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ABSTRACT: The chemistry of poly(p-phenylene sulfide) (PPS) growth from NayS and p-dichlorobenzene
in NMP is dominated by the ionic SyAr mechanism. Consistent with this mechanism are model reactions
that obey discrete second-order reaction kinetics in both independent and competition experiments. Reaction
rates are as well affected by substituents in a fashion predicted by the SyAr mechanism. Diagnostic reactions
to probe radical mechanisms provide no evidence for radical intermediates with the possible exception of
certain anomalous side reactions. The unusual behavior of the growth of high molecular weight PPS at low
conversions is totally explained in terms of discrete ionic reaction rates. NMP not only facilitates the SyAr
chemistry through its dipolar aprotic properties but also functions as a catalytic reactant in transforming

Na;S into a soluble nucleophile.

Edmonds and Hill, inventors at will,
How does your polymer grow?

Chemistry radical or ionic, or something exotic,
There are those who predicted we never shall know.
A polymer so tough, simple studies weren’t enough,

Models were needed to get in the know.
With second-orderrates,and free energies that correlate,
SNAr we now know is the star of the show.

Introduction

The industrially important semicrystalline polymer
poly(p-phenylene sulfide) (PPS) is produced commercially
from a sodium sulfide equivalent (e.g., an equimolar
mixture of sodium hydrosulfide and sodium hydroxide)
and p-dichlorobenzene (DCB) in N-methylpyrrolidinone
(NMP) at 200-280 °C (eq 1).1 At least three different

nCl-QCl + n NayS -DMP -é@—s)— + 20 NaCl (1)
n
PPS

mechanisms have been proposed in the literature for PPS
growth by this process (vide infra).2 To date, compelling
experimental evidence that differentiates between the
three mechanistic choices has not been reported.

PPS is insoluble in all common organic solvents below
about 200 °C?* and so is extraordinarily difficult to
characterize in detail. As a result, molecular weight
distributions and end-group types and populations are
neither readily discerned nor reliably related to the reaction
parameters. The severity of the polymerization conditions
poses additional experimental difficulties for mechanistic
studies. The polymerization mixture is highly corrosive
toward glass and many metals, and polymerizations are
generally conducted at temperatures above the boiling
point of NMP. Therefore, closed pressure vessels of
suitable corrosion-resistant metallurgy are required. These
circumstances have made the polymerization process very
difficult to study by conventional laboratory techniques.
The difficulties in experimental procedures and the
uncertainties in experimental interpretations have made
the polymerization chemistry a rich subject for speculation.

An enigma that needs to be explained is why does the
polymerization not exhibit classic condensation polym-
erization behavior. That is, polymers of higher molecular
weight than predicted by the Carother’s equation are
produced at low conversions® and even at unequal DCB

0024-9297/91/2224-4242$02.50,/0

to Na,S ratios.? Because the patent literature demon-
strates that high molecular weight PPS has been prepared
almost exclusively in cyclic amides, another key question
to be answered is what unique qualities does NMP possess
that makes it such a special reaction medium for the po-
lymerization. Still another unusual feature is that possible
initial intermediates in the polymerization, which could
distinguish between mechanistic pathways, have yet to be
experimentally verified in the literature.

In 1962, Lenz, Handlovits, and Smith studied the self-
condensation of sodium 4-chlorobenzenethiolate as a
possible route to PPS.6 On the basis of model compound
studies, they concluded the mechanism followed an
addition-elimination sequence now commonly referred to
as an SyAr mechanism (they also readily excluded “ben-
zyne” and catalytic mechanisms). This is a very well-
established mechanism in organic chemistry and has been
thoroughly reviewed in Miller’s monograph.” If the same
mechanism is operative in the commercial PPS synthesis,
it can be conceptually displayed for a growth step as in
Scheme I. Subsequent publications by Brady® and Ser-
geev and Nedelkin® also suggest the SyAr mechanism.

The second proposal is that the polymerization occurs
by a one-electron-transfer process with radical cations as
reactive intermediates. This proposal was published by
Koch and Heitz from 1983-8510.11 and for convenience is
referred to herein as the radical-cation mechanism. It is
unique in that no “stable” oligomeric intermediates (with
the single exception of 4-chlorothiophenol) are formed in
the polymerization process; high molecular weight polymer
is produced directly via a continuously propagating
polymer chain growth process involving radicals. This
mechanism was proposed in an attempt to rationalize (a)
the formation of polymers of higher molecular weight than
predicted at low conversions, (b) the formation of disul-
fides in model compound studies, and (¢) the high stability
of the radical cations of PPS oligomers in mass spectral
analyses. This mechanism is outlined in Scheme II.
Because it is a new mechanistic concept for “nucleophilic”
aromatic substitution, its general characteristics and
responses to reaction variables have not been established.

The third is Bunnett’s radical-anion mechanism!?
(Srn1), which was applied to PPS polymerization by An-
nenkova et al. in 1986.131¢ Interestingly, oligomeric PPS
has been successfully synthesized via the Sgnyl mecha-
nism at room temperature from sodium 4-bromoben-
zenethiolate in dimethyl sulfoxide (DMSO) solvent with

© 1991 American Chemical Society



Macromolecules, Vol. 24, No. 15, 1991

Scheme I*
SnAr Mechanism for PPS Growth Step

cn—@—cn + NaSR ———m ,:Na+ c1—'<:><f;:|

-—.> CI-Q—SR + NaCl
¢ R = H, (C¢H,S),CeH,CL

Scheme I1
Radical-Cation Mechanism for PPS Growth (Redrawn
from Reference 11)
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Senl Mechanism for PPS Growth (Redrawn from
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diazonium salts as radical initiators.® However, the
operability of the Sgnyl mechanism in the high-temper-
ature commercial reaction, eq 1, remains an open question.
Scheme ITI presents a conceptual illustration of the mech-
anism as applied to an initial stage of PPS synthesis.
Although this is also a radical chain process, there are no
intermediates in common with the radical-cation mech-
anism. Characteristics of reactions occurring by Sgnl
mechanisms include an initiation process, a preference
for polar non-hydrogen-donating solvents, rate laws that
are sometimes complex, and inhibition of the radical chain
by hydrogen-donating or electron-accepting reagents.!®
The inhibiting reagent, however, may not be universal to
all Spn1 reactions.!® In addition, direct disubstitution of
dihaloarenes is commonly observed by this mechanism.12.16

Model compound reactions were studied to establish
the mechanistic aspects of PPS synthesis, while circum-
venting the polymer analytical difficulties. A premiseupon
which the present study is based is that the mechanism
of the polymer growth steps, generalized in eq 2, will be

xOcn + NaSY — x-O—s-y + NGl 03]
x=qa, S—Q—X
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Figure 1. 'H NMR spectrum (270 MHz) of SMAB-NaSH in
DMSO0-dg at 930 °C. Full assignments of SMAB-NaSH and
SMAB resonances in their 'H and !3C NMR spectra in both DO
and DMSO-d; are presented in Table I. In the spectrum shown,
minor resonances at 2.75, 1.90, 0.65, and 0.08 ppm due to the
reference material, sodium 3-(trimethylsilyl)-1-propanesulfonate,
and at 3.42, 2.82, 2.25, and 1.90 ppm due to residual NMP are
also apparent.

Table I
NMR Chemical Shifts of SMAB and the SMAB-NaSH
Mixture*
in D;O in DMSO
SMAB SMAB-NaSH SMAB SMAB-NaSH

1H NMR
NH 2.61 (b) 2.60 (b)
NCH, 2.61 (t) 2.68 (t) 2.56 (t) 2.57 (t)
NCH; 2.40 (s) 2.45 (s) 2.39 (s) 2.38 (s)
COCH, 2.29 (t) 2.29 (t) 2.02 (t) 2.04 (t)
COCH:CH; 1.80 (m) 184 (m) 1.68 (m) 1.72 (m)
SH 0.8 (b)

13C NMR
Cco 184.3 183.9 177.2 177.8
NHCH, 51.2 50.9 52.1 52.1
NCH; 36.3 36.2 36.2 36.2
COCH, 35.4 35.1 36.0 36.0
COCH.CH; 26.4 25.8 26.5 26.6

% Values are reported in ppm, referenced at 0.08 ppm with the
trimethyl protons of sodium 3-(trimethylsilyl)-1-propanesulfonate.
Abbreviations used are t for triplet, s for singlet, m for multiplet, and
b for broad. Relative integrated peak areas of 1H NMR spectra are
consistent with the peak assignments.

the same as that of discrete model compound reactions.
To this end, a study of aryl chloride substitutions by or-
ganosulfur anions under reaction conditions approximating
PPS synthesis has been undertaken. The conclusion from
these studies is that polymer growth occurs principally by
the SNAr mechanism.

Results and Discussion

Reactants. The PPS polymerization reactants are
formally accounted for in eq 1; however, the identities of
the “reactive” sulfur species and the function of NMP are
problematic. During polymerizations, the only groups that
can be assigned to the ends of growing polymer chains
with a high degree of confidence are 4-chlorophenyl. The
precise nature of reactive sulfur species (i.e., -SH, -S°,
-S-, or -SNa) on chain ends is not easily assumed.

When hydrated NasS dissolves in NMP at elevated tem-
peratures, a chemical reaction occurs, yielding an isolable
product with the empirical formula Na;S.-NMP-H;0.17
The 'H and 13C NMR spectra (Figure 1 and Table I) of
this product clearly reveal that the NMP ring has been
hydrolytically opened to yield sodium 4-(N-methylamino)-
butanoate (SMAB).!" The broad resonance at 0.8 ppm in
Figure 1 is assigned to the hydrogen of NaSH. This
product is therefore more precisely named as a SMAB-
NaSH mixture (same empirical formula). Separation of
NaSH from SMAB could not be achieved by recrystal-
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Figure2. Conductancetitration of 3.9 M SMAB-NaSH in NMP
at 150 °C with 18-crown-6.
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Figure3. 3C NMR spectra of sodium benzenethiolate plus water
in NMP at 25 °C (bottom) and 250 °C (top).

lization; an equimolar mixture precipitated.!’” The same
SMAB-NaSH mixture can be prepared by treating SMAB
with NaSH or by heating NaSH, NaOH, and NMP
together. The SMAB~NaSH mixture is soluble in warm
NMP, while, in stark contrast, anhydrous NasS and NaSH
are virtually insoluble. SMAB alone is readily prepared
from NaOH and NMP at elevated temperatures.!® Its'H
and 3C NMR spectra are also reported in Table I for
comparison. There are noremarkable differences between
the NMR spectra of SMAB and SMAB-NaSH. Shifts in
resonances of the carbonyl carbon and the « hydrogens
between the two solvents suggest the electronic environ-
ment about the carbonyl group is solvent dependent. In
order to investigate whether any complex ion association
existed between SMAB and NaSH in NMP, a conduc-
tometric titration was performed on 3.9 M SMAB-NaSH
in NMP with 18-crown-6 at 150 °C. The negative slope
of the conductance with added crown ether (Figure 2)
indicated solvent-separated ion pairs, at least for one of
the sodium ions. While a more precise description of the
sulfur nucleophile in solution is desirable, further details
are not available.

The nature of the sulfur end groups, whether arenethiol
or arenethiolate, on growing polymer chains has been
addressed with model compounds. The relative impor-
tance of these two sulfur types was assessed by reacting
equimolar amounts of thiophenol and NaOH in NMP and
observing the equilibrium between thiophenol + NaOH
and sodium benzenethiolate + water at 25 and 250 °C. As
shown in Figure 3, the 13C NMR spectra are identical at
both temperatures and the chemical shifts are those of
the benzenethiolate ion rather than thiophenol.

In most of the work to be described, the reactions
selected for study were chosen because they were believed
to simulate the polymer growth steps closely. Further,
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Figure 4. Relative molar concentrations of DCB (0), 1-chloro-

4-(phenylthio)benzene (A), and 1,4-bis(phenylthio)benzene (0)

vs time during the reaction of 0.400 M sodium benzenethiolate

with 0.200 M DCB in NMP at 200 °C.

complete identifications of reactants, stable intermediates,
and products were possible in most experiments. Through-
out the remainder of this report, “NazS” designates that
hydrated NazS or NaSH/NaOH were charged to the
reaction and that the SMAB-NaSH mixture is the actual
reactant, as indicated vide supra.

Selectivity. The selectivity of the substitution process
was examined through a careful GC/MS analysis of the
products obtained upon treating DCB with 2 equiv of
sodium benzenethiolate in NMP at 200 °C (eqs 3a and
3b). The concentrations of DCB, 1-chloro-4-(phenylthio)-

o Yo sl Y e ad Ml (3a)
OroOre - D) == OO0

(3b)

benzene, and 1,4-bis(phenylthio)benzene as a function of
time are illustrated in Figure 4. Figure 4 presents data for
a reaction in which air was carefully excluded. In this
case, noside products or isomeric analogues could be found.
However, when oxygen was not rigorously excluded or tem-
peratures greater than 200 °C were used, various side
products could be observed.

A similar study of the reaction of NasS with 2 equiv of
1-chloro-4-(phenylthio)benzene (eqs 4a and 4b) was also

O—s —O—cn + "Naps" —Slw O—s—@-sm (4a)
OO - Ol Dm -
OO0 @

undertaken. When the same attention to experimental
detail was taken and when the reaction aliquots were
maintained under argon until acidification and GC anal-
ysis, only 1-chloro-4-(phenylthio)benzene, 4-(phenylthio)-
thiophenol, and bis(4-phenylthiophenyl) sulfide were
observed (see Figure 5). However, if air was not excluded
from the raw aliquots, the GC analysis showed varying
amounts of bis(4-phenylthiophenyl) disulfide in place of
4-(phenylthio)thiophenol. The oxidation of mercaptans
in air is well-known and accounts for the occurrence of
any disulfides.

The formation of high molecular weight PPS demands
that each individual growth step be a highly selective
process. This is precisely the finding of the model
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Figure5. Relative equivalent concentrations of 1-chloro-4-(phe-
nylthio)benzene (O), 4-(phenylthio)thiophenol (after acidifica-
tion) (A), and bis(4-phenylthiophenyl) sulfide (0) vs time during
the reaction of 0.100 M “Na,S” with 0.200 M 1-chloro-4-(phe-
nylthio)benzene in NMP at 200 °C.
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Figure 6. Second-order rate plot for the equimolar reaction of
sodium benzenethiolate with 1-chloro-4-(phenylthio)benzene in
NMP at 200 °C.

reactions. Anionic SyArsubstitution pathway could well
be expected to exhibit this high selectivity. A lower
selectivity might be expected in radical processes, since
the intermediates could be capable of abstracting hydrogen
atoms from NMP. Yet, the unusually high reactivity of
arenethiolates toward aryl radicals!® might make the Spn1
mechanism a very selective process also. Examples of Sgn1
reactions exhibiting high selectivity are known.1®

The radical-cation mechanism was proposed in large
part based on the observance of a disulfide intermediate
in the reaction of 1-chloro-4-(phenylthio)benzene with
NaS.1011 As mentioned above, we observed the disulfide
intermediate in this same reaction only when air was
allowed to contact samples withdrawn from the reaction
mixture. Under anaerobic work-up conditions, the di-
sulfide was not produced. As a result, there is no
compelling need at this point to invoke arylthio radical
intermediates in the reaction mechanism.

Kinetics. Thereaction of sodium benzenethiolate with
either chlorobenzene or 1-chloro-4-(phenylthio)benzene
obeyed classic second-order kinetics through at least 90%
conversion of the reactants at 200 °C in NMP. Conven-
tional second-order plots like that shown in Figure 6 were
typically obtained. For the disubstitution processes in
egs 3a,b and 4a,b, a straightforward mathematical analysis
was not possible because the rate equation for a consecutive
second-order process could not be integrated by exact
methods. However, rate constants could be determined
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Figure 7. Graphical analysis of the consecutive second-order
reaction of 0.200 M sodium benzenethiolate with 0.100 M DCB
in NMP at 200 °C. The circles are experimental data points
while the solid line is the theoretical curve for ky/k; = 3.8. The
position for r = 1.0 is fixed by the theoretical curve. Rate
constants were calculated by using the time where r = 1.0 (see
ref 20 for details).

Table II
Comparison of Second-Order Rate Constants for Aryl
Chloride Displacements by Sulfur Nucleophiles in NMP at
200 °C Measured by Various Methods*

rate constant value, L mol! 7!

reaction A B C
CgH;sCl + NaSPh 2.6 X 10-8 2 X 1075
p-CICgH,C1 + NaSPh 1.6x10% 1.75x 103
p-CeHsSCegH(Cl + NaSPh 6.1x10°% 6.0x103
p-CeHsSCeH(Cl + “NagS” 35108 4.0x103

¢ Method A is a conventional second-order integrated rate analysis
of a reaction using equimolar amounts of the coreactants. B is a
graphical analysis of a consecutive reaction using stoichiometric
amounts of the coreactants.® C is a pseudo-first-order analysis of
a reaction using a 100-fold excess of the aryl halide.

by using a graphical method (see Figure 7).2° The value
of kg in eq 4b determined by the graphical analysis of the
reaction of NasS with 1-chloro-4-(phenylthio)benzene
closely matched that obtained in the direct reaction of
sodium 4-(phenylthio)benzenethiolate with 1-chloro-4-
(phenylthio)benzene. Several reactions were also run
under pseudo-first-order conditions. Plots of the limiting
reagent with time followed classic first-order behavior.
The second-order rate constants from these studies agreed
with those determined by conventional second-order
studies. Rate constants determined in these studies are
listed in Table II.

In either of the disubstitution processes in eqs 3a,b and
4a,b, theratios of the two rate constants could be calculated
from component concentrations determined in samples
taken during experiments (using eq 33-27 in ref 21). In
each case examined, this ratio remained constant through-
out the experiment, indicating a constant stepwise substi-
tution process. Furthermore, in pseudo-first-order reac-
tions of DCB with excess sodium benzenethiolate, the
ratios of the monosubstituted to disubstituted product
were identical with respect to DCB conversion at 0.001 00
MDCB as well as at concentrations 1000-fold higher. Thus,
chloride substitution by a sulfur anion occurs stepwise
with discrete rate constants over a 1000-fold concentration
range of the aryl halide. This behavior strongly indicates
an SyAr rather than an Sgn1 process. For example, under
Srn1 conditions, the initial ratio of disubstitution to mono-
substitution products in the reaction of 1,3-dichloroben-
zene with diethyl phosphite ion increases with increasing
dilution—a logical consequence of the electron-transfer
kinetics of the Sgn1 mechanism,.2?
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Table I1I
Reaction Rate Comparisons for Aryl Chloride
Displacements by Sulfur Nucleophiles in NMP at 200 °C in
Independent and Competition Experiments

relative reactivities

reaction separately in competition
p-CeH3SCgHCl + “NayS”/ 1/1.5 1/1.5
NaSPh
NaSPh + CgH;Cl/p-CICeHCl 1/67 1/51
NaSPh + p-CIC¢H,Cl/ 1/3.4 1/3.7
p-CeHsSCgH,(Cl
NaSCgHCl + p-CIC¢H,C1/ 1/15 1/12
p,p'-CleH4SCeH4Cl

Competitive vs Separate Relative Reactivities. The
relative reactivities (ratio of rate constants) of two pairs
of aryl halides toward sodium benzenethiolate were
determined independently and in competition experi-
ments. Similarly, the relative reactivities of a pair of sulfur
anion reagents toward 1-chloro-4-(phenylthio)benzene
were measured both in separate and competition exper-
iments. The results of these experiments are displayed in
Table III. The agreement between the relative rates
observed in the two environments is remarkably close.

These results are again consistent with the SyAr but
not the Spn1 mechanism. Relative reaction rates in Sgx1
processes generally differ significantly when they are
determined in competition vs independent experiments.
For example, the relative reactivities of a series of
substituted aryliodides toward pinacolone enolate ion were
found to differ by a factor of nearly 400 in independent
experiments.?? Incompetitive experiments this factor was
less than 2.2 This is because Sgrnl processes comprise
initiation, propagation, and terminationsteps. Whentwo
substrates react competitively, the sum of the initiation/
termination steps is different from when they react
independently.?

Effect of Radical Inhibitors/Initiators in Model
Reactions. The influence of special reagents that may
act as initiators, electron traps, or hydrogen atom transfer
agents in radical processes was screened in reactions of
DCB and 1-chloro-4-(phenylthio)benzene with sodium
benzenethiolate. It was hoped that the reagents screened
would be otherwise inert to the strongly basic, high-tem-
perature reaction conditions.

When oxygen, a potential radical initiator or scavenger
in SgpN1 processes,'62¢ was rigorously excluded from the
reaction of 1-chloro-4-(phenylthio)benzene with sodium
benzenethiolate, the reaction was readily analyzable by
second-order methods, yielding reproducible rate con-
stants. If the reaction was not rigorously deoxygenated,
the observed second-order rate constants varied by a factor
of 2. This peculiar behavior was further probed by
repeating these experiments in the presence of 10%
toluene, a potential hydrogen-transfer agent. The deox-
ygenated experiment was normal, but the one that was
not deoxygenated displayed nonlinear kinetics reacting
at a higher rate early compared to the latter stages of the
reaction (see Figure 8). When this same experiment was
conducted at 240 °C instead of 200 °C, the halide
disappearance was again erratic and far slower than a
conventional deaerated experiment (see also Figure 8).

The influence of three other reagents was tested in the
reaction of DCB or of 1-chloro-4-(phenylthio)benzene with
sodium benzenethiolate. Because the course of these
reactions was readily analyzed by either the graphical
integration method or by conventional second-order
methods, the effects of added reagents were easily eval-
uated. The presence of 1.0 or 10 mol % (relative to DCB)
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Figure 8. Second-order rate plots for the equimolar reactions
of 0.100 M sodium benzenethiolate with 0.100 M 1-chloro-4-
(phenylthio)benzene in 90/10 NMP-toluene at 200 °C (®) and
at 240 °C (O).

of galvinoxyl or of 5.0 or 50 mol % (relative to 1-chloro-
4-(phenylthio)benzene) of di-tert-butylnitroxyl, both sta-
ble free radicals, had no perceptible effect on the reactions.
The galvinoxyl was detected by GC in reaction aliquots,
and its concentration gradually decreased throughout the
experiment. The third reagent tested was nitrobenzene
at 10 and 100 mol % relative to DCB. Only the higher
concentration experiment was affected. After 300 min,
the DCB conversion was less than expected. However,
the sodium benzenethiolate conversion was greater than
expected. Furthermore, some of the nitrobenzene was
consumed during the experiment. Graphical analysis for
only the first 15 min of data yielded rate constants in
agreement with those obtained in the absence of nitroben-
zene. Both reactants initially were consumed at a normal
rate. However, sodium benzenethiolate apparently slowly
reacted with nitrobenzene, resulting in a faster sodium
benzenethiolate consumption than in the conventional
experiment. Because the sodium benzenethiolate was
being partially depleted in a side reaction, the conversion
of aryl chlorides actually slowed.

Effect of Radical Inhibitors/Initiators in Polym-
erizations. Russian workers!3!4 have reported that the
polymerization reaction is slowed if oxygen or hydroqui-
none is present and that it is totally inhibited when tet-
racyanoethyleneis present. Theyinterpreted this behavior
as indicative of an Sgn1 polymerization mechanism., While
both hydroquinone and tetracyanoethylene are often
useful radical inhibitors, their use in PPS polymerization
studies is problematic due to their expected deprotona-
tion and nucleophilic substitution, respectively, by sulfur
anions. To examine the effect of a potential inhibitor in
our laboratories, polymerizations in the presence of a
significant amount of tetracyanoethylene were conducted
by M.D.Herd. AsshowninFigure9,the DCB conversion
was somewhat less after 40 min when tetracyanoethylene
was present, but polymer was still produced. Furthermore,
the tetracyanoethylene was completely consumed in these
experiments. Unlike the Russian work, Herd’s polymer-
izations with tetracyanoethylene did not lead to compelling
evidence for an Sgy1 mechanism.

Because of the effectiveness of di-tert-butylnitroxyl as
an Sgn1 inhibitor,!® polymerizations in the presence and
absence of 1.0 mol % of di-tert-butylnitroxyl revealed that
it had little influence on the extent of conversion or the
product molecular weight. Also, no aliphatic C-H stretch-
ing vibrations were observed in the IR spectrum of the
product, indicating the absence of the trapping agent.

Effect of Substituents on Reaction Rates, Aryl
chloride substitutions by sodium benzenethiolate in NMP
are very sensitive to other substituents on the aromatic
ring. A comparison of second-order rate constants de-
termined in our laboratory for variously substituted aryl
chlorides is displayed in Table IV. On a relative rate per
chloride basis, the range of reactivities spans over 3 orders
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Figure9. DCB conversion during polymerization in the presence
(a) and absence (O) of 0.20 mol of tetracyanoethylene. The po-
lymerization consisted of 1.00 mol each of DCB and Na,S in 3.5
mol of NMP at 235 °C.

Table IV
Effect of Substituents on Reactivities of Aryl Chlorides
toward Sodium Benzenethiolate in NMP at 200 °C

2nd order &, relative rate
aryl chloride L mol-1s! per Cl

p-CH3NHCgH,Cl too slow to measure

CeHsCl 2.6 X 108 1
p-CICgH(Cl 1.75 X 1078 34
m-CgHsSCgH,Cl 1.0 X 1073 38
m-CIC¢H,Cl 1.0 X 1072 190
p-CeHsSCgH,(Cl 6.0 X 108 230

p-CeHsSOzCeI‘hCl

p-S02Ph 1
5

too fast to measure

LOG thxskend

p-NHCHa3

-0.6 -0.4 -0.2 [ c.2 0.4 0.8 0.8
HAMMETT 0 VALUES

Figure 10. Relative rates of substituted aryl chloride displace-
ments by sodium benzenethiolate in NMP at 200 °C plotted vs
Hammett o values.

of magnitude for the substrates selected.

A plot of the relative rates vs Hammett o values pro-
vides the correlation shown in Figure 10. The data point
for the p-SPh substituent falls above the correlation,
indicating an unexpected activating effect. If the mech-
anism is SyAr, a comparison of relative reaction rates with
equilibrium constants for phenol ionizations would be far
more appropriate. The resonance stabilization of phe-
noxide ion offered by substituents (eq 5b) involves an

Y—‘@(Z‘: (5a)
e — X0 (5b)

equivalent resonance structure to the SyAr intermediate
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Figure 11. Relative rates of substituted aryl chloride displace-
ments by sodium benzenethiolate in NMP at 200 °C plotted vs
substituted phenol ionization constants.
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Figure 12. Arrhenius plots for the reactions of sodium ben-
zenethiolate in NMP with 1-chloro-4-(phenylthio)benzene (top)
and with DCB (bottom).

Table V
Activation Parameters for Aryl Chloride Displacements by
Benzenethiolate
AH?, AS®, AGY,
reaction kcal/mol  cal/K-:mol kcal/mol
p-CICgH,Cl + NaSPh 25.8 -19.0 35.1
p-CeHsSCgH,C1 + NaSPh 21.7 -24.1 33.6

(eq 5a). A plot of this type, Figure 11, yields a reasonable
correlation for all substituents, including p-SPh.

The p value of 6.19 is significantly large, indicating a
high degree of negative charge buildup in the transition
state. Comparable p values have been found in both SyAr
and Sgn1 processes.1222 However, for Sgn1 reactions,
this was true only when rates were measured in indepen-
dent rather than competitive environments.

Effect of Temperature. Reaction rates of model
compounds increase predictably with temperature. Ar-
rhenius plots of reaction rates over 200-240 °C were linear
(e.g., Figure 12), allowing E, values to be determined.
Activation parameters calculated from E, and 220 °C rate
constant values are listed in Table V. As expected, the
AH* and AG* values are larger than those for SyAr
displacements of more strongly activated aryl halides by
thiolates.?® Furthermore, the AS* values are large and
negative, indicative of a high degree of order in the
transition state, and are comparable to those for SyAr
displacements of strongly activated aryl halides by thi-
olates.?’ At the higher temperatures, very small amounts
of side products were observed.

Conclusions. A great deal of effort was required to
establish the mechanistic path for the deceptively simple
condensation of NazS and DCB shown in eq 1. The
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evidence presented herein supports the conclusion that
the predominant mechanism for chain growth in PPS
polymerizations is the ionic SNAr process.

There is no compelling evidence in support of the radical-
cation mechanism proposed by Koch and Heitz. That
mechanism was proposed in large part to explain disul-
fide content in model compound reactions; however,
replication of their experiments under rigorously anaer-
obic conditions did not produce disulfides. The incom-
patibility of radical cations with a strongly basic, electron-
rich reaction medium also makes this proposal unattractive.

The radical anion, Sgn1, mechanism for sulfur dis-
placement of halogen in PPS synthesis cannot be dismissed
aseasily. The possibility for thermal initiation of an Sgn1
process does exist, and such a reaction pathway can be
very selective—a requirement for the growth of high mo-
lecular weight product. In fact, the low-temperature
radical-initiated polymerization of sodium 4-bromoben-
zenethiolate in DMSO to oligomeric PPS!% convinces one
that such a mechanism is viable. Also the mobility of
halogen in PPS synthesis follows the same order expected
in Sgn1: Cl < Br < 1. However, the Sgn1 process is
diagnostically inhibited by radical scavengers or electron
traps. OQur work showed that the addition of several
possible inhibitors failed, especially when accounting for
the reactivity of the inhibitor with nucleophilic monomer.
The kinetics observed in model compound reactions are
most compatible with a simple ionic SyAr mechanism in
that discrete, stepwise rate constants could be obtained
that were insensitive to dilutions or competing reactions
with homologues. Inaddition, reactionrates were affected
by substituents in a predictable fashion using a free-energy
correlation with Hammett o~ values.

The observations reported herein bear many similarities
to the displacements of halobenzenes by alkyl thiolates in
hexamethylphosphoramide (HMPT) solutions reported
by Tiecco and co-workers.26 They observed a qualitatively
similar dependence of halogen mobilities, of rate on
halobenzene substituents, and of indifference to radical
inhibitors. They also concluded that these reactions
proceeded by an SyAr mechanism. Even more closely
related studies of substituted bromobenzene displacements
by sodium benzenethiolate in NMP exhibited similar
relative rates and led to the same mechanistic conclusion.?’

A key element in the successful attainment of high mo-
lecular weight polymer is the use of NMP as the reaction
medium.2® The ability of NMP, when used as a solvent,
to facilitate SyAr processes is well documented.?*3! The
conductometric experiments reported herein reinforced
the concept that NMP effectively dissociates ion pairs. It
is likely that the hydrogen atom donating properties of
NMP actually terminate Sgn1 processes. However, the
special qualities that NMP brings to the process go well
beyond that of a conventional solvent. As discussed, part
of the NMP is converted into the aminocarboxylate SMAB,
which serves both to solubilize NaSH and act as a proton
acceptor.

In PPS synthesis, the fact that unexpectedly high mo-
lecular weight polymer is produced early in the polym-
erization or that high molecular weight polymer is formed
even with one of the monomers in large excess has been
termed “preferential polymer formation™® and “reactive
intermediate polycondensation”.1® This behavior can now
be understood; it is a natural consequence of the sensitivity
of the SyAr mechanism to the substituents on the aryl
chloride and to the nucleophilicity of the sulfur anion for
each individual growth step. Most of the growth steps
have rate constants larger than that for condensation of
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the two monomers.32 More specifically, the enhanced
activating ability of a para sulfur substituent relative to
chlorine (Figure 10 is particularly demonstrative) provides
the driving force for growth of high molecular weight at
low conversions.

While it appears that the dominant chain-growth mech-
anism is SyAr, anomalies in the synthesis of PPS should
not be overlooked. Support for a minor competing Sgn1
component that might underlie the SyAr mechanism is
found when PPS polymerizations are carefully analyzed.
Hydrogen atom end groups on PPS can be detected,
suggesting that a small amount of reductive dehalogena-
tion occurs. This and other reaction paths that are set
apart from the dominant and selective SxAr pathway
should be considered as undesirable side reactions.

Experimental Section

Most commercially available compounds were used as received.
NMP and thiophenol were distilled before use. Sodium ben-
zenethiolate and sodium 4-chlorobenzenethiolate were prepared
by dissolving NaOH and the appropriate thiophenol in methanol
under argon and evaporating the solution to dryness. Alterna-
tively, the thiolate salts were sometimes prepared in situ. The
thiols and their salts, NaSH, and Na,S are very susceptible to
air oxidation, so they were handled under argon or nitrogen.
1-Chloro-4-(phenylthio)benzene was synthesized by the treatment
of bis(4-chlorophenyl) disulfide with phenylmagnesium bromide
in ether and was purified by distillation: bp 155-156 °C (2.5
mm). This route yielded a higher purity distilled product than
the literature method employing (4-chlorophenyl)magnesium
bromide and diphenyl suifide.®® Procedures patterned afterthose
of Koch and Heit2!® were used in the preparation of 1,4-bis-
(phenylthio)benzene [mp 81 °C (lit.1 mp 82 °C)], bis(4-bromophe-
nyl) sulfide [mp 111-112 °C (lit.3* mp 112 °C)], and bis(4-
phenylthiophenyl) sulfide [mp 108 °C (lit.!> mp 111 °C)]. All
synthesized compounds displayed the expected IR, 'H and 13C
NMR, and mass spectra. NMR spectra were obtained ona JEQOL
JNM-GX270 FT-NMR spectrometer fitted with a high-temper-
ature, high-resolution 3C probe custom built by Doty Scientific.
Details of this equipment and its operation are reported
elsewhere.?®

Apparatus. Ratestudies and polymerizations were performed
in Autoclave-Engineers 300-mL and 1-L autoclaves constructed
0f 316 S.8S. or titanium metallurgies. Each reactor was equipped
with a mechanical stirrer, a thermowell, a gas outlet, a gas/liquid
inlet, and, in most cases, a sampling tube. Pressurized vessels
connected in series were used to add coreactants and additional
solvent to the autoclave to initiate reactions. Reactor temper-
atures were controlled to within £2 °C (usually £1 °C) following
initial excursions when adding coreactants.

Rate Studies. A typical pseudo-first-order kinetic experiment
isdescribed. An autoclave was charged with 0.600 g (15.0 mmol)
of NaOH, 1.650 g (15.0 mmol) of thiophenol, 1.0 g of Hz0, and
116 g of NMP under a flow of argon. The apparatus was
assembled and flushed with argon. In most cases, the autoclave
was heated to 155 °C, the vent tube was opened and a slow flow
of argon was passed through the autoclave as the temperature
was increased 1 °C/min until an amount of water sufficient to
effect a dehydration had distilled out. The vent was closed, and
the temperature of the autoclave was increased to a few degrees
higher than the desired run temperature. A deaerated, heated
solution of 0.02205 g (0.150 mmol) of DCB and 0.15 g of biphenyl
in 15 g of NMP was added from the first charge vessel.
Immediately thereafter, 15 g of deaerated heated NMP was added
from the second vessel through the first, and the autoclave
pressure was increased to 300 psig with argon. About 15s elapsed
during these operations, and the temperature would dip several
degrees below the set point. At preselected intervals, 3-mL
samples were withdrawn via the sampling tube (discarding a
1-2-mL forerun) under argon. Later, the pH of each sample was
adjusted to 4.0 with aqueous HCI followed by extraction (3X)
with ether. Thethreeether extracts were combined and analyzed
by GC. Contact of the samples with air occurred only during the
ether extraction process.
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GC analyses were performed on a 6 ft X 0.25 in. (3-mm-i.d.)
glass column packed with 3% OV-10n 80/100 Chromosorb W-HP
that was temperature programmed from 75 to 350 °C. Peak
identities were assigned by GC/MS and in most cases by spiking
with authentic samples. Component concentrations were cal-
culated on the basis of peak areas relative to the internal standard
(biphenyl) with corrections for relative detector responses.

Preparative Polymerizations. A general procedure is
described. Into a 1-L autoclave were charged 93.3 g (1.00 mol)
of NaSH hydrate (nominally 60%), 40.4 g (1.01 mol) of NaOH,
and 247.8 g of NMP. The autoclave was closed and flushed with
Nj;. The mixture was dehydrated by distilling away the water
at temperatures of 150-210 °C. This was followed by the addition
of 148.5 g (1.01 mol) of DCB, any test reagents, and 99.0 g of
NMP. Polymerizations were typically conducted for 1 h at 235
°C followed by 2 h at 265 °C, after which the reactor was cooled.
The product was recovered by submitting the contents to several
hot water washes (ca. 80 °C) and then drying the polymer at 100
°C in a vacuum oven.

Conductometric Titration. A YSImicroconductance probe
(cell constant = 1.0/cm) connected toa YSI Model 32 conductance
meter was used to measure conductance. The solution temper-
ature was maintained at 150 °C with a thermostated bath.
Conductance measurements were made on astirred 3.9 M solution
of the SMAB-NaSH mixture in NMP to which weighed quantities
of solid 18-crown-6 were added. Conductance was then plotted
versus equivalents of 18-crown-6 added (Figure 2); the correlation
coefficient was greater than 0.99.
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