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ABSTRACT: The anomalous responses of M,, to conversion and to comonomer stoichiometry, i.e.,
deviations from expected classic A—A + B—B step-growth polycondensation behavior, observed in poly-
(p-phenylene sulfide) synthesis from p-dichlorobenzene and sodium sulfide are shown to be a consequence
of unequal rate constants for the growth steps. The polymerization is simulated by a computer model
based on the step-growth polymerization concept and includes cyclization and side reactions. Rate
constants and activation energies for the growth and side reactions were obtained by measurements of
reaction rates of actual reaction intermediates or model compounds, while those for cyclizations were

estimated.

Introduction

The anomalous features of the industrially im-
portant’=3 Edmonds and Hill* synthesis of poly(p-
phenylene sulfide) (PPS) from p-dichlorobenzene (DCB)
and sodium sulfide in N-methylpyrrolidinone (NMP)
have evoked a variety of mechanistic interpretations in
recent years.®5716 Although growth of the polymer may
be written as a series of conventional condensation
steps, the system displays significant deviations from
classicl”1® A—A + B—B step-growth polycondensation
behavior. First, at incomplete conversions, polymer (or
oligomer) yields and molecular weights are higher than
expected.>69-1113  This feature of PPS synthesis has
been demonstrated in several published experimental
plots of polymer molecular weight vs extent of reaction
(or conversion).®10.1113 Second, perfect 1:1 stoichiomet-
ric monomer ratios are not required to achieve high
molecular weight polymer. In fact, patented process
examples often disclose that the optimum ratio is
typically a 1-3% molar excess of DCB over Na,S.1°
Lastly, the deceptively simple equation typically written
for PPS polymerizations (eq 1) is not, in reality, the

nCl—@-a + 1 Na,S _N™MP

S + 2n NaQl (eql)
n
PPS

conventional A—A + B—B polymerization system it
appears to be. Instead, the NMP provides for a homo-
geneous reaction mixture by initially reacting with Na,S
and water to produce an equimolar mixture of sodium
4-(N-methylamino)butanoate (SMAB) with sodium hy-
drosulfide, hereafter referred to as SMAB—NaSH.15
This is a critical subtlety that must be addressed in any
mechanistic discussion of PPS polymerization chemis-
try. Most recently, experimental studies directed to-
ward the commercial process for PPS synthesis have led
to the conclusions that the polymerization occurs by a
step-growth process and that the dominant mechanism
of each step is an SyAr displacement of halide by a
sulfur nucleophile.’> Implicit in this mechanism is that
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the rate constants for each of the growth steps differ as
a function of the aromatic ring substituents. Variations
in aryl chloride reactivities in reactions proceeding by
an SNyAr mechanism are well-known to be dependent
upon the other ring substituents.?® In fact, for PPS,
predictions that rate constants for growth steps might
be significantly higher than those for initiation have
appeared.lzvl“vlsvzl

Three significantly different mathematical models for
the PPS polymerization process have been published,
but the models either incorrectly assumed heteroge-
neous reactions between DCB and Na,S or failed to fully
incorporate an empirically determined set of rate con-
stants for all the key growth, cyclization, and side
reactions.1+21.22 This report presents results that more
completely define the kinetics of the commercially
practiced PPS polymerization process. Rate constants
for the key reactions occurring during polymerization,
all of which proceed by the SyAr mechanism, have been
determined. A mathematical model comprised of the
equations that describe the complex dynamics of the
polymerization has been incorporated into a computer
program that utilizes these constants. Simulations of
the polymerization with the program capture the un-
usual features of the PPS polymerization chemistry.

Results and Discussion

Rate Constant Determinations. Observed second-
order rate constants measured for actual and model PPS
growth steps are listed in Table 1. In reactions 2, 4, 6,
8, 9, and 10, subsequent substitution reactions of initial
products occurred. The rate constants reported for
these reactions are those for the initial substitutions.
In favorable cases, rate constants for the subsequent
substitutions also were determined, and those values
are listed for reactions 7, 11, 12, 13, 14, and 15. In
reaction 2, the initially produced arenethiol must be
deprotonated to the arenethiolate anion to enable it to
react with a second aryl halide (reaction 15). This
deprotonation reaction was demonstrated to be rapid
and not rate-limiting in an experiment in which 1 equiv
of thiophenol was introduced to an NMP solution
containing equivalent amounts of SMAB and DCB at
200 °C; without any induction period, the “thiophenol”
reactivity toward DCB was observed to be kinetically
equivalent to that of sodium benzenethiolate. In reac-
tions 1 and 3, the initial products did not undergo
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Table 1. Experimentally Determined Rate Constants for Growth Reactions?

reaction kP M™ts1
number sulfur reactant aryl halide (x10%)
1 SMAB—NaSH p-CICsH4CI 1.43
2 SMAB—NaSH p-CICeH4SCsHs 4.0
3 SMAB—-NaSH p,p'-chsH4SC5H4C| 18.7
4 NaSCsHs p-CICsH4CI 1.75
5 NaSCgHs p-CICeH4SCsHs 6.0
6 NaSCeHs p,p’-C|C5H4SCeH4CI 26.4
7 NaSC5H5 p,p’—CI(CsH4S)2C5H5° 144
8 p-NaSCsH4ClI p-CICsH4CI 0.78
9 p-NaSCsH4Cl p-CICeH4SCsHs 35
10 p-NaSC6H4CI p,p'-C|C5H4SCGH4C| 12
11 p—NaSCeH4CI p,p’—CI(CsH4S)2C6H5° 7.2d
12 p-NaSCeH.Cl p.p',p"-Cl(CeH4S)2CeHACIe 12d
13 p-NaSC6H4CI p,p’,p”-CI(CeH4S)3C6H5° 7.2d
14 p-NaSCeH,Cl p.p'.p".p"-Cl(CeH4S)sCsHACIe 12d
15 p-NaSCeH4SCGH5° p-C|C6|'|4SC6|—|5e 5.6f

a Unless otherwise indicated, rate constants were determined by monitoring the pseudo-first-order disappearance of 0.001 00 M aryl
halide in the presence of 0.100 M of the sulfur reagent at 200 °C. Reactions 2, 4, and 5 were also reported in ref 15. ® Reported k values,
in most cases, are averages of replicate measurements and are not statistically corrected for halide count. Observed rate constants sometimes
varied by up to £20%. ¢ Produced and consumed during experiment. 9 Determined by consecutive pseudo-first-order rate analysis. ¢ Initial
concentrations in this experiment were 0.100 M SMAB—NaSH and 0.200 M aryl halide. f Evaluated as the second step of a consecutive
second-order reaction and determined by a graphical method to be 1.4 times the rate constant for reaction 2.

Table 2. Rate Constants for PPS Growth Steps Used in the Computer Model

reaction kaM-tst

number sulfur reactant aryl halide (x10%)
16 SMAB—NaSH p-CICsH4CI 1.4
17 SMAB—NaSH p-CIC¢HsSNa 0
18 SMAB—NaSH p,p'-C|C5H4SC5H4C| 19
19 SMAB—NaSH p,p'-ClICsH4SCeH4SNa 0
20 SMAB—NaSH p,p’-Cl(CsH4S)nCeH4CIP 19
21 SMAB—NaSH p,p'-CI(CeH4S)nCsHaSNab 9.5¢
22 p—NaSC6H4CI p-C|C6H4C| 0.78
23 p-NaSCsH4CI p-CICsHsSNa 0
24 p-NaSCsH4ClI p,p'-CICeH4SCsH4CI 12
25 p-NaSC6H4CI p,p’-CIC5H4SC5H4SNa 0
26 p-NaSCeH,CI p.p’-Cl(CH4S)nCeH4CIP 12
27 p-NaSCgH.Cl p,p'-Cl(CeHaS)nCsHaNaP 6.0¢
28 p-Na(SC6H4)nCIb p-CIC6H4C| l.6d
29 p-Na(SCeH4)nCIP p-CICsH4SNa 0
30 p-Na(SCeH4)nCIb p.p'-CICsH4SCsH4CI 24¢
31 p-Na(SC6H4)nCIb p,p’-CIC5H4SC5H4SNa 0
32 p-Na(SC6H4)nCIb p,p’-CI(CeH4S)nC6H4CIb 24¢
33 p-Na(SCeH4)nCIb p.p’-Cl(CeH4S)nCoH4SNab 120e

aValues (for 200 °C) were derived from data in Table 1. P n is 2 or greater. ¢ Assumed to be half the value of the reaction of the
corresponding dichloride. 9 Interpolated from a plot of k(p-CICsH4Cl) vs k(p-CICsH4SCsHs) in reactions with p-NaSCgH4Cl and NaSCgHs
with the assumption that the nucleophilicity of p-Na(SCgH4)nCl is equivalent to that of p-NaSCsH4SCsHs (see Supplementary Figure 1).
¢ Interpolated from a plot of k(p,p’-CICeH4SCsH4Cl) vs k(p-CICsH4SCeHbs) in reactions with p-NaSCsH4Cl and NaSCgHs with the assumption
that the nucleophilicity of p-Na(SCsH4)nCl is equivalent to that of p-NaSCgH4SCeHs (see Supplementary Figure 2).

subsequent substitutions despite the presence of excess
SMAB—NaSH reagent. In these cases, the initially
produced chloroarylthiolates (after rapid deprotonation)
were deactivated toward a second nucleophilic displace-
ment of the remaining chloride due to the negative
charge on the molecules. It is worth noting in Table 1
that not only are aryl halide reactivities influenced by
substituent effects but also are sulfur anion nucleophi-
licities. Furthermore, this effect can be transmitted
beyond the first phenyl group.

On the basis of the experimental results presented
in Table 1, second-order rate constants for the key
generic polymer growth reactions have been assigned
and are listed in Table 2. Reactions 17, 19, 23, 25, 29,
and 31 are assigned rate constant values of zero because
(1) the p-chloro group in NaSCgH4Cl was observed to
be unreactive toward sulfur nucleophiles in reactions
1, 8,9, and 10, and (2) the p-chloro group in NaSCgHj3-
SCsH4Cl was observed to be unreactive toward a sulfur
nucleophile in reaction 3. Statistical corrections for the
halide count and two approximations have been made.
The first approximation is that the nucleophilicity of

NaSCgH4SCsH4Cl is equal to that of NaSCgH4SCgHs.
The second is that the rate constants for the reactions
of higher oligomers (e.g., reactions in Table 2 where n
> 2) will be invariant. This latter assumption is
reasonable considering comparisons within reaction sets
10, 12, and 14 and 11 and 13. This is generally regarded
as a characteristic trait of condensation polymeriza-
ti0n5.17’18’23

Cyclic oligomers are produced during PPS synthe-
sis, 2425 and an analysis of the material extracted from
a recovered PPS product showed the following amounts
of cyclic oligomers (SCgHgy), relative to the whole PPS
product: (n values): (4) 0.05, (5) 0.44, (6) 0.22, (7) 0.65,
(8) 0.82, (9) 0.38, (10) 0.21, (11) 0.14, (12) 0.10, and (13)
0.05 wt %. These cyclic oligomers can be formed by
intramolecular condensations of Na(SCgH4)nCl inter-
mediates, where n > 3 (eq 2). To account for the

k
NaSCH,,Cl — > {(scm,)) + Nl (eq2)

production of cyclic oligomers during PPS synthesis in
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Table 3. Rate Constants for Intramolecular Cyclization
Reactions Used in the Computer Model
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Table 5. Rate Constants for Side Reactions Used in the
Computer Model

reaction reaction ka2M-1s1 reaction nucleophilic ka2M-1s1
number intermediate (x10%) number reactant aryl halide (x108)
34 p-Na(SCeH4)4CI 1.7 48 SMAB p-C|C6H4C| 1.4
35 p-Na(SCsHa4)sCl 14 49 SMAB p-CICsH4SNa 0
36 p-Na(SCsHa)sCl 20 50 SMAB p,p'-CI(CsH4S)nCsH4CIP 7.9
37 p-Na(SCsHa4),Cl 23 51 SMAB p.p'-ClCsH4SCsH4SNa 0
38 p-Na(SCeH4)gCI 15 52 SMAB p,p’-CI(C5H4S)mCBH4SNab 4.0¢
39 -Na(SCeHa)oCl 14 . .
40 E-NgéschgioCI 8.4 aValues (for 200 °C) were derived from data in Tables 4 and 6.
41 p-Na(SCsHa)11Cl 5'0 bnis 1 or greater, and m is 2 or greater. ¢ Assumed to be half the
42 p—Na(SCEHi)ECI 3:0 value of the reaction of the corresponding dichloride.
43 P-Na(SCeHa):sCl 18 Table 6. Experimentally Determined Arrhenius
44 p-Na(SCsHa)14Cl 1.1 Activation B ;
45 p-Na(SCeHs)1sCl 0.7 ctivation Energies
a ° reaction
For 200 °C. number  sulfur reactant aryl halide E,, kecal/mol
Table 4. Experimentally Determined Rate Constants for 1 SMAB—NaSH p-CICgH4CI 24.4
Side Reactions?® 3 SMAB—NaSH p,p'-CICsH4SCsH4CI 23.7
reaction  nucleophilic kbM-1gt 1(8) E“Zggi:jg: E-glg?gggiSC5H4CI g?
- 4 - p-
number reactant aryl halide (x10%) 4 NaSCgHsa D-CICeH4CI 26.9
46 SMAB p-CICsH4CI 3.4 6 NaSCgHs2 p,p'-CICsH4SCeH4CI 21
47 SMAB p,p'-CICsH4SCsH4CI 19 46 SMAB p-CICsH.CI 40
a8 Rate constants were determined by monitoring the pseudo- ol SMAB P.p'-ClCsHSCeH,Cl 40
first-order disappearance of 0.001 00 M aryl halide in the presence a Model sulfur reagent for p-Na(SCesH4)nCl.
of 0.100 M of SMAB at 270 °C. P Reported k values are averages
of replicate measurements and are not statistically corrected for Y_, 0.01
halide count. z 3
g e
a computer model, differential equations for the cycliza- 2 ] o
tion reactions in eq 2 must be incorporated in the model 8 0.001 ° 8
(vide infra). The first-order rate constants for the w E o
cyclization reactions are needed and, ideally, should be % ] o0
determined experimentally. However, the required Na- : ]
(SCeH4)nCl compounds are not available. Therefore, w ©0-00017 o
rate constants for the cyclization reactions (for n = 2 3
4—13) were obtained through trial and error runs of the Q 1
computer model. This procedure assumed that the 2 °
cyclic oligomers were produced solely by intramolecular N 0.00001 T T T T T T
o 0.5 1 1.5 2 25 3

condensations of the Na(SCgH,4)nCl intermediates. Rate
constant values for the cyclization reactions initially
were assumed, and the computer model was allowed to
predict reaction outcomes. The process was repeated
varying the rate constant values until the predicted
cyclic oligomer yields accurately matched those mea-
sured experimentally. The first-order rate constant
values that provided accurate predictions are listed in
Table 3.

Another class of reactions required for a computer
modeling effort are side reactions that occur during the
PPS polymerization. Aryl chlorides are consumed in the
presence of SMAB in a process that competes with the
polymer growth steps. Rate constants for these side
reactions were determined by following the disappear-
ances of DCB and bis(4-chlorophenyl) sulfide in the
presence of SMAB. Because these reactions are very
slow at 200 °C, measurements were performed from 240
to 280 °C. The results at 270 °C are reported in Table
4. Extrapolations to 200 °C from Arrhenius plots yield
the rate constants in Table 5.

Arrhenius activation energies were determined for
selected growth steps over 200—240 °C and for side
reactions over 240—280 °C. The results are reported
in Table 6.

Curiously, reaction rate constants for growth steps
involving SMAB—NaSH, 1 and 3, were found to be
dependent upon “concentration”. This observation is
believed to be a function of changing the character of
the reaction medium as the reagent concentrations were

[sMAB-NasH] , MOLAR

Figure 1. Influence of SMAB—NaSH concentration on ob-
served second-order rate constants (M~* s™1) for reaction with
DCB in NMP at 200 °C.

varied. This is particularly true since SMAB—NaSH
and the sodium arenethiolate intermediates should be
regarded as “salts”.’> Rates of reactions occurring by
the SNAr mechanism are extremely sensitive to the
solvent, sometimes varying several orders of magnitude
with changes in solvent, dipolar aprotic solvents being
the optimum.?6=28 Small changes in the reaction me-
dium would therefore be expected to affect reaction rates
significantly. Commercial polymerizations are con-
ducted at high concentrations, conditions where the
solvation of salts and intermediates are clearly not
optimum. A plot of the influence of SMAB—NaSH
concentration on the rate constant for the reaction of
SMAB-—NaSH with DCB is displayed in Figure 1.
Computer Modeling. On the basis of the step
polymerization concept and the rate constant data from
Tables 2, 3, and 5, a computer model of the polymeri-
zation was constructed that considers all possible
combinations of polycondensation reactions. Because
an infinite set of differential equations is necessary for
normal modeling, the mathematics was simplified by
lumping,?® i.e., reducing the problem to a finite set of
equations that describe the first three moments3° of the
chain length distribution of a polymer. Numerical
integration of the system of differential equations for
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Figure 2. DCB consumption during a 200 °C polymeriza-
tion: computer predicted (solid line), experimentally deter-
mined (O).
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Figure 3. Dichloro oligomer concentrations during a 200 °C
polymerization: computer predicted p,p'-CICsH4SCsH4CI (solid
line), experimentally determined (O); computer predicted
p,p’,p""-Cl(CsH4S).CsH4ClI (dotted line), experimentally deter-
mined (O); computer predicted p,p',p",p'""-CI(CsH4S)3CsH4ClI
(dashed line), experimentally determined (a).

the moments of lumped polymer species was achieved
using a commercially available computer program.3! The
variability of rate constants with temperature and
"concentration” was also incorporated. Tracking of
monomers, initial oligomers, cyclic oligomers, molecular
weight, and polymer yields under various reaction
conditions can be simulated.

PPS computer model predictions of the disappearance
of DCB monomer and the appearance of initial inter-
mediates were compared to concentrations experimen-
tally observed in a PPS polymerization that was delib-
erately designed to be slow in rate to allow sampling
and analysis of the reaction mixture during the early
stages of the polymerization. Experimentally deter-
mined concentrations of DCB and several oligomers are
shown at various time intervals in Figures 2 and 3.
Computer-predicted concentrations for these compounds
are shown as solid curves. The correlations in these
figures demonstrate that the model reasonably predicts
monomer disappearance and oligomer concentrations
early in the reaction.

As previously mentioned, the molecular weight of the
PPS polymer increases more rapidly as a function of
reaction conversion than is expected for classic A—A +
B—B polycondensations. The computer model predic-
tions also exhibit this deviation from the prediction for
classic A—A + B—B polycondensation behavior.18:32
Weight-average molecular weight growth as a function
of DCB conversion is shown in Figure 4 for the PPS
model, the classic theory, and for experimental data
obtained in our laboratories. While plots of M/Mp,
ratios vs conversion are also of interest, reliable M,
values for PPS polymers are not available from the
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Figure 4. Development of weight average molecular weight
(My) during polymerization for PPS synthesis from 1.00 mol
of SMAB—NaSH and 1.01 mol of DCB: experimentally deter-
mined (a), PPS model prediction (solid line), classic step-
growth A—A + B—B polycondensation behavior (dotted line).
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Figure 5. Ratio of My, to M, as a function of DCB conversion
for the polymerization described in the caption to Figure 4:
PPS model prediction (solid line), classic step-growth A—A +
B—B polycondensation behavior (dotted line).
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Figure 6. Comparisons of product distributions from the
reaction of a 4:1 molar ratio of DCB to SMAB—NaSH:
predicted for a classic step-growth A—A + B—B polyconden-
sation, predicted by the PPS model, and experimentally
measured (see experimental section for measurement limita-
tions). The inset is an expansion of a portion of the plot.

current GPC analysis method. Despite the absence of
experimental data, a comparison of the PPS model
predicted My/M; ratio vs DCB conversion with that for
classic A—A + B—B condensation polymerizations is
presented in Figure 5. The extraordinary behavior
predicted by the PPS model in Figure 5 results from a
rapid increase in My, but not My, during the first 90%
of DCB conversion. As the polymerization continues,
M, begins to increase more rapidly than My,
Comparisons of predicted vs experimentally deter-
mined individual oligomer yields obtained from a po-
lymerization containing 300% excess DCB (4:1 mole
ratio of DCB to SMAB—NaSH) appear in Figure 6.
First, the data set predicted by the PPS computer model
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is very different from that for a classic A—A + B—B
condensation polymerization. The former predicts sig-
nificant yields of dichloro oligomers well beyond the
pentamer, while the latter does not. The contributions
of higher mers are extremely significant when consid-
ered on a total product weight basis. Second, the
experimental data, which are valid only up to the
dichloro pentamer due to solubility limitations, are in
quite good agreement with the PPS model prediction.
In the experiment, only 93% of the theoretical yield was
recovered. Accordingly, the measured yields are sys-
tematically slightly lower than the PPS model predic-
tion. Although the insolubility of the dichloro hexamer
and higher mers prevented their reliable yield deter-
minations, mers up to the dichloro heptadecamer were
detected by laser desorption—Fourier transform mass
spectrometry analysis of the solid product mixture.

Conclusions. The unusual features displayed in
PPS polymerizations are accounted for in terms of a
step-growth polymerization with unequal rate constants
for the key polymer growth steps. The polymer growth
steps proceed by ionic SyAr reactions with the rate
constant for each reaction dependent upon the electronic
influences of substituents. These reactivity differences
are manifested in both the sulfur nucleophiles and the
aryl chloride electrophiles. Computer simulations of the
polymerization based upon these reactivity differences
provide good correlations with experimental data for
monomer consumption, transient oligomer concentra-
tions, and molecular weights of the final polymer. Itis
therefore unnecessary to propose radical or other more
complex mechanisms for the condensation of DCB and
Na,;S in NMP. Other examples where step-growth
polymerization with unequal step reactivity have been
recognized are poly(phenylene ether sulfone) and a poly-
(arylene sulfone) syntheses.333435 These examples share
a commonality with PPS synthesis in that the polycon-
densation steps involve nucleophilic substitutions of aryl
halides.

Experimental Section

Most commercially available compounds were used as
received. NMP and thiophenol were distilled before use.
Sodium benzenethiolate and sodium 4-chlorobenzenethiolate
were prepared by dissolving equimolar amounts of NaOH and
the appropriate thiophenol in methanol under argon and
evaporating the solution to dryness. The thiols and their salts,
NaSH, and Na;S are susceptible to air oxidation, so they were
handled under argon or nitrogen. SMAB—NaSH?® for kinetics
experiments was prepared following the procedure discussed
below under Preparative Polymerizations. It was not isolated
from its NMP solutions but was used directly in the kinetic
experiments. SMAB was synthesized by heating NaOH/H,0
in NMP.3¢ The syntheses of 1-chloro-4-(phenylthio)benzene
and 1,4-bis(phenylthio)benzene were described previously.'®

Special instrumentation was used in most of the polymer
characterizations. Molecular weight analyses were performed
on a specially constructed high temperature gel permeation
chromatography (GPC) instrument, utilizing a Waters Model
6000A HPLC pump, connected to a Tracor Model 945 flame
ionization detector (FID) with a modified application nozzle.
The instrument is patterned from Kinugawa's®” modification
of Stacy's® method. Two Shodex AT-80 M/S mixed-bed
columns were used as the stationary phase, and 1-chloronaph-
thalene was the mobile phase. The columns and detector were
operated at 220 °C. Reliable M, values are not obtained in
this analysis because the sensitivity of the FID drops sharply
below a molecular weight of 1000 and because of an increase
in the tailing of the signal as the columns age. The GPC
molecular weight values have an estimated uncertainty of
+10% and are based on universal calibration with polystyrene
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standards using the Kuhn—Mark—Houwink—Sakurada con-
stants reported by Stacy.®® The experimental M, values
reported in Figure 4 were corrected from the GPC-determined
values by including unreacted monomer. Extractable PPS
oligomer analyses by nonaqueous reverse-phase high perfor-
mance liquid chromatography (HPLC) was accomplished on a
Hewlett-Packard 1090 liquid chromatograph equipped with a
photodiodearray UV detector. Separations were performed
using u-Bondapak C-18 columns and CH3;CN/CH,CI, for the
mobile phase. Laser desorption-Fourier transform mass spec-
trometry (LD—FTMS) was performed on a Nicolet 2000
Fourier transform mass spectrometer interfaced with a Ta-
chisto 216 pulsed carbon dioxide laser. NMR spectra were
obtained on a JEOL JNM-GX270 FT-NMR spectrometer fitted
with a high-temperature, high-resolution **C probe custom
built by Doty Scientific. Details of this equipment and its
operation are reported elsewhere.3°

Apparatus. Rate studies and polymerizations were per-
formed in Autoclave Engineers 300-mL and 1-L autoclaves
constructed of 316 stainless steel 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 temperatures were controlled to
within £2 °C (usually +1 °C) following initial excursions when
adding coreactants.

Rate Studies. A typical pseudo-first-order kinetic experi-
ment is described. A 300-mL autoclave was charged with 2.50
g (15.0 mmol) of sodium 4-chlorobenzenethiolate and 117 g of
NMP under a flow of argon. The apparatus was assembled
and flushed with argon, and the temperature of the autoclave
was increased to a few degrees higher than the desired run
temperature. A deaerated, heated solution of 0.0371 g (0.150
mmol) of bis(4-chlorophenyl) sulfide and 0.15 g of biphenyl in
15 g of NMP was added from the first charge vessel. Im-
mediately 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 15 s
elapsed during these operations and the temperature would
dip several degrees below the set point. At preselected
intervals, 3-mL samples were withdrawn through the sam-
pling 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. The three ether
extracts were combined and analyzed by GC. Contact of the
samples with air occurred only during the ether extraction
process.

GC analyses were performed on a 6 ft x 0.25in. (3 mm i.d.)
glass column packed with 3% OV-1 on 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 calculated 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 was charged 93.3 g (1.00 mol)
of NaSH hydrate, 40.4 g (1.01 mol) of NaOH, and 247.8 g of
NMP. The autoclave was closed and flushed with nitrogen.
The autoclave was heated to 155 °C, the vent tube was opened,
and a slow flow of nitrogen was passed through the autoclave
as the temperature was increased 1 °C/min to 210 °C to
dehydrate the mixture. The vent was closed, and the tem-
perature of the autoclave was adjusted to 205 °C. This was
followed by the addition of 148.5 g (1.01 mol) of DCB and 99.0
g of NMP. Polymerizations were conducted for 3 or 6 h at 200,
220, or 240 °C, after which the reactor was cooled quickly.

The product was thoroughly stirred, and a 10-g portion of
the crude product was combined with 20 g of 2-propanol. The
latter mixture was blended and filtered, and the filtrate was
subjected to GC analysis to determine residual DCB content.
The DCB determined by this method was then expressed in
terms of conversion where DCB conversion = (DCB charge —
DCB residue)/(DCB charge). The PPS polymer was recovered
by blending the product with water and adjusting the pH to 4
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Figure 7. HPLC chromatogram of a CH,CI, extract of PPS
that had been percolated through both acid-washed and base-
washed aluminas. The components are cyclic PPS oligomers
from the tetramer to the tridecamer.
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Figure 8. LD—FTMS of cyclic PPS oligomers isolated by
preparative HPLC. The numerical values shown are atomic
mass units.

with hydrochloric acid. The solids were filtered and washed
six times with 80 °C deionized water and then dried at 100 °C
in a vacuum oven.

Polymerization with 300% Excess DCB. A 1-L autoclave
was charged with 89.00 g (0.700 mol) of NaSH hydrate (44%),
28.28 g (0.707 mol) of NaOH, and 225.0 g of NMP. The
autoclave was then closed and flushed with nitrogen. After
dehydration as in the preceding procedure, the autoclave was
charged with 411.61 g (2.80 mol) of DCB and 244.0 g of NMP.
Polymerization was conducted at 265 °C for 3 h, after which
the reactor was cooled slowly.

The product was slurried with 2 L of water, filtered, and
washed with an additional 2 L of water. The filter cake was
then slurried with 1.5 L of ether and filtered. The filtrate was
collected and dried with MgSO,, and the solvent was removed
by rotary evaporation. This material was recombined with the
ether insoluble material and was air-dried overnight. The
recovered material weighed 356.81 g (93% of theoretical yield
based on 100% conversion of SMAB—NaSH). A combination
of GC and HPLC analyses of the thoroughly blended mixture
provided the results reported in Figure 6.

Oligomer Analysis during Polymerization. A 300-mL
autoclave was charged with 1.95 g (15.0 mmol) of Na,S hydrate
(60%) and 115 g of NMP under a flow of argon. The apparatus
was assembled and flushed with argon. 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 to 210 °C to dehydrate the mixture.
The vent was closed and the temperature of the autoclave was
adjusted to 205 °C. A deaerated, heated solution of 2.205 g
(15.0 mmol) of DCB and 1.50 g of biphenyl in 15 g of NMP
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was added from the first charge vessel. Immediately there-
after, 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. The reaction temper-
ature was maintained at 200 °C throughout the experiment.
At preselected intervals 7-mL samples were withdrawn through
the sampling tube and analyzed as described above under rate
studies. The results for DCB monomer and dichloro oligomers
are displayed in Figures 2 and 3 and are the averages of three
experiments. Not shown are the experimentally found con-
centrations of 4-chlorothiophenol and 4-(4-chlorophenylthio)-
thiophenol. These two intermediates were produced in greater
guantities than the dichloro oligomers, but the analytical
procedure was unable to quantify their concentrations. Con-
trol experiments with synthetic mixtures containing 4-chlo-
rothiophenol showed that the ether extractions in the workup
procedure were inefficient, and only 40—80% of the thiophenol
was typically detected.

Oligomer Analysis after Polymerization. A commercial
Ryton V1 PPS (93.17 g) was exhaustively extracted by CH,-
Cl; in a Soxhlett apparatus for 48 h. During the last several
hours, no material was being extracted, yet GPC analysis of
the extracted PPS revealed that some of the low molecular
weight material still remained (estimated to be 20—30% of the
original amount present). LD—FTMS analysis of the recovered
solid extract (yield 3.04 g, 3.26 wt%) showed it to be predomi-
nantly PPS cyclic oligomers from the tetramer to the trideca-
mer. The 3C NMR spectrum of the extract showed resonances
characteristic?® of the cyclic tetramer, pentamer, and hexamer
(dominant) of PPS. We assume the cyclic oligomers with n >
5 all have the same NMR spectrum. GC/MS and GC (doping
with 1,4-bis(phenylthio)benzene as an internal standard)
analyses provided identification and quantitative analyses of
the cyclic tetramer (yield 0.066 g, 0.05 wt %) and pentamer
(yield 0.41 g, 0.44 wt %). The amounts of the cyclic hexamer
through the tridecamer were determined by HPLC by compar-
ing relative peak areas to those for the cyclic tetramer and
pentamer with the assumption that all had the same detector
response factors (weight basis) (see Figure 7 for an HPLC
chromatogram of an extract that had been percolated through
both acid-washed and base-washed aluminas). The primary
components in Figure 7 were isolated by preparative HPLC.
Figure 8 displays the LD—FTMS spectra of the isolated
components confirming their identifications as PPS cyclic
oligomers. This combination of analyses indicated that the
following amounts of cyclic oligomers were extracted from the
PPS: (n values): (4) 0.05, (5) 0.44, (6) 0.22, (7) 0.65, (8) 0.82,
(9) 0.38, (10) 0.21, (11) 0.14, (12) 0.10, and (13) 0.05 wt %.
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