian behavior of the sulfur-DCP solutions

\o is dependent on temperature only and not on

compositi.on as a first approximation because it
is an average value determined individually for
X < 0.5 and X > 0.5

g-ff = a,xb, where a, = fi5, at constant
temperature, which is valid for 0 < X < 0. J and

O.5 s X < 1 with two sets of values for a and b
for the above two ranges of values for X.

2

Experimental results appear to support the above

assumptions. The parameters \o, a and b have been determined

using least square calcuJ.ations based on the experimental data

in Figures 9, 10, 11, 12 and 1f. The final- melt viscosity
equations with the range of compositions and temperatures at

which they are valid are shown be1ow.

,-'13:! = Le.45 exp(r:- .33 xL'?Bt), x : o to 0.4

,i33:! = 2.50

, r'ff:! = 38. 05

e)q) (0.16 x-4'54t), x - 0.6 to I

errp( 251.66 x2'42t), x = o to 0.2
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TEMPERATURE=14 0 oC

X=32.51
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X=17.7t
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x=s.2t

x=0.01
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I, TI},18 (HOUR)

Figure 9: A semi-logaritluoic plot of viscosity vs. time for
the sulfur - endo-dicycropentadiene (DCp) solutions at r4ooc
for the composition of DCp mole fractj-on, X = 0-50%.
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Fig:r:re lO: A semi-Iogarithmic plot of viscosity vs. time for
the sulfur - endo-dicyclopentadiene (DCP) solutions at laOoc
for the compositj.on of DCP mole fraction, X : 50-100%.
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Figure 1l: A semi-logarithmic plot of viscosity vs. time for
the sulfur - endo-dieycloPent.adi"t" (OCp) solutions at 155oC

for the compositions of DCP mole fraction, X = 0-L7.7%.
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TEMPERATURE=I4 0 "C
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Figure 12z A plot of the rate of increase of logarithmic
viscosity of sulfur - endo-dicyclopentadiene (oCp) solutions
vs- the feed composition in mole fractions of DCP at l+OoC.
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The Melt Viscosity. Equation f or Sulfur-DCP Solu_ti-ons:

An assumption is made that the sulfur-DCp solution is
a Newtonian fluid, i.e., the viscosity measured by the

Brookfield viscorneter is independent of the spindle speed of
the viscometer, whi-ch is related. to shear rate. The linear
plots of 1og(vi-scosity) vS. time (Figures 9, 10 and 11) give

glve the foJ.lowing equation (1) for a given sulfur-DCp

eompos'ition at a given temperature:

log1O4=mt+logIOIo
t

where ? is the viscosity in centipoise at time t in hours, Tl o

is the viscosity at t = O, and m is the sIope, d. logagn/ at.
An average value of Io r s of the dif ferent compositi-ons

(for mole fractions of DCP < 0.5 and. > 0.J) at a given

temperature can be considered to be independent of composition

as a first approxlmation, and is d.enoted by %. Substituting
0o in Eq. (1) gives Eq. (2),

1oB1O 4 = mt + loglO4o

50.

(l)

(2)

(4)

t emp erature

0. 5 and

or

n= % exP(2'30 mt) 3)
An assumption is made that m is related to the mol-e

fraction of DCP in the feed, X, at constant temperature by

Eq. (4),

lJ] = a' Xb

where a' and b are empiricar constanis depenclent on
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negative for 0.5 < X < 1, ar:rd. a' in the unit of time-l.
Eq. (4) can be written as Eq. (5) 

'

logfo m = b lo8r, X + logtO a'

The linear plots of 1og m vs. 1og X at l4ooC and.

for X < 0.5 and X > 0.5 in Figure 13 shows the validity
above assumption, Eq. (4), except around X = 0.4 to 0.6.

Eq. (4) is not expected to hold in the region of about

X - 0.4 to 0.5 because of the relatively flat nature of

curve around X = 0.4 to 0.6 in Figure 12.

Therefore, the melt viscosity of sulfur-DCP solutions

at a given temperature is a function of composition and time

only and can be represented by Eq. (5) by substituting Eq. (4)

in Eq. (3)'

rl = 4o exp( 2,)o a' xb t)

(s)

t55o c

of the

the

(6)

(7)a = 2,30 a'

then the general meJ-t viscosity equation of suLfur-DCP

solutions is given by Eq.. (8),

n = rl n e:rp(a Xb t), at constant temperature (B)

fect of e as a Viscosit sant
or the tem:

Diehl's previous studies of the dicyclopentadiene-

111,,11ifred sulfur system appears to indicate tha*, the search for
v i:;cosi-ty suppressants or reguJ-ators is impor:tant because

pnop;ress in this field wil-l considerably broaden the use of

11
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Some experimentally determi-ned data are summerized in Table 7.

An equimolar composition of Sg;DCP has been chosen here because

the rate of increase of vi-scosity is maximum for this

composition. The properties of the resulting materi-aIs,

(taUte 71, vary depending on the amount of DDPS used. It has

also been observed that there is no indication of sulfur
crystallization in these materials.

4,1.3"2, Behavi-or of Surface Tension of gulfur:
-

The behavior of the surfaee tension of liquid sulfur-

DCP solutions as the copolymerization reaction proceeds is of

i"nterest as these systems are used as sprayable coatings. The

bubble pressure method is an experimentally simple method and

a good procedure for surface tension measurements of viscous

liquids(441. Fanelli's measurements on the surface tension of

sulfur over the entire liquid range are considered to be the

most accurate(41'45). He used the Sugden's d.oubl-e capillary

mod.if ication of the maxrmum bubble pressure method(2T) .

Recently the surface tension of sulfur has been determined in

an atmosphere of sulfur vapor in the temperature range, 12OoC

to +35oc, by using the large drop method(46). surface tension

measurements have been carrled olri in the present study on

sulfur-DCP solutions using the former method because of its

simplicitr(451.
The surface tension of sulfur and DCP at t4OoC are

determined to be 69.0 and 21.9 dyne= "r-I respectively. The



Surface Tensions of sulfur-endo-dicyclopentadj-ene (ocp)
Solutions-Containing 5 ilEIElt %- (or'9.2 mole %)

DCP at t-4ooc.

Tabl-e 8.

Time
(Hour)

Vis co s ity
(Centipoise)

Surface Tensron
(Dynes 

"*-f )

0

1

2

3

4

5

t6

24

30

35

42

4Z

62.?

62,?

6s.g

70.5

73.7

? 5.8

T ime
(ttour)

Visco s ity
( Centipoise )

Surface Tension
(Dynes cm-1)

0

1

2

3

26

184

$o

t430 Not
to

50 .2

7 5.3

84.?

pos s ible
measure

Table o.

Surface Tensi-on of surfur-endo-d.lcyclopentad.iene (DCp)
Solutions Containing Ze @4t %- (or- 32.6 lnoi" ,i,j-''

DCP at l-40oc.
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surface tension of sulfur-DCP solutions at 14OoC wlth two

composi-tj-ons are shown in Tables B and 9. Surface tension

has been determined as a functj-on of time and the mel-t viscosity
of the solutions are shown along with the surface tension.

The data cJ-earJ-y indicates that as the viscosity increases,

surface tension also increases with time, and the higher the

rate of viscosity increase, the higher the rate of surface

tension i-ncreas e. It has been shown f or silicone polymers

that as the viscosity of silicone pollrmers increases d.ue to an

i-ncrease i-n molecular weight, the surface tension increases(47) ,

Therefore it indicates that the molecular wei-ght of the

polyrneric polysulfides formed in the sulfur-DCP system

increases with ti-me, which is in agreement wlth the results of

B11ght, S "r.(3r).
It can be concluded that the behavior of melt viscosity

and surface tension of liquid sulfur-DCP solutions appear to

support a step-growth mecharrism for polymerization.


