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SYNOPSIS

High melt viscosity poly (phenylene sulfide) (PPS) can be prepared via melt condensation
of p-iodophenyl disulfide analogous to the solution condensation previously reported by
other investigators. Depending upon reaction conditions, the material contained varying
amounts of gels, whereas under all conditions, anywhere from 1 to 3 mol % disulfide linkages
were present. Solution in 1-chloronaphthalene allowed separation of soluble and gel fractions
and also cleaved the disulfide linkages, which allowed better quantitation of the disulfide
content than did elemental analysis. Cleavage of the disulfides with 1-chloronaphthalene
was verified via a model reaction. Branching in the preparations was related to the level
of iodine in the melt reaction and also the reaction temperature. A branching mechanism
is proposed based on model experiments that showed a complex reaction order and an
initial rate of branching that was dependent on iodine concentration. © 1994 John Wiley &

Sons, Inc.
INTRODUCTION EXPERIMENTAL
Poly (phenylene sulfide) (PPS) has found numerous General

applications owing to its excellent combination of
chemical resistance and thermal properties. We have
recently reported a new melt-phase polymerization
process for the preparation of PPS involving reac-
tion of p-diiodobenzene and sulfur’~® and some of
the characteristics of the resultant polymer. The
model compound of this new melt method, p-iodo-
phenyl disulfide, has also been recently reported to
undergo polymerization in solution to give high mo-
lecular weights as determined from iodine analysis.*
We report here work done on the melt polymeriza-
tion of this same monomer in a melt reaction system
that was directed toward understanding several im-
portant effects in the melt synthesis reaction of PPS
from p-diiodobenzene and sulfur. In particular, we
examine the effects of temperature and melt iodine
level on branching during the melt reaction process.
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Phenyl sulfide (ca. 98% ) from Aldrich Chemical Co.
was used as received. GC/MS analysis showed the
major impurities to be thiophenol (0.11 wt %), bi-
phenyl (0.37%), dibenzothiophene (0.91%), and
phenyl disulfide (0.11 wt %) . Iodine was Mallinkrodt
AR grade and biphenyl and 1-chloronaphtalene were
Eastman White Label and yellow label, respectively.
Phenyl disulfide was obtained from Aldrich Chem-
ical Co. and was recrystallized from ethanol before
use. Authentic samples of o- and p-bis(phen-
ylthio ) benzene were prepared according to a liter-
ature procedure.’

The model reaction of phenyl disulfide (0.10 g,
4.58 X 10™* mol) with 1-chloronaphthalene (20.00
g, 0.123 mol) was conducted at 230°C in the presence
of air for a period of 7.5 h with 0.25 mL samples
extracted from the solution at various times. Re-
action progress was followed by GC as detailed be-
low. The model reactions of phenyl disulfide were
conducted in a magnetically stirred long-neck flask
immersed in a temperature-controlled (to within
1°C) oil bath at 230°C.
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Solutions of the polymers were prepared by heat-
ing in 1-chloronaphthalene, ca. 10 wt % polymer
concentration, at 230°C for 6-7 h. At usually less
than 1 h heating time, the solution seemed to be
complete; no apparent solution darkening or reduc-
tion of gel volume seemed to occur for samples con-
taining gelled material. Filtration was accomplished
with a preheated coarse frit Biichner funnel. The
filtrate was diluted with a three- to fivefold volume
of methanol and the white-to-off-white precipitate
filtered with suction, boiled in methanol, and rinsed
with hot methanol after suction filtration. Gel sam-
ples were boiled multiple times in methanol, de-
canting the hot methanol between treatments. The
products were dried in a vacuum oven at ca. 150
Torr pressure at about 100°C for a 2 day minimum.

Preparation of p-lodophenyl Disulfide

A significant improvement on the literature
procedure® for preparation of this compound was as
follows: Into a 1 L, three-neck flask with thermowell,
stirrer, and addition funnel was weighed 101 g 48%
HBr (0.60 mol) and 100 mL of glacial acetic acid.
Three hundred milliliters (3.2 mol) of acetic an-
hydride were then added through the addition funnel
with good stirring to the mixture at a rate to keep
the temperature of the mixture at 60°C or less. When
addition of the anhydride was complete, 10.3 g (0.11
mol) of phenol were added and allowed to dissolve;
then 30.2 g (0.10 mol) of p-iodobenzenesulfonyl
chloride (“PIPSYL chloride”) were added. The
mixture was stirred and maintained at 60°C by a
controller connected to a 250 W infrared heating
lamp trained on the flask. The reaction was contin-
ued for about 20 h, during which time the product
separated from solution. The mixture was cooled to
room temperature and the product collected by fil-
tration, washed with small portions of cold meth-
anol, and air-dried on a Buchner funnel. The yield
was 20 g (0.0425 mol, 85% of theory) of white crys-
tals; mp: 125-127°C; accurate mass 469.815897; cal-
culated for C,,HgS,I,: 469.815698 (0.4 ppm error).
The *C-NMR showed four peaks at 6 = 92.7, 129.7,
136.8, and 138.2 ppm. Scale up of this procedure to
3.30 mol of PIPSYL chloride gave the same yield
and product purity as did this laboratory-scale pro-
cedure.

Preparation of PPS from p-lodophenyl Disulfide

Into a three-neck, 125 mL round-bottom flask fitted
with a stirrer shaft seal, an inlet tube for a slow flow
of air, and a vacuum jacketed distillation head lead-

ing to a flask cooled in dry ice to act as an iodine
trap was weighed 35 g (0.0744 mol) of p-iodophenyl
disulfide. The reaction flask was immersed into a
Belmont alloy metal bath controlled at 245 or 260°C
and the mixture stirred under the selected pressure
according to the following sequences: (1) for the
245°C reactions, the bath temperature and system
pressure were maintained at the starting values until
2.5 h elapsed time, after which the system pressure
was reduced to < 1 Torr. After 45 min under these
conditions, the bath controller was raised to 300°C
and reaction continued with slowed stirring for an
additional 30-40 min. (2) For the 260°C reactions,
the bath temperature and system pressure were
maintained at the starting values until 2.5 h elapsed
time, after which the system pressure was reduced
to 300°C and reaction continued with slowed stirring
for an additional 30-40 min. At the end of the re-
action sequence, the flask was removed from the
metal bath and the polymer allowed to cool under
nitrogen at atmospheric pressure (theoretical yield
16.10 g). Distillation of iodine from the reaction
mixtures showed a peak head temperature at 25-30
min into the run for the 260°C runs, whereas the
peak occurred at ca. 40-50 min in the 245°C runs.
Reactions made to determine iodine melt levels were
started at the selected pressure and temperature,
but the run was terminated after 30 min in the 260°C
runs and 60 min in the 245°C runs.

Analytical

Percent carbon, hydrogen, sulfur, and iodine in the
final products was determined by standard combus-
tion analysis methods. Differential scanning calo-
rimetry (DSC) was measured on a DuPont 9900
thermal analyzer at a scan rate of 20°C/min using
a sample that had been previously melted at 320°C
for 2 min and then quenched on a metal block cooled
in dry ice. Upon reaching 320°C, the melt was cooled
at 20°C/min to obtain the crystallization upon
cooling. Melt stability vs. time and complex viscosity
were determined using a Rheometrics mechanical
spectrometer at 300°C oven temperature, taking
measurements over a period of 35 min at a shear
rate of 25 radians/s. Extrapolation of the plot of
the log of the melt viscosity vs. linear time was used
to determine the intercept, which was taken as the
melt viscosity at zero testing time. Free iodine in
the reaction mixture was determined by a titrimetric
method after multiple extractions of the solid with
mixed xylenes. Gas chromatography was performed
with a DB-5 capillary column with a beginning oven
temperature of 100°C programmed at 1.0°C/min
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Table I Properties of PPS from Melt Reaction of p-lodophenyl Disulfide

Pressure Yield? Disulfide® T, Ten Te T

Sample (Torr) (g) %C %H %S %1 (mol %) °C) (°C) °C) °C)
260C preps

1 7.5 16.31 64.05 3.41 28.64 6.687 0.5 85 138 188 273

2 15.0 16.21 66.12 3.60 31.80 0.844 9.0 96 175 154 264

3 30.0 16.54 64.27 3.19 30.22 0.924 5.7 94 158 162 259

4 60.0 16.74 65.57 3.62 30.44 0.739 4.3 93 150 167 263

5 120.0 17.05 65.48 3.62 31.89 0.831 9.5 91 164 146 255

6 240.0 16.64 65.78 3.46 30.41 1.146 3.9 87 154 146 252
245C preps

7 7.5 16.57 64.90 3.64 30.14 1.821 3.7 95 167 146 265

8 15.0 16.91 64.18 3.76 29.40 1.378 3.0 97 173 148 264

9 30.0 16.70 64.95 3.61 30.17 1.679 4.4 94 163 141 260

10 60.0 17.39 64.25 3.81 29.86 0.903 44 94 158 161 269

11 120.0 16.65 64.76 3.54 29.87 1.903 4.4 93 163 146 258

12 240.0 17.28 65.41 3.47 30.37 4.4 94 164 155 264

@ All preparations started with 35.00 g p-iodophenyl disulfide.
» Mol % disulfide calculated from elemental analysis results.

for the first 18 min, followed by a rate of 15°C/min
for the next 12 min. Retention times and wt % cor-
relation to peak area were established via use of ap-
propriate standards in the usual way.

RESULTS AND DISCUSSION

Direct Polymer Analysis Results

Elemental analysis established that, contrary to the
report of the solution preparation of PPS from this
monomer,* excess sulfur, presumably in the form of
disulfide linkages, was present ('Table I) in the melt
preparation. Thus, the chain growth was not ac-
complished by one simple mechanism, but probably
through several simultaneous reactions. Such would
be expected by analogy to our previously suggested
mechanism for the formation of PPS from the melt
reaction of p-diiodobenzene and sulfur.?

The DSC data (Table I) showed an unexpected
decrease in the T, of the PPS obtained that de-
pended upon the reaction conditions. This decrease
was the most notable in the experiments conducted
at 260°C. Recently reported data would indicate
branching as the source of such melting-point
depression.” Additionally, attempted solution of the
polymers in 1-chloronaphthalene found gelled ma-
terial to be present for most of the polymers. Inves-
tigation of the cause of this gelation centered first
on the melt iodine level during polymer preparation.
This reaction mixture iodine level was approximated
by stopping the reaction at the time when the head

temperature was just beginning to decrease from the
initial peak in iodine distillation and measuring the
free iodine in the residue (Table II and Fig. 1). The
iodine level thus obtained should be near the peak
of the reaction iodine level (Fig. 2), as was found
for a second set of 245°C runs with the overall re-
action percentage being fairly constant within each
of the two temperature series. Although the per-
centage reaction was not the same for the two series,

Table II Melt Iodine Levels vs.
Preparation Conditions

Pressure Yield® Free I,
Sample (Torr) (g) wt%) %rxn?
260C preps
1A 7.5 25.46 0.833 51.6
2A 15.0 26.02 1.080 49.0
3A 30.0 27.15 1.046 43.0
4A 60.0 26.86 2975 47.3
5A 120.0 26.96 4.262 48.6
6A 240.0 29.07 7.025 42.2
245C preps
7A 7.5 28.31 0.895 36.7
8A 15.0 27.45 1.345 41.9
9A 30.0 28.78 1.189 34.7
10A 60.0 28.13 1.139 38.0
11A 120.0 29.01 2.219 35.1
12A 240.0 29.92 3.832 32.9

2 All preparations started with 35.00 g p-iodopheny] disulfide.

b Calculated from total I, liberated.
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Figure 1 Melt iodine level vs. reaction conditions.

negating direct overall comparisons, nonetheless, the
relative conclusions ought still to be valid. The gel
fraction (Table II1) was related not only to the level
of iodine in the melt at a particular temperature but
also to the temperature of the reaction. The melt
iodine levels at 260°C resulted in branching except
for the lowest level (at 7.5 Torr system pressure).
At the lower temperature of 245°C, equivalent melt
iodine levels did not lead to gelation until apprecia-
bly higher values than would have been the case for
the higher temperature runs. It is thus apparent that
for the best results the reaction temperature needs
to be minimized along with the system pressure to
avoid gelation. This also means that care must be
taken to avoid the higher temperatures of reaction
until a large percentage of the iodogroups have re-
acted to avoid the generation of high levels of melt
iodine concentration from rapid further reaction.

The gel fraction of the polymers (Table III) ap-
peared to be only nominally related to the melt io-
dine level in combination with the melt reaction
temperature. The reason, e.g., for the apparently low
gel fractions observed at 60 and 120 Torr and 260°C
bath temperature relative to the other preparations
is not currently understood.

Polymer Dissolution Results

DSC data ( Table III) of the soluble fraction of poly-
mer from solution in 1-chloronaphthalene showed
large reductions in the polymer T, compared to the
original polymers along with changes in the other
transitions that would only be consistent with

shorter polymer chains. This was postulated to be
the result of cleavage of the disulfide linkages in the
polymer by the 1-chloronaphthalene. This postulate
was examined with a single run of the model reaction
of phenyl disulfide in excess 1-chloronaphthalene
(Fig. 3), which, when plotted as the three-halves
power of the concentration of phenyl disulfide vs.
time, appeared linear. A compound with mass cor-
responding to the phenylthio ether of chloronaph-
thalene was detected as a major product by GC/
MS, although there were a number of other GC
peaks also observed, another peak of which corre-
sponded to the phenylthio ether of naphthalene. A
possible mechanism consistent with a three-halves
dependence is as follows:

K

PhS, =——= 2PhS (1)
k;
a a
SPh
PhS + OO fe— 0‘ H (2)
(PhSNY)
a SPh

SPh

ks
PhS- + H
SPh Qa
SPh
00 i OO v

TERMINATION REACTIONS

PhSN' + Ph;S,

(3)

PSN' + Pas o

ks
2PhSN° ———

This mechanism amounts to an induced decom-
position of the disulfide and would exhibit the proper
three-halves power dependence if reaction 3 is rate-
determining. A possible third elimination path for
the adduct resulting in HCI elimination is not shown
as no odor of HCl was detected over the reaction
mixture (a mercaptan odor was, however, evident).
However, as this was only a single run, overly great
significance should not be attached to the reaction
order and other details. The real importance of the
data lies in confirmation of the disulfide cleavage by
the 1-chloronaphthalene and also that the cleavage
would appear to be 95% complete within 450 min.
These data also suggest that in the literature report
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Figure2 Melt iodine level vs. time for reaction at 245°C
and 120 Torr system pressure.

of the solution polymerization of p-iodophenyl di-
sulfide,* if disulfide linkages were present, they
might not have been observed depending upon the
exact workup procedure that involved polymer dis-
solution in 1-chloronaphthalene.

By comparison to previously published results,”
as a qualitative measure, it can be stated that the

y = 1.51 + 0.0103x R2 = 0.998

1/[pheny! disulfide]**0.5

_l L) ] L ) [ T l L] I L)
0 100 200 300 400 500
time, min.

Figure 3 Three-halves order plot for decomposition of
phenyl disulfide in 1-chloronaphthalene (230°C).

lower the melting point of the polymer isolated from
the 1-chloronaphthalene solution experiment the
more branched was the PPS. Another possible rea-
son for the observed melting-point depression could
be due to a side reaction producing a unit such as a
thianthrene linkage. Thianthrene linkages would be
expected to have a strong peaks at about 1103, 880,

Table III Results of 1-Chloronaphthalene Dissolution of PPS Samples

Sample Pressure (Torr)  Gel Fraction Sample* Soly/T, Soly/Ts Soly/T.. Soly/T, dpby T,
260C preps
1 7.5 0.00 Soly 80 132 215 273 40
2 15.0 0.06 Soly 79 132 207 266 38
Gel 92 159 169 263
3 30.0 0.37 Soly 79 127 204 268 38
Gel 93 170 162 260
4 60.0 0.01 Soly 229 230 272
Gel 86 145 202 274
5 120.0 0.05 Soly 81 146 195 261 42
Gel 88 160 167 258
6 240.0 0.26 Soly 79 142 182 256 38
Gel 86 165 162 249
245C preps
7 7.5 Soly 69 117 221 270 24
8 15.0 Soly 86 136 211 274 53
9 30.0 Soly 79 137 193 264 38
10 60.0 Soly 82 135 210 273 44
11 120.0 0.13 Soly 72 118 201 262 27
Gel 94 185 139 259
12 240.0 0.07 Soly 77 130 212 268 34
Gel 91 158 166 267

* Soly = material soluble in 1-chloronaphthalene; gel = insoluble material.

® Equation is T, = 2.1202 + 48.714 log(dp) (see Ref. 9).



994 FAGERBURG AND VAN SICKLE

and 760 cm™! by analogy to a fully thianthrenic
polymer.® The infrared spectra were, however, iden-
tical to previous spectra obtained for pure PPS and
showed only a very weak peak at 1115 cm™, which
appeared invariant with preparation conditions. The
peak at 760 cm ™ should also have been in an easily
observable position as a shoulder on the weak peak
at 742 cm™!. That peak appeared smooth in all
preparations. The 880 cm™! peak would appear in
an otherwise clear area of the IR spectrum but was
also not observed. Thus, varying levels of thian-
threnic linkages in the polymer seem unlikely to ac-
count for the melting-point decrease, whereas in-
creased branching can.

The gel fraction isolated from the dissolution in
1-chloronaphthalene showed DSC data in accord
with expectations of generally higher 7,’s and low-
ered T,.’s (Table IIT) than those of the soluble ma-
terial. Recently reported work on the thermal tran-
sition behavior vs. chain length of oligomers gave
an equation relating T, to the degree of polymeriza-
tion (dp) [T, = 2.12 + 48.714 log(dp) 1,° which was
applied to the soluble, degraded chains from the sol-
uble portion of the polymer. Application of this
equation gave degrees of polymerization ranging
from 38 to 42 dp for the 260°C and from 24 to 53
for the 245°C runs. This suggests that the disulfide
levels of the final polymers are all within the range
of 3-1 mol %, with most in the range of 1.5 mol %
(obtained from the reciprocal of the dp multiplied
by 100 minus (1 mol % ) and were definitely nonzero.
These numbers varied less than those obtained via
elemental analysis and were consistently lower than

the elemental analysis numbers. In one respect,
analysis of the polymer disulfide level by this method
should be more accurate than results obtained via
calculation from the elemental analysis since the
elemental results’ errors are the sum of both the
variability of the carbon analysis and also the sulfur
analysis, whereas the degradative method only has
a single error. One drawback of this degradative
method is that a bias may be inherent in the values
obtained, owing to the effect of end groups on the
T, of the chain segments produced. This is, in all
probability, not a large effect. The other possible
problem with this degradative method for disulfide
determination is that the calibration of T}, vs. dp
was made for linear chains and this relationship no
doubt changes with branching present in the frag-
ments. This leads to potential variability not due to
the disulfide but is expected to be a relatively small
effect.

It is worth noting that if the excess sulfur in the
elemental analysis were present as thianthrene
linkages instead of disulfides, then there would be
no chain cleavage upon solution in 1-chloronaph-
thalene.

Melt Rheology Results

Melt viscosity measurements (Table IV) were all
uniformly quite high excepting the 7.5 Torr prepa-
ration at 260°C. There was no apparent trend in the
melt viscosities with preparation conditions. Owing
to varying gel content and branching of the soluble
polymer fraction that must be present in at least

Table IV Melt Viscosity of PPS from Melt Reaction of p-Iodophenyl Disulfide

Sample Pressure (Torr) Gel Fraction MV (poise)? (tan §)°
260C preps
1 7.5 0.00 3327 3.00
2 15.0 0.06 301786 0.40
3 30.0 0.37 92238 0.40
4 60.0 0.01 316960 0.10
5 120.0 0.05 138567 0.30
6 240.0 0.26 328496 0.08
245C preps
7 7.5 0.00 39815 1.00
8 15.0 0.00 57031 0.90
9 30.0 0.00 114109 0.40
10 60.0 0.00 137474 0.60
11 120.0 0.13 63849 0.40
12 240.0 0.07 72151 0.60

® Melt viscosity at 300°C and 25 radians/s.
®Tan é = loss modulus, G”, divided by storage modulus, G'.
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Figure4 Bis(phenylthio)benzenes vs. time and iodine concentration at 230°C, [ Ph,S,]
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the samples that contained a gel fraction, nothing
can be said about the weight-average molecular
weight of the samples from the melt viscosity data.
The (tan §)? for all samples with the lowest melt
viscosities were all uniformly low. Values of (tan §)2
of less than 1 indicate a material acting more like a
solid than as a liquid. This is, no doubt, a conse-
quence of a high storage modulus from gel content
and probably from branching even in samples not
showing gel. Thus, the branching induced by the
high-temperature preparation of PPS via this route
would suggest the necessity to carry out the poly-
merization at the lowest practical temperature to
avoid melt iodine levels that combined with higher
temperatures would lead to a branched product.

Model Reaction Results

Experiments to model the potential branching re-
action were conducted by decomposing phenyl di-
sulfide in the presence of phenyl sulfide (as the
reactant and solvent) at 230°C as the simplest model
of a PPS chain. These were conducted both without
and with the presence of added iodine in varying
concentrations. Fit of the reaction data, e.g., the ap-
pearance of o- and p-bis(phenylthio)benzene
summed (see Fig. 4 for the lowest phenyl disulfide
concentration) to simple models proved elusive. In
the absence of iodine, the reaction rate was very low
(Fig. 5). With the exception of one data point, the
initial rate of product production (Fig. 5) vs. initial -
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Figure 5

Effect of iodine on initial reaction rate for varying phenyl disulfide concentration.
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iodine concentration suggested that the reaction was
first order in iodine and a low order (! or even 0)
in phenyl disulfide. It is important, however, to point
out that though these initial rates of the reaction
appeared to be quite a regular series, the equations
necessary to fit the data varied with iodine concen-
tration and also phenyl disulfide concentration. The
reaction system is thus quite complex. The following
elementary reactions would be expected to be the
principal ones of this system:

PhyS, 2PhS’

PhS' + @-sph

ms;@-sph + 1,

2Qr — 1

————

PhS SPh
(& o-isomer)

PhS—( )-SPh + HI + T'

——
——
—
———

Net:
PbS; + 2 C)-SPh+ I, T== 2PhS—{ )-SPb + 2HI

(& o-isomer)

The literature does not provide for direct, simple
analogies with this reaction system. Furan!® and
thiophene!! have been found to undergo phenyl-
thiolation when the source of the phenylthiyl radical
was thiophenol reacting with Fenton’s reagent (hy-
drogen peroxide and ferrous ion).

In all of the model reactions, a continued, but
slowed production of the bis(phenylthio )benzenes
was noted after all of the phenyl disulfide was con-

sumed (Fig. 6). This suggests that the hydroiodic
acid produced in the reaction is capable of reaction
with phenyl sulfide to produce more phenyl disulfide.
The mechanism for this is not currently understood.
It is, however, apparent that the phenylthiyl radical
does attack phenyl sulfide to form thioether prod-
ucts, the rate of which is greatly enhanced by added
iodine.

We propose that the polymer branching reaction
by analogy to these model reactions is as follows:

OO D O a
S

;5 (Int)
I

Intt + , —» \"S-O-S@—S/‘

S

&

I

+ mb+

—

A =1

The phenylthiyl radical derived from iodophenyl di-
sulfide used in the above equation represents any
phenylthiyl radical from whatever source since the
end result would be the same.

CONCLUSIONS

Preparation of poly(phenylene sulfide) (PPS) by
melt reaction of p-iodophenyl disulfide gave, de-
pending upon reaction conditions, varying amounts
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of gels via a complex mechanism. Clearly, this
method of preparation of PPS is limited by the ne-
cessity of operating at lower temperatures and,
therefore, longer reaction times, as the branching
tendency was dependent on the overall iodine con-
centration and the reaction temperature at which it
was present.
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