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I. INTRODUCTION

The advantageous properties of polymers like poly-
phenylenes are difficult to realise practically in ready-
made materials and articles, mainly because such poly-
mers are insoluble and infusible right up to their thermal
decomposition temperatures. As a consequence, vigorous
research has been undertaken on the synthesis of modified
polymers of this type. A great deal of experimental
information has now accumulated on the synthesis and the
properties of oligo- and poly-phenylenes containing func-
tional groups', whose fields of practical application are
continuously expanding. Polyheteroarylenes, containing
in the main chain aromatic rings and various heteroatoms,
e.g. oxygen® or sulphur®, are being increasingly utilised
in industry. Recent years have seen an especially marked
increase in the number of studies aimed at developing
methods of preparation, investigating the properties, and
applying poly(arylene sulphides), which are distinguished
by high resistance to thermal oxidation and several speci-
fic properties.

Although poly(arylene sulphides) were first synthesised
in 1866, by the action of alkali-metal sulphides on bis-
diazonium salts of benzidine“, systematic investigations
on their synthesis and more thorough study of their struc-
ture and properties in 1948, after Macallum's discovery®
of a new process for obtaining poly(arylene sulphides) by
the high-temperature polycondensation of polyhalogenated
benzenes in the presence of mixtures of sulphur and alkali-
metal carbonates.

Methods for obtaining oligo- and poly-(phenylene
sulphides) of linear structure

- -1
have been elaborated in the greatest detail, and their
properties have been investigated most thoroughly. The
enhanced heat-resistance and thermal stability of such
polymers is due primarily to the comparatively high
energy of rupture of the phenyl-sulphur bond (72.7 keal
mole )® and to their physical structure, largely deter-
mined by the strong intermolecular interaction of the
polymer chains and the formation of a crystalline struc-
ture’. Furthermore, the presence of sulphur atoms
between aromatic rings not only ensures that the polymeric
molecule shall be flexible and highly resistant to thermal
oxidation but also is responsible for the cross-linking of
poly(phenylene sulphides) at 300-350°C.*°

The term poly(arylene sulphides) is met more often
than other names, in both Soviet and foreign literature, in
relation to simple aromatic “polythioethers” or poly-
sulphides. The Reviewers consider this name most
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rational and able to represent quite adequately the various
chemical structures of most oligomers and polymers of
simple aromatic polysulphides. ¥or example, the name
poly(phenylene sulphides) applies to polymers in which the
repeating monomer unit is

where x = 1. The aromatic rings in such polymers may
be combined by sulphur atoms in the relative positions
1,2, 1,3, and 1,4 (poly-(o-phenylene sulphide), poly-
(-n-phenylene sulphide), and poly-(p-phenylene sulphide)
respectively). When x = 2, poly(phenylene disulphides),
poly(phenylene trisulphides), poly(phenylene tetrasul-
phides), and poly(phenylene polysulphides) are formed.

The same principles underly the nomenclature of poly-
(arylene sulphides) having a branched structure or sub-
stituents in the aromatic ring. The only difference is
that the substituents and their positions are indicated
before the name of the chief arylene ring. For example,
a polymer based on the monomer unit

CH,
7

| -7 N_gs-
N’

CH; 1,

is termed poly-@,6 -dimethyl-1,4-phenylene sulphide).

The present Review surveys almost all known methods
for obtaining poly(arylene sulphides) of diverse structure.
It gives their principal characteristic properties and
several fields of application.

II. METHODS OF PREPARATION OF POLY(ARYLENE
SULPHIDES)

1. Polycondensation of Polyhalogenated Aromatic Com-
pounds with a Mixture of Sulphur and Various Derivatives
of Alkali and Alkaline-earth Metals

One of the best known and simplest methods for
obtaining poly(phenylene sulphides) is based on the high-
temperature (275-360°C) polycondensation of polyhalo-
genated benzenes in the presence of mixtures of sulphur
and alkali-metal carbonates, first accomplished in 1948
by Macallum®. In his view only after a first stage of
formation of alkali-metal sulphides

3MyCO;4 - (21 + 2) S — 2M,S, -+ M,8,0 + 3C0,
AM,CO; + 4S — 3M,S + M,SO, + 4CO,
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did polycondensation occur with the halogenobenzenes.
With p-dichlorobenzene mixed with sulphur and sodium
carbonate we can represent the process by the equations

3nCl—d S0l + ANayCO, + 45 - — [—<:\,—s—] — -+ NaSO, +6N4CI +400s

on c1;<;>—c1 +3Na,COy+- 4S — —[~</;~ >_
Thé poly-(p-phenylene sulphides) thus obtained are
slightly coloured powders, sparingly soluble in the usual
organic solvents and softening at 250-300°C. Macallum
assumed'® that the first stage was far slower than the
second, so that the reaction mass always contained a
small quantity of elementary sulphur, which assists poly-
condensation of halogenobenzenes with metal sulphides.
Indeed, it was found experimentally® that a slight excess
of elementary sulphur not only played a part in building up
the polymer chain but also catalysed the process to high
degrees of conversion of the initial halogenobenzenes.

In the absence of excess of sulphur halogenated aromatic
compounds and alkali-metal sulphides either do not inter-
act at all or undergo polycondensation only slowly even at
high temperatures.

However, the quantity of combined sulphur depends
mainly on the initial molecular ratio of the dihalogeno-
benzene and sulphur'®, so that the monomer unit in the
resulting poly-(p-phenylene sulphides) can be represented
by the general formula

[
Thus the polycondensation of p -dichlorobenzene and
sulphur taken in the molecular proportions 1.0:1.5yielded
solid poly-(p-phenylene sulphides) of m.p. 215-240°C,
whose monomer unit corresponded to the above general
formula with x = 1. When the molecular ratio was
increased from 1.5 to 2—3 the melting point fell to 55—
80°C, while the sulphur content corresponded to x = 2-5.
Copolymers obtained from a mixture of p-di- and
1,2,4-tri-chlorobenzenes in the presence of sulphur and
sodium carbonate had the analogous structure

— [CeH,S8,] - [—CeH3S ), —

with x = 1.15-1.25, y =1.72-1.87, and» = 0.04-0.25.
From the above results it was concluded'’® that the main
polymer molecule consisted of aromatic rings linked both
by monosulphide and by polysulphxde groups.

Later investigations have shown'' that the polycondensa-
tion of dihalogenobenzenes can be accomplished also in
the presence of a mixture of sulphur and an alkaline-earth
metal or its carbonate, borate, or oxide. The formation
of poly-(p-phenylene sulphides) is catalysed by N-halo-
genated derivatives, e.g. N -bromosuccinimide, N-bromo-
acetamide, etc. (5% based on the initial monomers)*?
Aromatic compounds containing activated halogen atoms,
e.g. d1-1> -chlorophenyl sulphide or sulphone, have been
used® as activators of polycondensation: in their presence
up to 80% yields have been obtained of poly(arylene sul-
phides) of molecular mass 237 000 (calculated from the
chlorine content).

Lenz and Carrington'* suggested an alternative mecha-
nism, in which the first stage involves reaction between
the halogenated aromatic compound and a sulphur biradical
formded during heating:

— = M-, +ar

a-¢ S—ci+ §,—L

- Cl—v//__\\—CI +H

N
2 - Se

s—]; +NayS,05+4NaCl 4-3C0; «
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The polysulphide substituents in the aromatic ring then
react with sodium carbonate to form benzenethiolate
ions:

S; S‘Na"’

c1—®—(01) + Na,CO;—> Cl (C1) 4 Na0S}_,+ CO,

Nucleophilic substitution occurs with the dihalogenoarenes
to give primary oligomeric or secondary polymeric
products:

: I
S Na*
CIG(CU + CI@—CI —>» Cl (C1)

cx~[~®s—}— + Na,§ —> Na"s‘—E@—sE]— + NaCl
Na’fs‘—[—O‘sEl- + Cl—@-cl —_ —l}s—@-}—m + Nacl »

n+1

-+ NaCl

According to the above scheme sulphur biradicals are
able to replace not only halogen but also hydrogen atoms
in the aromatic ring, which may promote the formation
both of branched and of “cross-linked” poly(arylene
sulphides). Indeed, infrared spectroscopy established'®
that the polymer obtained from p -dichlorobenzene had a
branched or partly cross-linked structure. Some order-
ing (detected by X-ray diffraction) was attributed"® to the
presence of linear segments comprising 6 or 7 monomer
units between side-chains, able to form zones with some
ordering of the spatial arrangement of the polymer chains.
The increase in the sulphur content of the polymer above
that calculated for a C¢H4.S monomer unit was explained*®
by intramolecular cyclisation, which may result in sulphur-
containing rings:

I\ _s S\ g e TTaTT

Sx

S
\(\
+H
N s/

"~ homolytic
—8—| substitution
electrophilic 4 \/ S\ HS
1—' ) +HS, .
\S \s/

Study of the simultaneous polycondensation of p-di-
and 1,2,4-tri-chlorobenzenes revealed'®'® not only that the
rate of nucleophlhc substitution of the latter exceeds that
of the former more than fourfold but also that the 1-chlo-
rine atom in the trichlor'obenzene is the most reactive of
the three in nucleophilic substitution. Therefore the first
stage involves preferenfial formation of a dimer from
1,2,4-trichlorobenzene:

(ol}

VR
S0

m—O

Cl
N : ZN\_s_/T\
2 (J ~ Nag$ - Cl —L_/—S-—\=/-—Cl -4 2NaCl

|
¢l Cl Cl
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Subsequent nucleophilic or radical substitution of one of
the ortho-chlorine atoms forms phenylthio-groups or poly-
sulphide links, which are readily converted by intramolec-
ular cyclisation into thianthren units:

+Na,§ /( )i - 2NaCl
\/\s a
J :(\\ +2C
NN, \/\Cl

Hence, owing to intramolecular cyclisation, 1,2,4-tri-
chlorobenzene is actually difunctional on polycondensation
in the presence of sulphur and alkali-metal carbonates.
The change in functionality during copolycondensation and
the considerable differences in activity between the initial
monomers have a significant influence on the direction of
the process and on the properties of the resulting poly-
(phenylene sulphides).

TN )
Cl—\ /~S—>\—_//—CI—
/

Table 1. Properties of homopolymer from p-dichloro-
benzene and of copolymer from p-di- and 1,2,4-tri-chloro-
benzenes.

Property Homopolymer* { Copolymer**
1 2 3

Degree of conversion

(from CI~ in aq.

extract), % 99.0 99.0
Yield of toluene-

soluble polymer, % 8.3 5.8
Softening point, °C 166—171 166—171
Sulphur content, % 35.14+0.4 31.5+0.3
Chlorine content, % 1.60+£0.1 1.70+0 .1
Yield of polymer soluble

in diphenyl ether, % 63.5 77.5
Softening point, °C 193—204 171—177
Sulphur content, % 33.240.3 31.6+0.23
Chlorine content, % 0.50+40.1 0.61+0.1
Yield of insoluble

polymer, % 20.6 11.6
Total yield, % 94.2 94.9

* Molecular proportions CeHsCl2:S:Na.CO3 =1:1.73:1.73
at 300°C for 20 h.
** Molecular proportions CgHsCle: CeHsCls: S
1:0.1:1.84:1.84 at 300°C for 24 h.

:Na;CO; =

Table 1 compares the characteristics of the homopoly-
mer obtained from p-dichlorobenzene with those of the
copolymer obtained from the same monomer together with
10 mole % of 1,2,4—trichlor0benzene15 It is evident that
polycondensation gives high yields of poly(phenylene sul-
phides), and higher yields of soluble fractions in the case
of the copolymer. However, the strength characteristics
of the copolymers are somewhat inferior to those of the
homopolymers. In order to 1mprove the durability of
copolymers it was suggested'® that copolycondensation
with sulphur and sodium carbonate should be conducted in
the presence of alkylated aromatic hydrocarbons, e.g.
toluene, xylene, methylnaphthalenes, etc., which were
considered to inhibit or completely to eliminate formation
of thianthren groups in the copolymer structure.

Intramolecular cyclisation can be observed especially
distinctly in the high-temperature polycondensation of
o- and m -dihalogenobenzenes in the presence of a mixture
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of sulphur with oxides or sulphides of alkali or alkaline-
earth metals. . Thus under these conditions up to 75%
yields of thianthren were obtained from o-dichlorobenzene™
but from m -dichlorobenzene an insoluble product was
formed and a substance was isolated (molecular mass
1120) that contained 31.5% of sulphur and was free from
chlorine'”, 1t was considered'’ that the polycondensation
of ¢- and m-dihalogenobenzenes may give high yields of
cyclic ovtho- or meta-substituted oligomers (tetramers,
pentamers, heptamers, nonamers, decamers, etc.).

The evolution of hydrogen sulphide under these condi-
tions of the Macallum polycondensation of dihalogeno-
benzenes was attributed to side-reactions with the metal
sulphide?;

()ers_. (j L MSH

Hal n
2M5H Mﬂs—f—HzS

This process results in formation of polymers having a
branched and cross-linked structure.

Monohalogenated aromatic compounds containing
various substituents in the aromatic ring can also be
used for high-temperature polycondensation with sulphur
and sodium carbonate'®'®. Thus various poly(phenylene
sulphides) have been obtained by heating para-halogenated
phenols, toluene, aniline, or benzoic acid with a mixture
of sulphur and sodium carbonate (molecular proportions
1:1.73:1.73) at 160-340°C for 18 h. The degree of
conversion of the monomers, calculated from the quantity
of chloride ions in an aqueous extract, depends on their
structure and on the temperature of polycondensation;
the yield of the reaction products reaches 80% or more.
Experimental results are given together with the polymer
structure established on the basis of infrared, ultravmlet
and nuclear magnetic resonance spectral data For
comparison polymers were obtained from p- d1chloro—
benzene under the same conditions. Poly(phenylene sul-
phides) obtained from para-chlorinated phenol and aniline
contain hydroxy- and amino-groups respectively, whereas
the carboxyl and methyl groups of para-chlorinated benzoic
acid and toluene undergo various changes during polycon-
densation. On the assumption of first- or second-order
kinetics for polycondensation, with simultaneous solution
of the Arrhenius and Hammett equations, it was found that
the overall rate depended mainly on polar effects and on the
slowest stage, i.e. electrophilic attack by the sulphur atom
on the monomer. Raising the temperature of polyconden-
sation increases the yield of polymers having a branched
and cross-linked structure.

Scanmng calorimetry and thermogravimetric analysis
indicate'® that poly(phenylene sulphides) containing various
substituents in the aromatic ring have softening and
decomposition points of 90-263 and 270-320°C respec-
tively. The degradation of such polymers has first-order
kinetics; activation energies in an atmosphere of nitrogen
are 7-30 kcal mole™, the lowest values applying to poly-
(phenylene sulphides) containing amino- and hydroxy-
groups.

According to a patent®® soluble poly(phenylene sulphides)
resistant to thermal oxidation at high temperatures can be
obtained from a mixture of para-chlorinated triphenyl-
1,3,5-triazines with p-dichlorobenzene. When such
monomers undergo polycondensation in the presence of a
mixture of sulphur with carbonates, sulphides, or oxides
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of alkali or alkaline-earth metals at 270-360°C, triazine-
containing poly(phenylene sulphides) are obtained that
undergo losses in mass of 3.3% and 5.3% when heated at
300°C for 100 h and at 400°C for 20 h respectively.
Aromatic polysulphide polymers of molecular mass
Mp = 2500-10000) and general formula [ArSxlp, where
x = 2-5, which form predominantly white powders soluble
in oxolan and with m.p. 5100°C, have been obtained by the
polycondensation of disulphonic, disulphinic, dithiosul-
phonie, and dithiosulphinic acids, and also their salts,
esters, anhydrides, chlorides, and amides, with alkali-
metal polysulphides formed by the action of powdered
sulphur on aqueous solutions of alkali-metal sulphides®'.
Water or a lower alcohol was used as solvent, and poly-
condensation was effected in the presence of gaseous
hydrogen together with sulphides or polysulphides of ele-
ments of the iron subgroup, as well as the finely powdered
metals, under 7-350 kg cm~? in an autoclave at 150-200°C.

2. Polycondensation of Polyhalogenated Aromatic Com-
pounds with Alkali-metal Sulphides

Despite the apparent simplicity and the availability of
the initial compounds, the high-temperature polycondensa-
tion of polyhalogenoarenes in the presence of a mixture of
sulphur and a carbonate, sulphide, or oxide of an alkali
or an alkaline-earth metal has not found wide industrial
application owing to the experimental difficulties involved
in isolating the poly(phenylene sulphide) from the melt
containing a large quantity of impurities of low molecular
weight and owing to the strongly branched and partly cross-
linked character of the products. These disadvantages
are to some extent avoided when polyhalogenated aromatic
compounds undergo polycondensation with alkali-metal
sulphides in polar organic solvents of high boiling point??’23

Polycondensation of polyhalogenated aromatic com-
pounds with alkali-metal sulphides is at present the only
industrial method of obtaining poly(arylene sulphides)®,
but information on this process is extremely limited.
Polycondensation is continued in an inert atmosphere at
125-450°C for 17—-20 h; N-methylpyrrolid-2-one, hexa-
methylphosphoramide, tetramethylurea, etc. can be used
as solvents. Poly(phenylene sulphides) of highest molec-
ular mass are obtained in N -methylpyrrolidone solution®2,
At moderate temperatures and pressures maximum rates
can be achieved®® by gradually adding increasing quantities
of the arylene halide to the alkali-metal sulphide and
varying the duration of polycondensation. The anhydrous
sulphide (mainly sodium sulphide) is generally used, or
else water of crystallisation is evaporated from a hydrate
by preheating the reaction mass to 160°C.**?® Alterna-
tively, sodium sulphide can be obtained directly in the
reaction vessel by treating sodium hydroxide with hydrogen
sulphide®”?® or industrial waste gases containing it*°.

Isolation of the poly(arylene sulphides) from the reac-
tion mixture apparently presents some difficulty. For
this purpose it is proposed to treat the mixture with water
vapour®® or liquid ammonia® under pressure, evaporate
off the solvent under adiabatic conditionsaz'ag, or apply
filtration followed by treatment of the polymer with water
and organic solvents®®. The extractants used are acyclic
or alicyclic hydrocarbons®, dichloroethane, or benzene®,

Yields up to 85% of poly(arylene sulphides) have been
obtained in this way. The products were pale grey pow-
ders, soluble in high-boiling organic solvents, e.g. poly-
phenols, above 235°C.*° Poly(arylene sulphides)
obtained from p -dihalogenobenzenes and sodium sulphide
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in N -methylpyrrolid-2-one solution have molecular masses
around (5-14) X10%. Such products probably separate
from solution during polycondensation, and play no part in
further growth of the polymer chain.

Table 2. Dependence of viscosity of poly(arylene sulphides)
(melt at 303°C) on initial molecular ratio of p-dichloro-
benzene to sodium sulphide.

Ratio Viscosity, P Ratio Viscosity, P
1:1 37.3 1.04:1 4.8
1.02:1 6.4 1.05:1 71 =

The molecular mass is also influenced by the proper-
ties of the initial components®, Table 2 gives the vis-
cosities of the poly(arylene sulphide) melts obtained with
different initial molecular ratios of p-dichlorobenzene and
sodium sulphide®>. The use of purified initial compounds,
including sodium sulphide with an impurity content not
exceeding 1-2%, is therefore of interest®”*’. An equi-
molecular mixture of purified p-dichlorobenzene and
sodium sulphide gave poly(phenylene sulphides) having a
lower melt index and a higher viscosity. Witha 2:1
molecular ratio of sodium sulphide oligo(phenylene
sulphides) were obtained having molecular mass 510 and
softening point 125-130°C.?” Benzenethiol separated as a
byproduct in yield almost equal to that of the oligomers.
If, however, a threefold excess of functional groups in the
halogeno-derivative was used relative to the sodium sul-
phide, a product of low molecular mass was obtained®?,
with 2 mean degree of polycondensation of 2.

Thus the above results show that equimolecular propor-
tions of the initial components are necessary to obtain
poly(arylene sulphides) of maximum molecular mass.
Furthermore, there are data indicating that two measures
must be taken to increase the rate of the process and the
molecular mass of the products: (i) polycondensation of
sodium sulphide with dihalogenated unsaturated cyclic
hydrocarbons, preferably aromatic, in the presence of
trihalogenobenzenes®”?® or 3-33 wt.% of activators (a
mixture of oligo(phenylene sulphides) extracted from
products of a similar reaction with benzene, toluene, or
N -methylpyrrolidone at 80-150, 110-150, or 135-150°C
respectively)*®*; and (ii) the temperature must be raised
at a specified rate during polycondensation®s,

According to infrared and n. m.r. spectral data and
X-ray diffraction poly(arylene sulphides) obtained by the
polycondensation of dihalogenated aromatic compounds
with alkali-metal sulphides have a linear structure, in
contrast to the branched polymers obtained in the presence
of sulphur and alkali-metal carbonates. It follows that a
mechanism of nucleophilic substitution is responsible for
the appearance of the former when the process occurs in a
polar organic solvent*’:

Hal—¢ >—Ha1 + M;S - Hal—¢ M —S-M+ -+ MHal
Hal— p—sNa* 4 Hal—¢ S—Hal > Hal—¢ $—S—¢ S—Hal + MHal - etc.

Various halogenated aromatic compounds can be used
for polycondensation with sodium sulphide in order to
obtain poly(arylene sulphides) having modified properties.
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Thus the copolycondensation with sodium sulphide of p -
and m -dichlorobenzenes in various proportions by weight
glves poly(phenylene sulphides) that are soluble in oxo-
lan*®, a few characteristics of which are listed in Table 3.
It is 51gnificant that increase in the proportion of p -dichlo-
robenzene in the reaction mixture increases the viscosity
and raises the glass point of the resulting polymers.
Unfortunately, however, the patent literature contains no
evidence of their structure*®

Table 3. Properties of copolymersfromp-and m-dichlo-
robenzenes.
Isomer, % Properties of copolymers
para meta . | glass point, solubility in
1 : °C oxolan, g/100 g
75 25 011 68 insol.
50 50 0.09 49 >20
25 75 C.05 47 42
Q 100 0.01 15 <0.5

Polycondensation of a mixture of poly-(:n- and p-phen-
ylene sulphldes) with sodium sulphide yields block
copolymers®’ containing, according to infrared spectros-
copy, mela- and para-substituted aromatic groups in
proportions varying between the limits 3:1 and 1:3 for
fractions of the block copolymer respectively soluble and
insoluble in N -methylpyrrolidone.

Polymethylated and branched poly(phenylene sulphides)
have been obtained respectively from dibromodurene and
from a mixture of p-dibromobenzene and 1,3,5-tri-p-
bromophenylbenzene in the molecular proportlons 20:1.%
The good solubility of the products in dimethylformamide
is attributed®’ to disorder resulting from the introduction
of substituents or a branching agent respectively into the
polymer molecule. In contrast to the poly(phenylene
sulphide) obtained from p -dibromobenzene and melting at
280°C, the copolymer from the 20:1 mixture with
1,3,5-tri-p -bromophenylbenzene softened at around 235°C.

Poly(arylene sulphides) containing reactive groups can
be obtained by the polycondensation with alkali-metal
sulphides of halogenated aromatic compounds containing
various functional groups. Thus 2,5-dichloroaniline
yields amino-containing polymers, wh1ch become mfus1ble
and insoluble on treatment with dicarboxylic acids®®, but
the corresponding products of the simultaneous polycon-
densation of p-dichlorobenzene and o-chloroaniline melt
at 283-286°C and have a viscosity of 52 P at 303°C. %
Poly(arylene sulphides) from 2,4-dichlorotoluene soften
below 100°C and are readily soluble in benzene, while
those from 2,5- dlchlorobenzenesulphomc acid are readily
soluble in water

The polycondensation of p-dichlorobenzene with sodium
sulphide in the presence of copper cyanide gives oligo-
(phenylene sulphides) of molecular mass 500-5000, con-
taining terminal nitrile groups*®, which may subsequently
be involved in thermal or catalytic cross-linking.

Polycondensation of dichlorodinitrobenzene with sodium
tetrasulphide at 70 and 110°C gives ohgo(phenylene tetra-
sulphides) containing amino- and nitro-groups *° the maxi-
mum yield of polymer (>90%) being obtained with the
reactants in the molecular proportions 1:2. This is

1099

attributed mainly to secondary processes, in particular
reduction of nitro- to amino-groups:

CyHaCla(NOy); + 2NayS, -+ 2H,0 > CoHiClo(NH,)s + 2Na;8:0p + 4S

Since the content of so called free sulphur in the polymer
is only 0.78%, while the total sulphur content is ~44.2%,
it is thought‘“; that all the sulphur atoms are present in the
main chain of the macromolecule, while the terminal
groups may be chlorine atoms or hydroxyls (analysis
indicates that the latter amount to 1.93%). Apparently,
therefore, the structure of the oligomer can be represented
by the formula

Cl (NH,), CoH,S4— - . - —CoHa (NH,)2 OH.
The maximum molecular mass is ~850 (determined
cryoscopically in benzene). The resulting oligomers had
softening points of 47-63°C and were readily soluble in
benzene, acetone, carbon disulphide, and mineral acids.

Another monomer that has been used is di-p-chloro-
phenyl sulphone, whose chlorine atoms are activated by
the electron-accepting sulphonyl group®*~*?. In dimethyl
sulphoxide solution at 170°C a theoretical yleld was
obtained of polymers having a reduced viscosity of 0.15 in
a 1% solution in this solvent at 25°C. Polycondensation
of the initial sulphone with sodium sulphide can be effected
also in aqueous solution or in a mixture of an organic
solvent with water at 150-400°C.

Poly(quinone sulphides) of molecular mass ~3000 have
been obtained by the polycondensation of tetrachloro-p -
benzoquinone with sodium sulphide in toluene solution at
0°C.*® They are solid powders apparently having a linear
structure, with softening points of 320°C and above.

Quite recently poly(arylene sulphides) have been obtained
by heating polyhalogenated aromatic compounds with thio-
urea and oxides (or carbonates) of alkali and alkaline- earth
metals in N-methylpyrrolidone solution under pressure™
The procedure is to heat thiourea with the metal oxide
(or carbonate) in N -methylpyrrolidone solution, and then
add to the mixture the polyhalogenated aromatic compound,
which probably reacts with an already formed sulphide.
Yields of 41-94% are obtained of polymers that soften at
249-273°C and have reduced viscosities of 0.01-0.07.

The thiourea can be replaced by thiocarbonates of
general formula R.CSs (where R represents an alkali metal
or a hydrocarbon radical)®*~®", thiosulphates, thiocarboxy-
lic acids®"™*°, thiols, thlolates, or sulphides containing an
activating substituent in an @ or f position (e.g. a-mer-
captopropionic acid)®*”®, carbon disulphide and carbonyl
sulphide®, thioamides of general formula R’(CS.NRz)x
(where R is hydrogen or a radlcal of valency 1-4),

N -methylpyrrolidine-2- thione® thlocarbamates (e.g.
sodium d1methy1d1th10carbamate) , and also phosphorus
pentasulphide® in hexamethylphosphoramide solution.

Yields of poly(phenylene sulphides) from the polycon-
densation of dihalogenated aromatic compounds w1th
alkali-metal hydrogen sulphides are only 24-45%.% To
increase the yield the polycondensation is conducted in the
presence of alkali-metal N-substituted w-amino-carboxyl-
ates®. Similar compounds have been used also in the
polycondensatlon of dlhalogenated aromatic compounds
with carbon disulphide®, Furthermore, up to 94% yields
of poly(phenylene sulphldes) are obtained from dihalo-
genated aromatic compounds and alkali-metal hydrogen
sulphides in the presence of alkaline-earth metal hydrox-
ides or alkali-metal carbonates® or of sodium hydroxide
and salts of aliphatic alcohols and acids®
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3. Decomposition of Diazonium Salts

Poly(arylene sulphides) were first obtained by Griess*
in 1866, by the decomposition of aromatic diazonium salts
in the presence of an alkali-metal sulphide. An equation
has been suggested for this reaction only comparatively
recently™:

nHalNo AN, Hal -+ nMyS — — [—ArS—],— + 2eMHal + 20N, .°

Later work has shown that decompos1t10n takes place also
in the presence of hydrogen sulphide'’ or thiourea” and
water at 0-5°C. The products {obtained in almost
theoretical yield) are brown powders, partly soluble in
carbon disulphide, dioxan, and dimethylformamide. The
soluble fraction of the poly(arylene sulphides) softens at
70-80°C, but the insoluble fraction does not soften below
the thermal decomposition point.

Since cryoscopic determination in diphenylamine solu-
tion and calculation from the chlorine content give molec-
ular masses of 460-1400 and 5000-10 000 respectively for
the soluble fraction, it is assumed™ that chlorine atoms
are present in the polymer molecule not only as terminal
groups. Elementary analysis and the ultraviolet spectra
indicate™ that the polymer chain contains quinoid struc-
tures, azo-groups, and sulphur in semiquinoid groupings:

OO OO -

-[FO-O4A-C-

The presence of azo-groups is confirmed also by the
evolution of gaseous nitrogen when the soluble fraction is
heated to 150-200°C, with formation of an infusible and
insoluble product.

The formation of azo-groups in the polymer molecule
may result from the decomposition of aromatic diazonium
salts by a radical mechanism:

NoArN; =25 NoAr 4- AF 4 NaAWN; + § — — [—AiNy—]; — [—Ar—],, — [~ArS—}, —

However, this reaction can take place also by a mechanism
of nucleoph111c substitution”™,  In the homopolycondensa-
tion of p-mercaptobenzenedlazonium chloride in aqueous
solution at pH 7, for example, an insoluble solid product
is obtained, whose colour is apparently due to the presence
of azo-groups in the polymer chain™, The overall equa-
tion for the reaction can be written

2nFISC,H, N Cl - — [—$—CeH—S—N=NCgH,~], — + aN; + nHCI

with growth of the polymer chain due to interaction of the
zwitterions

25CgH N] — —S—CyH SCsH,NT -+ Nj «-

The infrared spectra of the product contain absorption
bands due to diazo-sulphide groups, as well as para- and
meta-disubstituted and 1,2,4-trisubstituted benzene rings,
which may be centres of chain branching and cross-linking.
Even after heat-treatment 150-200°C, with evolution of
nitrogen and predominant formation of poly-(p-phenylene
sulphide) structures, nitrogen could not be completely
eliminated from the polymer.

4. Polycondensation of p -Halogenobenzenethiolates

The homopolycondensation of metal salts of para-halo-
genated thiophenols is now one of the most promising and
quite widely investigated methods for obtaining poly-
(arylene sulphides). This reaction was first described in
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1960 by Lenz et al.'’, and can be represented by the gen-
eral scheme

O] =[O OAL -
H
O OOl
Various copper salts and ammes can be used as catalysts,
in amounts from 0.01 mole % to equimolecular relative to
the initial thiolate™ ",

Good yields of poly(arylene sulphides) having high
reduced viscosities are obtained by the homopolycondensa-
tion of para-halogenated thiols in the presence of catalytic
quantities of dihalogenobenzenes™. Either soluble or
infusible and insoluble polymers are obtained depending on
the conditions. If the para-halogenated thiolate undergoes
polycondensation in the mass at temperatures 10-20 deg
below the melting point of the initial thiolate, for example,
linear polymers are obtained; at higher temperatures
infusible and insoluble products are formed under these
conditions.

The rate of 7Eolycondensation in solution exceeds that in
the solid state™ by factors of 50-100. Depending on the
organic solvent used—pyridine, quinoline, dimethyl-
formamide, dimethyl sulphoxide —the process can be
carried out over a wide temperature range™. Poly(aryl-
ene sulphides) obtained by the polycondensation of para-
halogenated thiolates in solution had a softening point of
280°C, and according to X-ray diffraction a linear struc-
ture.

The initial p -halogenobenzenethiolate can be obtained
in situ by the action of an alkali-metal hydride or carbon-
ate on the thiol’®%°, An alternative is the cleavage of
dihalogenated aromatic disulphides in the presence of
copper powder®:

Hal— —S—s—¢ “y—Hal L a1 " d—Stu

¥

In a suggested®® mechanism the resonance structure (I)
formed in the first stage is responsible for the appearance
of an inorganic salt and a dimer (a p-halogenophenyl
b’ -mercaptophenyl sulphide), the latter able to undergo
further reactions leading to poly-(p -arylene sulphides):

- SR

O O

|
M+ S - MHal R=Metal,

| L.

d 4
O O
L éal . }l{al

o
The activities of halogen atoms in the polycondensation

of sodium p-halogenobenzenethiolates in pyridine diminish
in the sequence 1> Br > F # Cl; and those of alkali
metals in the polycondensation of a p-bromobenzenethiolate
diminish in the sequence Li > Na > K.® Furthermore,
the activities of iodine and bromine are little affected by
the change from monomer to polymer, whereas those of
chlorine and fluorine as terminal groups of the polymer
molecule exceed those in the initial p -halogenobenzene -
thiolate. The nature of the halogen affects also the
occurrence of secondary branching and cross-linking
reactions, the probability of which decreases in the
sequence I > F > Br > Cl. Such reactions disturb the
balance of functional groups in the reaction mixture and
lower the molecular mass of the resulting polymers.
However, when monomers at least 99.6% pure are used,
the occurrence of side-reactions is insignificant.

CgH,SR.

SR
|
7
0~
AN
|
Hal
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In order to obtain oligo(arylene sulphides) in which the
molecular chains terminate only in chlorine atoms copper
p-chlorobenzenethiolate was subjected to polycondensation
in the presence of p-dichlorobenzene or di-p-chlorophenyl
sulphide™. Oligomers of analogous structure have been
obtained also by the copolycondensation of di-m(or p)-
bromophenyl disulphide and m - or p-dibromobenzene in
the presence of copper powder®®, The molecular mass
of the resulting oligomers varies from 186 to 2300 depend-
ing on the initial ratio of bisbromophenyl disulphide and
dibromobenzene. The polycondensation of p-halogeno-
benzenethiolates in the presence of a monofunctional com-
pound, e.g. bromobenzene or copper benzenethiolate, gives
oligo(phenylene sulphides) of low molecular mass containing
terminal phenyl groups®®.

Poly(arylene sulphides) containing groups other than
sulphide between aromatic rings are obtained by the poly-
condensation of p-halogenobenzenethiolates containing the
appropriate group in the initial structure. Thus sodium
p-p’-bromophenoxybenzenethiolate in hexamethylphosphor -
amide solution gives poly-(f-phenoxyphenyl sulphides)
(yield reaching 95%) having softening points of 176-188°C
and a reduced viscosity of 0.09 (in the above solvent at
30°C)™.

Linear polymers containing sulphonyl groups in the
main chain have been obtained similarly from sodium
4’ -p -chlorophenylsulphonylbiphenyl-4-thiolate®®®":

wl— N_50,—7 N/ N _sNa—

[N so /SN g ]
[ =50~ > s ],. - nNaCl

X-Ray diffraction indicates that the resulting polymer has
a high degree of crystallinity, and it softens at ~330°C.
The polycondensation of p-p’-halogenophenylsulphonyl-
benzenethiol and p -halogeno-p’-mercaptodiphenyl ketone
in dimethylformamide solution at 140°C gives polymers
of analogous structure, containing carbonyl and sulphonyl
groups between two benzene rings, which are soluble in
dimethylformamide, N -methylpyrrolidone, and sulphuric
acid®®. The reduced viscosity of their solution in
dimethylformamide is 0.3.

The polycondensation of sodium and potassium 4-bromo-
2-methylbenzenethiolates and 4-bromo-2,6-dimethylthio-
lates in dimethylformamide solution yields poly(arylene
sulphides) containing methyl groups attached tothe polymer
chain™, The properties of these polymers depend on the
structure of the macromolecules. Thus a polymer
obtained from sodium 4-bromo-2,6-dimethylbenzenethio-
late had molecular mass 740 and softening point 160-180°C,
while the corresponding characteristics of poly-(2-methyl-
1,4-phenylene sulphide) were 1500 and 60—-100°C. The
reactivity of the initial para-halogenated thiolate dimin-
ishes with increase in the number of substituents (methyl
groups) in the benzene ring™.

Perfluorinated poly(phenylene sulphides) have been
obtained in high yield by the polycondensation of sodium
pentafluorobenzenethiolate in pyridine at 50-200°C. %%~
Completely halogenated polymers have been obtained also
by the polycondensation of pentachloro- and pentabromo-
benzenethiolates®’%, Halogenated poly(phenylene sul-
phides) are insoluble, dark-coloured powders, which can
be used to obtain materials having semiconducting proper-
ties.
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5. Polycondensation of Benzenedithiolates with Dihalo-
genated Aromatic Compounds

The preparation of poly(arylene sulphides) by the poly-
condensation of benzenedithiolates with dihalogenated
aromatic compounds, which is also of practical interest,
was described by Kreuchunas® in 1958. When sodium
benzene-p -dithiolate and di-p -chlorophenyl sulphone were
boiled in ethanolic solution for 4 h, poly(arylene sulphides)
of not very high molecular mass were obtained.

It was proposed® *® that the molecular mass could be
increased by carrying out the polycondensation in polar
organic solvents of high boiling point, e.g. dimethyl
sulphoxide, dimethylformamide, dimethylacetamide, etc.,
and by using dihalogenated aromatic compounds in which
the halogen atoms were activated by bivalent electron-
deficient groups located between aromatic rings containing
halogen in the para position, and also by univalent elec-
tron-accepting groups present in the dihalogenobenzene as
substituents. The poly(arylene sulphides) obtained in this
way had specific viscosity 0.32 (in N -methylpyrrolidone
at 20°C).

The viscosity of the poly(phenylene sulphides) obtained
from benzene - -dithiol and p -dibromobenzene in dimeth-
ylformamide in the presence of potassium carbonate
initially increases® on polycondensation, after which it
falls as the duration of the process lengthens to 96 h.

Table 4. Dependence of properties of poly(arylene sul-
phides) on structure of monomer unit.
Polymer Dihalogenoarene tS:r{‘t;fi“lng }{::Zoiity'
| 0.0
- “L)_S"\ —S—J 7 m-dibromobenzene 100—120 | 0.1
7N
—l\/5 o ad e p-dibromobenzene 110—-140 | 0.15
N N
[l e W e N o /—S5=1y 4,4'-dibromobiphenyl 160—190 | —
N g
[ ! s @ M Wan ] m-dibromobenzene + 85—100 | 0.11
NI TN/ N/ 51 | 4,47 dibromobiphenyl (1: 1)
AN N
L0,
~NIR/ 1 4-dibromonaphthalene 155—195 | —
TN o 7N
LN\ R/ e Iy di-p-bromophenyl ether 5570 | 0.07

* Viscosities determined for a 0.5% solution in hexamethyl-
phosphoramide at 30°C.

Table 4 lists properties of various poly(arylene sul-
phides) obtained by polycondensation of benzene-m ~dithiol
with dibrominated aromatic compounds in dimethylform-
amide®. The softening points obviously depend on the
structure of the macromolecules: introduction of an
oxygen atom into the main chain lowers the softening
temperature considerably, but biphenylylene units raise it.

However, optimum production of fibre-forming poly-
(arylene sulphides) of high molecular weight is achieved
by the polycondensation of 25—-40 wt.% of dithiolates and
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bis-p -chlorophenyl sulehone in N -methylpyrrolidone at
140-160°C for 4-5 h.*”*  Dihalogenated aromatic com-
pounds in which the halogen atoms are inactive can also be
used, e.g.p-dichloro- or p-dibromo-benzene®, but a
catalyst isthennecessary—a copper compound, e.g. cupric
oxide, copper acetate, a halide, etc., or N-bromosuccin-
imide (0.06-3 wt.%)—and temperatures of 200-210°C are
required. In order to diminish the quantity of byproducts,
whose formation is due to the high-temperature (above
140°C) decomposition and oxidation of N -methylpyrroli-
done, cyclic lactams of general formula

co

|
AKI—N  (CHy)p m=5-1,

e.g. N -methylcaprolactam, have also been used*®.
Aromatic dithiolates are usually prepared directly in
the apparatus for their polycondensation with dihalogenated

aromatic compounds. For this purpose the dithiol is
treated with aqueous alkali®**®", or an alkali-metal car-
bonate is gradually added to a solution of the dithiol in
dimethylformamide®”°®'®, The hydrogen halide evolved
is removed by means of ammonia, diethylamine, morpho-
line, etc. introduced directly into the reaction space.
This increases the rate of polycondensation and yields
poly(arylene sulphides) of higher molecular mass'®.

Poly(arylene sulphides) containing functional groups
have also been obtained from dithiolates and polyhalogen-
ated aromatic compounds. Thus the reactions of aromatic
dithiols with perchlorinated aromatic compounds in the
presence of bases gives fusible and soluble poly(arylene
sulphides) containing perchlorinated aromatic groups in
the main chain'®'®,  After pressure moulding at 400°C
such polymers lose their solubility in benzene.

The copolycondensation of benzene-m -dithiol with
p-dibromobenzene and 2,4- or 3,5-dichlorobenzonitrile
yields poly(phenylene sulphides) containing nitrile
groups®” %1%, put the action of excess of the dithiol on
the dibromobenzene gives polymers having terminal
mercapto-groups, treatment of which with p-bromobenzo-
nitrile in dimethylformamide containing potassium carbon-
ate gives poly(phenylene sulphides) with terminal nitrile
groups. Polymers coantaining in the main chain sulphur,
oxygen, and also various other groupings between the
benzene rings are obtained by the copolycondensation of
aromatic dithiols with a mixture of two dihalogenated
aromatic compounds'®”. Analogous copolymers have been
obtained also by using a mixture of aromatic dithiol and
diol with the dihalogenated compounds'®. Another alter-
native is the polycondensation of p -mercaptophenol with
the dihalide'®”'%,

6. Reaction of Aromatic Compounds and their Derivatives
with Sulphur or its Chlorides

The reaction of benzene with sulphur when heated in the
presence of aluminium chloride was first effected in 1888
by Friedel and Crafts''®, when relatively simple com-
pounds—hydrogen sulphide, benzenethiol, diphenyl sul-
phide and disulphide, thianthren, isothianthren, etc.—
were isolated. It was shown somewhat later*' "2 that
under these conditions an amorphous polymer having a
softening point of ~295°C can be obtained in yields up to
80%. Elementary analysis indicates that the monomer
unit in the polymer is C¢HyS, so that formation of the
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poly(phtﬂlylene sulphide) can be represented by the general
3

" gemlod.oon

A=8, §,Cly, SCl, +

The quantity of byproducts formed—thianthren and diphenyl
sulphide —depends on the initial content of aluminium
chloride, increase in which increases formation of the
sulphide and diminishes that of thianthren''*. Complexes
of aluminium chloride with these two compounds were
also isolated''®. The reaction between aromatic hydro-
carbons and sulphur has therefore been carried out'*® in
the presence of sulphuric acid under increased pressure
at 220-300°C. Poly(arylene sulphides) obtained in this
way from benzene, naphthalene, and anthracene softened
at ~100°C. Since their sulphur content varied from 10%
to 90%, it was supposed® that the sulphidation of aromatic
rings under these conditions yields polymers containing
polysulphide groups [ArSxln.

Benzene derivatives can also be used for reaction with
sulphur. Thus resinous products useful for medicinal
purposes were obtained from xylene and sulphur in the
presence of aluminium chloride at 80-90°C."*" It has
since been established''® that under these conditions only
m -xylene forms polymeric products, probably by the
mechanism

CH, CH, [ CH,,\/ /CHs

7
\ \(T g MGl
N

The formation of polymers having a regular structure is
attributed''® to the influence of substituents in the benzene
ring. With increase in the content of sulphur or the con-
centration of aluminium chloride in the initial mixture the
quantity of combined sulphur in the polymeric product
increases to a limiting maximum of 11.1%. Polymers
containing >8% of sulphur solids of molecular mass 1000
and softening point 40°C. Later investigation has shown'!
that the aromatic rings in the polymer from m -xylene are
interlinked mainly by disulphide groups.

Gaseous hydrogen chloride is evolved from the action
of sulphur on chlorinated benzenes (e.g. chlorobenzene or
dichlorobenzenes) at 225-350°C (and also at high pres-
sures)'®®. The solid products are oligo(phenylene sul-
phides) containing 40-80 wt.% of sulphur, softening at
~100°C, and soluble in carbon disulphide. When they are
decomposed by metallic sodium in liquid ammonia'®, a
mixture of isomeric dithiolobenzenes is isolated in 35%
yield, comprising 50% of the para isomer with 25% each of
the ortho and meta isomers. It is thus confirmed'?! that
the oligomers contain all three types of substituted aroma-
tic rings interlinked by disulphide groups:

s,—] — S (m—1DHS,
n

|
N/

9

IR P N NP 2aN
S5 =~
S-S s

$

Black sulphur-containing polymers with improved
electrical conductivity and electron-exchange properties,
infusible and insoluble in organic solvents, have been
obtained by the polycondensation of sulphur with chloranil, .
1,4-naphthaquinone, anthraquinone, or 1,5-dihydroxy-
anthraquinone in the molecular proportions 4-12:1 at
280-400°C.'* The polymer chains contain not only
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monosulphide-linked quinoid but also thianthren groups,
and may be joined by polysulphide cross-links. Excess
of sulphur increases the likelihood of polysulphide bonds.

The structure of the products formed from aromatic
hydrocarbons with sulphur and especially sulphur chlo-
rides is significantly influenced by the nature of the
catalyst. The reaction of benzene with sulphur dichloride
in the presence of aluminium chloride yields thianthren as
main product'?®>, In the presence of sulphuric acid,
however, sulphur dichloride acts on benzene, toluene, or
xylene to give polymeric products as powders readily
soluble in xylene

The action of sulphur chlorides on diphenyl ether and
sulphide in the presence of aluminium or its salts yields
cyclic compounds—phenoxatin and thianthren respec-
tively**®'2®*_intramolecular cyclisation probably being due
to formation of complexes of aluminium or its salts with
the initial heteroatomic products, containing oxygen and
sulphur respectively. In order to obtain linear compounds
of high molecular weight the reaction between diphenyl
ether and sulphur chloride has been conducted in the
presence of iron powder or anhydrous 1ron(III) chloride
in chloroform solution at room temperature'®*~*2", The
resulting polymers (obtained in quantitative yield) had a
reduced viscosity of 0.1 (in 1% solution in hexamethyl-
phosphoramide) and a softened point at 147--156°C.
Elementary analysis, X-ray diffraction, and n.m.r. spec-
tra indicated that polymers formed from dipheny! ether
and sulphur dichloride are crystalline and contain only
monosulphide links between aromatic rings, whereas those
obtained from the ether and sulphur monochloride are
amorphous and contain not only monosulphide but also up
to 15% of dlsulphxde groups. However, it has been
reported'®® that polymers obtained from diphenyl sulphide
and sulphur dichloride, partly soluble solids softening at
125°C, also contain up to 10% of disulphide groups.

Poly(arylene sulphides) of diverse structure and
molecular mass up to 2000 have also been obtained'?® by
the polycondensation of aromatic hydrocarbons with sulphur
chlorides in chloroform solution in the presence of various
metals (bismuth, tin, or antimony) at ~60°C. Chlorides
of the metals are probably formed in the first stage, and
the overall reaction of naphthalene with sulphur dichloride
in the presence of bismuth can be written

35,Cly + 2Bi — 2BiCl; 1+ 38,
BiClg + S,Cly — [BiCly - $,Cly] = BiCIy + SyCl*

9 i N
4 ) ZNS NSl
Q. [O\/ : } f Gl
VAN

AN gt /\/\_S_/ / .
H+
r ] N \/ \/ﬂ\ \/\)

Further growth of the polymer molecule probably involves
di-2-naphthyl disulphide formed from chlorodisulphanyl
ions, polarised naphthalene, and bismuth chloride, which
appear as intermediate products. However, infrared
spectral data, elementary analysis, measurements of
molecular mass, and the separation of elementary sulphur
on prolonged storage indicate that the products are oligo-
mers, whose molecules comprise seven or eight S3’-di-
substituted naphthalene groups, interlinked not only by
disulphide but also by polysulphide bonds. The formation
of such groups can be explained by the participation in
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intermediate reactions of polysulphur chlorides resulting
from decomposition of sulphur monochloride: :

28,Cly — SClz + SiCly
25,Clg =S, _, Cla + Spr,Cla «

Oligomers obtained from anthracene or phenanthrene
under the same conditions contain respectively 35’ ~sub-
stituted anthracene or 2,3- and 6,7-substituted phenanthrene
groups, as well as di- and poly-sulphide groups. The
yield of oligomers is 49-63% depending on the nature of
the catalyst'®®,

Poly(arylene sulphides) of molecular mass up to 3 X 10°
are obtained'® by reaction between various aromatic com-
pounds and sulphur halides at a constant pH in the presence
of up to 35% of an activator (an alkali or a carboxylic acid
or ester). The polymer thus obtained from anthracene
and sulphur chloride is a powder having a softening point
of ~90°C.

Poly-(2-hydroxy-1,3-phenylene polysulphides) of general
formula

"’ OH ou OH
OO
R/ N

where R = Alk and x = 1-7, are synthesised by the poly-
condensation of p - alkylphenols or their substituted deriva-
tives with sulphur monochloride or dichloride****®  or of
phenolic compounds with sulphur in the presence of a
basic catalyst (e.g. sodium hydroxide) at 120-200°C.
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Table 5. Properties of methylated poly(arylene sulphides).
i Softeni
Arene Monomer unit Y;;Lj'ld‘ t;é;r'\mg x{’_l‘ ClL, %
C
CH,3
e
TN - - -
p-Xylene - N/ 60 1270—285| 1500 7.75
o, .
2,2',5.5" - Tetra- 5”“ sua
methyl diphenyl- . —
methane —[—<_>—CH=—/<__>~S— — | 55 |240—250] 1300 | 11.88
C}{, cH, n
CH, CH, ]
1,2,4,5-Tetra- N
methylbenzene “l:"<‘_>’*s - 70 291 950 6.5
1
CH, CH; n

Methylated poly{arylene sulphides) have been obtained
by the action of sulphur dichloride on methylated aromatic
compounds in the presence of iron powder'*®, Table 5
gives several characteristics of such polymers. The
products had a regular structure and contained up to
almost 12% of chlorine. An interesting feature of this
reaction is that, whereas p-xylene and sulphur dichloride
gave methylated poly(phenylene sulphides) under these
conditions, the polycondensation of p-xylene with sulphur
in the presence of aluminium chloride does not yield
polymeric products''®.  Qil-soluble chlorinated poly-
(phenylene sulphides) are obtained by the polycondensation
of tri-, tetra-, and penta-chlorobenzenes with sulphur
monochloride in the presence of aluminium chloride' %,
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Such polymers soften above 85°C, the viscosity of the
melt is 0.256 P (at 131°C), and they contain up to 50% of
chlorine.

Furthermore, a process has been elaborated'® for the
preparation of poly(arylene sulphides) in high yields by
the reaction of dipotassium diphenylbutane, disodium
diphenylmethane, disodium naphthalene, and other dimet-
allated aromatic derivatives with sulphur halides in inert
solvents (oxolan, n-hexane, etc.) at temperatures from
-75to +75°C. The reaction of disodium naphthalene
with sulphur dichloride can be represented in general as

1/\ 1\—5—] — 4 2NaCl ..
n

Oz [CO 22~ [-CO

The products have softening points of ~175°C, and can be
used as thermostable adhesives.

An examination of thermodynamic aspects of the forma-
tion of sulphur polymers by heating has shown'®” that
polymeric phenylene polysulphides can be obtained from
chlorinated aromatic compounds and polymeric sulphur.

7. Homopolycondensation of Aromatic Sulphenyl Chlo-
rides and their Copolycondensation with Aromatic Hydro-
carbons or Thiols

The first descriptions have appeared'*'° of the prepa-
ration of poly-(p-phenoxyphenylene sulphides) by the
copolycondensation of diphenyl and di-p -chlorothiophenyl
ethers in the presence of metal powders or salts in an
inert atmosphere away from the light at room temperature:

Do+ o0

The resulting polymers dissolve readily in aromatic hydro-
carbons and polar organic solvents. Table 6 gives data
on the influence of the nature of the catalyst on the yield
and certain properties of the products. Elementary anal-
ysis and n.m.r. spectra indicate that the polymer molecule
contains para-substituted aromatic rings joined together
by mono- and di-sulphide groups, the latter amounting to
9-10%. The formation of disulphide links is attributed'®~4°
to reaction between the sulphenyl chloride groups, which
is supported by the evolution of gaseous chlorine. The
mechanism of polycondensation has been studied also on
model compounds.

05— /W s | —

Table 6. Dependence of properties of polymers on nature
of catalyst.

) Softeni Vi ity,
Catalyst ’ Yield, % t e?n;??g I dlls‘g;?f ,l. Y
Fe 75 160—170 0.12
FeCl, 75 156—189 0.10
SnCl, 68 153—173 0.07
AlCly 38 140—175 0.08

* Viscosities determined for 1% solutions in hexamethyl-
phosphoramide at 30°C.

Polymers contammg aromatic rings linked by sulphide
groups are obtained™*° by the homopolycondensation of
benzenesulphenyl and p -phenoxybenzenesulphenyl chlorides
in chloroform solution in the presence of metal powders

Russian Chemical Reviews, 47 (11), 1978

or Lewis acids. The poly-(p-phenoxyphenylene sulphide)
was obtained in 53% yield and softened at 134-145°C.
Poly(alkyl- and aryl-p -phenoxyphenylsulphonium) salts,

with decomposition points of 165—-275°C and reduced vis-
cositities of 0.06—0.55, have been obtained'*! by the homo-
polycondensation of alkyl and aryl p -phenoxyphenyl sul-
phides in a mixture of 70% of perchloric acid and phospho-
ryl chloride in argon at 25°C for 20 h followed by heating
at 50-60°C. The structure of the polymer obtained from
the methyl sulphide corresponds to the formula

CH,
_[ < \_IS+_ j, _
_ ciog dn .

Such a polymer is soluble in formic acid and in aprotic
polar solvents. On dealkylation by boiling in pyridine it
is converted into a poly(p -phenoxyphenylene sulphide) of
softening point ~188°C and reduced viscosity 0.27.

Table 7. Dependence of properties of polymers on struc-
ture of initial monomers.
Sulphur, %
R R’ Molecular mass* | ——————
expt. calc.
L L>- LTS Ginsold 293 | 206
L - L | Lyl 5| a-9yx103 2,6 | 21.8
Ve 7 ) N\
- >— L -t 3| Ginsol) 8.5 | 28.7
N NS
<S>l ] (2-4) x 103 1.2 | 34.6
Vg
N/
=\ N\
L L~ l\\/“ (insol.) 35.1 36.0

*Determined by osmometry.

Poly(arylene sulphides) have been obtained in yields up
to 90% also by the polycondensation of aromatic disulphenyl
chlorides with aromatic dithiols in oxolan solution at
ZOOC: 142

nCIS—R~SCl + nHS--R’~SH =g~ — [-S—R—S—S—R'—S—1, — ,

Table 7 shows that poly(arylene disulphides) containing
biphenylylene groups are insoluble in the usual organic
solvents, in contrast to those containing m -phenylene or
diphenylmethane groups, and are readily soluble in oxolan
and chloroform. The structure of the polymeric disul-
phides has been confirmed by infrared and n.m.r. spectra
and by X-ray diffraction'*®. Redistribution of monomer
units by interaction of the disulphide bond with the chloro-
thio-group does not take place, and the polymers have a
regular structure.

8. Preparation of Poly(arylene Disulphides) by the Oxida-
tion of Dithiols

In 1909 Zincke and Frohnberg'** oxidised benzene-p -
dithiol with variocus oxidants (e.g. air, iron chlorides,
peroxides, sulphuric and nitric acids) in acetic acid, and
isolated as main product an amorphous yellow powder,
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insoluble in the usual organic solvents. Analysis sug-
gested a polymer having the monomer unit [CeH4.S2]p-
Treatment with copper powder and heating in order to
cleave the disulphide bonds gave an oil, from which a
cyclicdimer, pp’-diphenylene bisdisulphide, was obtained
When benzene-p-dithiol was oxidised with chlorine or
bromine under the same conditions, the precipitated prod-
uct passed after some time back into solution, from which
benzene-p-disulphonyl chloride or bromide respectively
was then isolated***,

However, the oxidation of benzene-p-dithiol with
ethanolic iodine gives an approximately 75% yield of a
solid product that is partly soluble in organic solvents and
softens at 198-202°C.'*® Elementary analysis (sulphur
content 46.12%) and X-ray diffraction indicate that it is a
linear poly-(p-phenylene disulphide).

Biphenyl-4,4’~diol is oxidised more slowly by air than
by alkaline solutions™®, to give a cyclic tetraphenylene
tetrasulphide

145

CoH S —S—CyH,
]
CoHy—S—-5-—CeH,

as an insoluble amorphous product.

Aliphatic sulphoxides have also been used as oxidants.
The oxidation of dithiols when solutions in dimethyl sulph-
oxide are heated at 95-170°C can be represented by the
general scheme™’

AHS-—R~SH 4 nR;SO — Hor [—§~R~S—], ~H +nH0 + nR;S .

More detailed investigation of the action of various
oxidants on aromatic dithiols has established'*® that iodine
and hydrogen peroxide tend to increase not only the rate
of formation but also the yield of poly(arylene disulphides),
while the use of catalysts (e.g. a mixture of a copper salt
and an amine, acid, or alkali) dissolved in an inorganic
solvent (e.g. water) at temperatures of 0 to 38°C promotes
the formation of poly(arylene disulphides) of higher molec-
ular mass. An intermediate complex is probably formed
in the inorganic solvent, according to the general scheme
(for a mixture of copper(l} chloride and an amine A)

A A
2A--CuCl - Hy0 — Hy0iu:Cl + 17,0, ~ e noitua
A i

Its reaction with 2 mercapto-group can then be written

A A
HO:Cu:Cl + R—SH — R—S:Cu:Cl 4 H,0
A A
2R—8:¢:Cl + 2H,0 — R—-SS—R - 2H,0:Cu:Cl
A Y

This reaction results in regeneration of the amine complex
of the copper salt and formation of organic disulphides.

It is noteworthy that the polycondensation of dithiols also
occurs in conformity with the mechanism suggested for the
oxidation of thiols.

Table 8 gives the structural formulae of the initial
dithiols subjected to oxidation together with characteristics
of the poly(arylene disulphides) obtained in quantitative
yield. The polymer from 4-methylbenzene-1,2-dithiol
dissolves readily in chloroform, whereas that from naphth-
alene-1,5-dithiol is insoluble in the usual organic solvents.

9. Polytransarylation of Aromatic Sulphides
A process suggested comparatively recently'*® for

obtaining poly(arylene sulphides) by the polycondensation
of aromatic sulphides is to heat them in the presence of
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Friedel~Crafts catalysts to 160-350°C. Either insoluble
or solvent-soluble products can be obtained depending on
the conditions. Thus when diphenyl sulphide is heated
with 6 mole % of aluminium chloride at 200°C for 4 h,
benzene distils off and an 85.2% vyield is obtained of a
powder containing 85.6% of a benzene-soluble product of
molecular mass 450 (determined cryoscopically in benzene)
and softening temperature 110-120°C. Elementary analy-
sis indicates a 37.53% sulphur content, exceeding by 8%
the content for the monomer unit [CeHs.S]y. Furthermore,
preparative thin-layer chromatography has revealed thi-
anthren among the reaction products™®’.

Table 8. Structure of polymers obtained from initial
dithiols.
Dithiol [ Monemer unit 221’ '1“""9'(“:'
lls—i’)\“--sﬂ - “SM{/F‘S' _ 10
! i
ii/
Clis. _, CHy N
SEI B
0 118
CHy
| 250

From the results it is considered™™ that the mechanism
of the polycondensation of diphenyl sulphide is analogous
to that of the well known transaryiation of diarylalkanes™™
and that polycondensation is accompanied by formation of
an intermediate complex of diphenyl sulphide with alumin-
ium chloride. The appearance of cyclic products is
attributed to the greater activity of the ortho position in the
aromatic ring relative to the sulphur substituent. Cyclic
compounds containing ov//io substituents had been isolated
earlier in the transarylation of diarylalkanes ™.

Since products of the transarylation of diphenyl sulphide
contain neither thiol nor disulphide groups according to the
infrared spectra and chemical analysis, the structure of
the oligomers may contain predominantly polythianthren
groupings.

G

Gl
A6
The presence of such structures among the reaction
products is confirmed by mass spectrometry and also by
the polymerlike conversion of these products into the
corresponding sulphones followed by analysis of thermal
decomposition products of the polymer analogues.

16.  Polymerisation of Cyclic Sulphides
Poly(arylene tetrasulphides) have heen obtained by the

thermal polymerisation of cyclic diarylene bistetrasul-
phides in the mass or in sclutior in a streara of an inert
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gas at 150-220°C; '52-1%
R l-—S—S—S—S—I R |
\K) |/\“/ _ ll/ N—S—5—5—5—
A \B Y _\,
S—§—5—5——

R=R'=0CHs (I); R=R’'=OCH, (I);
R=O0CH;, R’=Cl (III).

- R -

Table 9 gives conditions of preparation, reduced vis-
cosity, and molecular mass for a few poly(arylene tetra-
sulphides). The products are stable under normal
conditions and possess satisfactory adhesion to metals.

Table 9. Reaction conditions and properties of poly-
(arylene tetrasulphides).
Monomer Conditions Reduced viscosity, Mol. wt.
0.4 g/100 ml CHCl3| (number-av.)
0] in mass, 195°C, 1 h 0.21 15781
(1) in bromobenzene, 150°C, 3 days 0.08 7129
(I) in bromobenzene, 150°C, 16 h 0.06 4653
(11} in mass, 220°C, I h 0.08 —
an in mass, 195°C, 1 h 0.04 —

11. Polycondensation of Dihalogenated Aromatic Com-
pounds with Alkali Metals

Application of the Wurtz-Fittig reaction to di-o(and p)-
chlorophenyl sulphides with metallic sodium has recently®®
yielded soluble poly-(o{and p)-diphenyl sulphides),
respectively plastic at room temperature and solids pass-
ing into a state of viscous flow at 170~200°C.

III. PRACTICAL APPLICATIONS

A previous review® has examined in sufficient detail the
properties of various poly(arylene sulphides), the changes
undergone under processing conditions, and the properties
of articles made from them. Below, therefore, we give
only general information on properties and practical
applications, noting primarily the main lines of develop-
ment in the light of recent work.

Poly(arylene sulphides) are distinguished by high
thermal® # 91577163 tharmo-oxidative'® 3157189 1ot 165
and chemical'"!5% 8106168 stability, fire resistance'>™'®®
187192 - non-toxicity?'®7 1% and several other specific
propertieg®®10%1641%-201 = They can be readily oxidised
by various oxidants (hydrogen peroxide® ™" 16222027206
nitric acid®”", ete.) to poly(arylene sulphoxides or
sulphones), a process that should be applied to the ready-
made materials and articles®®, Heat-treatment has been
used to diminish the fluidity and raise the softening
point!84192:209=214, th, 5 heating at 320°C for 300 h raised
the working range of a poly(arylene sulphide) to higher
temperatures (from 100 to 200°C and above)®*'. The
maximum operating temperature at which films retain
their stren_;th for a long time (>10 weeks) has been
regarded'®" 5% 164166 187,214 54 960°C, but the temperature
of prolonged operation of the polymer has been restric-
ted'® to 180°C.
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Poly(arylene sulphides) surpass polysulphones and
polyimides in many physicochemical indices'®. They are
used as adhesives for glass-fibre laminateg'®’!6% 180,182
215-223  which have better mechanical strength at 204°C
than has polyethylene at room temperature'°,

Poly(arylene sulphides) Erovide good electrically
insulating materialg'®’-'8%2*4-228  Thyg the dielectric
constant of poly(phenylene sulphide) has been given as 3.1
(10° Hz), the dielectric loss angle as 0.0007 (10° Hz), the
dielectric strength as 23.8 kV mm ™", and the bulk resis-
tance as 10'® ohms cm, 7%

Great attention has been paid to studying the Progerties
of films based on poly{f)henylene sulphides) ™ %7 162s164,166
168, 171, 172, 184, 187-18% 220725 which show good adhesion to
various supportg®® 82164195199

Compositions of poly(arylene sulphides) with various
fillers can be processed into articles by injection mould-
ing, extrusion, pressure moulding, etc?'%?!%22%,225245-251
Articles made of such compositions can be ground, milled,
drilled, welded ultrasonically, metallised with chromium
and other metals, and also threaded®®. This explains
the widespread use of poly(arylene sulphides) and articles
made from them in mechanical and electrical engineering,
aircraft construction, chemical industry, and other tech-
nologies.
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