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SCOPE OF THE RESEARCH WORK

Poly(p-phenylene sulfide) (PPS) is a versatile engineering
plastic with excellent thermal/chemical resistance and mechanical
performance. It is used for moulding of engineering components and
also as a corrosion resistant coating on various substrates. The polymer
was first commercialized in late 1972. The combination of properties
offered by the material has made it an important engineering thermo-

plastic for metal replacement.

The polymer has great commercial significance. However,
there is little published literature on the kinetics and structural develop-
ment during the polymerization. A study of the polymerization to
generate PPS is also of fundamental interest. This precipitation poly-
condensation reaction is a novel heterogeneous process. The commer-
cially significant polycondensation reactions which are homogeneous
systems are the production of unsaturated polyesters, nylons, phenolic
resins, polyurethanes etc. Thus, the study of PPS synthesis would also
elucidate aspects of the effect of solubility of reactants in the reaction
medium on kinetics, the growth/propagation of the polymer chain in
the solid phase after precipitation and the interrelation of the chemical
reaction kinetics and physical processes such as precipitation and crysta-
llization. It is this line of thinking that prompted the present investiga-

tion of the kinetics and structure development during the synthesis

of PPS.

The polymerization to PPS involves the reaction of 1,4-dichloro

benzene (PDCB) with sodium sulfide in N-methyl pyrrolidone (NMP),
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a highly polar solvent. The reaction may be represented as:

nCl—@—Cl +nNa, S he_at’ ‘(‘€>—S-)?1 +(2n-1) NaCl

The reaction is wusually carried out in a polar solvent at
high temperature (265°C) and pressure (=2 160 psi). In the present work,
the reaction was studied at 195°C and at a pressure of = 35 psi. The

system involved the use of PDCB in a slight excess.

The scope of the doctoral research touched on the following

aspects concerning the polymerization to generate PPS.

i) Polymerization kinetics

i) Mechanistic studies by wvarying the reactants and
catalyst.

iii) The effect of physical reaction parameters such

as stirring speed and dilution, on the vyield and

degree of polymerization.

iv) Characterization of the degree of polymerization
with reaction time by microanalysis and dilute

solution viscosity measurements.

v) Characterization by differential scanning calorimetry,

the physical structure of the polymer generated
at different conversions.

vi) Morphological characterization by x-ray diffracto-
metry and scanning electron microscopy.
The kinetics and structure development during the polyconden-
sation to PPS were investigated by collecting and analysing polymer
samples generated at different reaction times. The conversions were

evaluated by volumetric analysis, the amount of sodium chloride formed



and the unreacted sodium sulfide present. The polymer yields were
determined gravimetrically. The polymer formed at different reaction
times were characterized by chlorine end group analysis, dilute solution
viscosity, thermal evaluation, x-ray diffractometry studies and particle
size determination by scanning electron microscopy. In this manner,
the interrelationships between kinetics and structure development were

studied.

The following experiments were carried out to elucidate
the polycondensation mechanism and to propose a probable reaction

scheme. These involved the use of:

(a) Sodium para chloro thiophenoxide as initiating species

(b) Excess PDCB to accelerate the initial reaction
steps

(c) Sodium hydroxide as probable catalyst

(d) 1,4-dibromo benzene instead of l,4-dichloro benzene

In most precipitation polymerization reactions, the polymer
precipitates out after a critical degree of polymerization is attained.
In such heterogeneous systems, the transport of reactants exerts consi-
derable influence on the reaction rate. In order to study the diffusional
limitations on the polycondensation to PPS, the yield data at fixed
reaction time were obtained at different stirring speeds and different
dilutions. The results of the study were analyzed to interrelate kinetics

with structure development.
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INTRODUCTION




INTRODUCTION

I.1 Polymeric Materials

Polymeric materials are used in a wide range of applications
ranging from general purpose large volume commodity household articles
to low volume, speciality, load bearing components. The prime conside-
rations for materials selection in any application are the performance
requirements versus the material properties and the cost effectiveness
of the material. The performance specifications may include mechanical
properties such as strength, rigidity, toughness, abrasion and wear
resistance, thermal characteristics, chemical resistance and electrical
properties. A few typical consumer and industrial applications of
polymeric materials include packaging films, luggage, toys, textile
fibres, paints, lighting fixtures, electrical connectors, auto tyres and

gears, bearings.

The materials are generally classified in terms of their
applications as plastics, elastomers, synthetic fibers, protective coatings
and adhesives. Polymers are also used as matrix material fc;r reinfor-
cing fillers/fibres in high performance composites for defence, aero-

space and industrial applications.

Engineering thermoplastics are increasingly replacing conven-
tional materials primarily because of their greater ease of processing
into products of complicated shapes and the economics of the high
productivity conversion processes such as injection moulding. The
other advantages offered by thermoplastics include light weight, corro-

sion resistance/long life expectancy, versatility of product design



and the ease of maintenance of the product. The property require-
ments for a specific new application can be met through modification

of the base polymer with fillers, reinforcing fibres, grafting, blending

elc.

The thermoplastic materials may be categorized into three
groups based on their volume of production, costl and thermal perfor-
mance.

(a) Bulk or commodity plastics: Low priced, high volume polymers
such as polyethylene, polyvinyl chloride, polypropylene and polystyrene.

The maximum use temperature of these materials is~ 100°C.

(b) Engineering plasticss These are polymers exhibiting higher
thermal and mechanical performance. In this class, polymers such
as polyamides (Nylons), polycarbonates, polyacetals, polyphenylene
oxide, thermoplas-tic polyesters, polyurethanes and polyphenylene sulfide
may be included. On a production /cost basis, these materials are
medium volume and medium priced plastics.  The consumption of
these materials is significantly lower than that of the commodity
plastics. The use temperature of these materials is in the range 150-
200°C. They display better thermomechanical properties such as
high HDT and modulu_s,wider end use temperatures, chemical resistance
and excellent load bearing characteristics. These are used in metal
replacement applications. Some of the major applications for enginee-
ring plastics include pump impellers and housings, low friction compo-
nents, heat and chemical resistant units, electrical parts and materials

for construction industry.

o



TABLE |

CONSUMPTION FIGURES OF ENGINEERING PLASTICS

Consumption

Polymer Market share
x1000 tons %
Total polyamides including
Nylon-6, nylon-66, 436 39.71
speciality nylon
Polycarbonates 250 22:77
Polyacetals 186 16.94
Modified PPO 140 12.75
Thermoplastic polyesters
(PBT, PET) 75 6.83
Polysulfones 6 0.55
Polyphenylene sulfide B | 0.5
Total - 1098 100




(c) Speciality polymers: Polymers that can be grouped in this
category are low volume/high priced speciality materials and would
include polymers such as fluoropolymers, polysulfones, polyether ketones,
polyimides etc. which cater to specific property combinations defined
to meet product performance. The polymer can be used at temperatures

upto 270°C.

The conventional processing methods such as extrusion
and injection moulding can be used for processing of engineering plastics

with modification of the equipment.

The increasing use and acceptance of engineering plastics
can be gauged from the reported sales of engineering plastics. This
has crossed the one million ton mark. The contribution of various
polymers with their market share is shown in Tablel. The table
excludes commodity polymers modified to meet property requirements
for engineering applications. Polymers such as polypropylene and
acrylonitrile-butadiene-styrene (ABS) copolymers could be used for

specific engineering applications.

A number of high performance engineering plastics, with
the exception of nylon 6, nylon 66 and polyacetals,are based on aromatic
monomer units. The advantages of incorporating para phenylene moities
in the polymer backbone are well docum:.ented.2 The physical properties
of a large number of such condensation polymers can be correlated
to their chemical structure. These polymers are often used with

glass fibres for engineering applications.

Some of the outstanding and commercially useful aromatic

polymers include the thermoplastic polyesters (PET and PBT), poly-



TABLE 2

STRUCTURE AND TYPICAL PROPERTIES OF AROMATIC POLYMER53

Test method ASTM No.

Polymer Structure D638 1 D648
Tersle  Modulus  Irpact  Deflection
strength 103 . strength terrperature
psi P ful5/n F

0 0
Polyethylene I Il 8500 400 0.25 100
terephthalate —ec C-O—CHZ-CHa-O}— -10,500 -600 -0.65  -106
PET n (annealed)
0] 0
Polybutylene 1 1] 8200 280 0.8-1.0 122
terephthalate %C—@—C—O-(CHZL‘—O—)— -185
PBT n
CHg
Polyphenylene 7800 380 5 212
oxide O—}— -9600  -355 -265
PPO n
GH3z
s
Polycarbonate 9500 345 10-14 270
e (YL yo-boy,
n
CH3
0
Polysulfone _eO_R“O_@_g_@_)_ 360 1.2 345
Il
0 n
Polyphenylene 9500 480 0.5 275

sulfide
PPS

O




sulfones, polycarbonates, polyphenylene sulfide, polyphenylene oxide
(Noryl). The polymer backbone consists of one or more atoms interposed
between the paraphenylene units. The structure and typical properties

; : : 3
of a few aromatic polymers are summarized in Table 2.

1.2 Poly(p-phenylene sulfide)

Poly(p-phenylene sulfide) (PPS) has gained considerable
importance as a versatile engineering plastic since 1973 and is predicted
to become one of the six major engineering plastics by 1990.4 The
polymer structure consists of para-substituted aromatic rings inter-
connected by sulfur linkages. Linear PPS has one sulfur atom between
the paraphenylene units. The chemical structure of the polymer is

represented as indicated below.

O

Although the polymer was first reported in 1897,5 it was
not till the mid seventies that PPS could be marketed.’/ The first
commercial plant was put up in late 1972 by Phillips Petroleum in
USA. ' PPS has been a monopoly product of Phillips Petroleum and
is marketed under the trade name Ryton. Though broadly available
in coating and moulding grades, 72 different grades6 are marketed
by various companies using the base resin produced by Phillips Petroleum.
The consumption figure during the year 1984 is 5000 tons. Several

7-42

reviews highlighting the salient features of PPS and its application

potential are available.
-~

"The repeating paraphenylene unit imparts rigidity to the

polymer chain and the symmetry due to paraphenylene linkages imparts



a high degree of crystallinity and excellent thermal resistance. PPS
i1s a versatile engineering plastic with a unique combination of properties
like high corrosion and solvent resistance, thermal resistance, good
mechanical properties, good processability, flame retardance and ability
to be compounded with various fillers. PPS has combination properties

of thermoplastic and thermosetting classes of materials.

PPS is used in coating and injection molding applications.
Coatings based on PPS exhibit better adhesion to metal substrates and
better filler acceptability in comparison with fluoro polymer coatings.
The coating process is also simpler since the polymer melts during
the curing process. The coating applications of PPS include corrosion
resistant lining for chemical equipment, pump impellers, flame-proof
casing for electrical equipment, non-stick coatings for cookware, low
friction rollers for calendering machines etc. For applications involving
injection moulding grades, PPS is compounded with glass fibres and
fillers (40% glass fibres). Typical applications include ball valves, pump
impellers, electrical sockets, gears and housings, microwave oven shelves,

telephone components etc.

\Sodium sulfide and paradichlorobenzene, the major raw materials

used for the synthesis of PPS, are relatively inexpensive. |

The early studies on the formation of PPS resins are well reviewed.
In these investigations, the polymer was observed as a side product

in reactions directed at the synthesis of simple organic compounds.

The first published report on PPS dates back to 1897.5 The
formation of the polymer as a resinous material was observed in the

reaction of benzene and sulfur. The polymer generation was also observed

10



in the Friedel-Crafts reaction (A1C13) involving phenol with sulfur”,
of thiophenolw, of thiophenol with thionyl chloride”, self condensation
of thiophenol in concentrated sulfuric acid%, reaction of benzene with

48

s.ulfur,t“7 oxidation of paraphenylene dimercaptan and reaction of

phenol with sulfur d'u:hloridte.u8

These studies resulted in polymer yields only in the 50 to 80
percent range. Elemental analyses of the polymér formed in the above
investigations corresponded to the empirical formula CGHQS. The reported
physical characteristics of the formed polymer are conflicting. It was
either described as amorphous or as a crystalline material. However,
the high softening range of the polymer was uniformly noted. The poly-
mers were perhaps either oligomers or with cyclic structures. The

polymers were not extensively characterized.

Reinvestigation of the self polycondensation of tl‘xiophenolqL9
in the presence of sulfuric acid gave high melting (310°C) branched
polymer (80.8%) along with toluene soluble low melting (125-130°C)
oligomer (11.4%).

!\Macallum revived the dormant field of PPS synthesis. The

Macallum po[ymerizr:'.tionj‘:)'j2

involved the melt reaction of para dichloro
benzene, sulfur and anhydrous sodium carbonate in varying proportions
in a sealed vessel at temperatures in excess of 300°C. The reaction

may be represented as,

11

CL@—CL +S +Na,COzy —> {—@s,-}— +NaCl +CO, +
‘ n

M : 15mM @ {-5M NapS04 +NapS,03
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The sulfur rank "x" in the above equation (which denotes the average
number of sulfur atoms between repeat units) varied from 1 to 5.
The chemical composition and the physical properties of the polymer
formed were found to be dependant on the relative ratios of the reac-
tants used. Polymers with 'x' close to unity were obtained when the
molar ratios of sulfur and sodium carbonate to para dichloro benzene
were maintained at 1.5:1.5:1 . The number-average molecular weight
of these polymers, as determined by chlorine end group analysis was

found to be in the range of 35000 to 70000.

Macallum polymerization process was not a commercial success
since the polymer properties could not be reproduced. The products
obtained ranged in properties from hard polymers softening at high
temperatures to rubbery polysulfides, depending on the ratio of the
reactants. | However, the work prompted further investigation towards

A

an extensive study of the chemistry and structure of the polymers.,

At Dow Chemical Co., USA, the research team headed by Lenz
reinvestigated the Macallum polymerization process.ﬂ.;‘ They observed
that the polymer properties and yields were not reproducible. Polymer
characterization showed these were either branched or crosslinked.
They proposed a probable mechanism for the course of Macallum poly-

merization.

The Lenz team switched to an alternate synthetic route involving
; . 4
self polycondensation of metal salts of para halo th:ophenols.5 199,

The reaction may be represented as,

nX—@—SM — {—@—s%— + nMX
n



where M is an alkali or alkaline earth cation, while X 1is a halide

fluorine, chlorine, bromine or iodine.

The polycondensations were carried out either in bulk or in
solvent pyridine in ampules sealed under inert atmosphere, at temperatures
lower than the melting poinf of the salt. Among the systems investi-
gated, the commercially attractive one was found to be the system

based on cuprous p-bromo thiophenoxide. This reaction could be repre-

T\CuS@Br 200-300%. @—sa- +nCuBr
n

It was found that the rate of solution polycondensation was faster

sented as,

than the solid state polycondensation. The influence of the halogen
on the rate was in the order 1 >Br > Cl > F. An overall second order

rate was observed for the solution polycondensation in pyridine.

The polycondensations resulted in linear poly(p-phenylene '.iulfidts-)55
with better thermal stability than the polymers produced by the Macallum
process.  However, the process could not be exploited commercially

due to the expensive raw material and inherent difficulty in the comp-

lete removal of the side product, cuprous bromide.

13
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Phillips process for PPS:
| Phillips Petroleum Co. USA reinvestigated the synthesis of PPS,

aiming at a viable commercial pn:>ces:=..56"j7

The work culminated in the
successful development of a commercial plant in 1972. The Phillips prOCESS53
involves the reaction of aromatic dihalides with alkali metal sulfides in a
polar organic solvent at high temperatures and pressures. The preferred
route involves the reaction between para dichloro benzene and sodium sulfide
in N-methyl pyrrolidone at elevated temperatures (265°C) and pressure

(~ 160 psi). Linear PPS is obtained almost quantitatively. The reaction

can be represented as,

heat
n Ct@Cl+n Na, S W @‘S}; + (2n-1) NaCl

Sodium sulfide, a reactant in the synthesis, was obtained in an anhydrous
form by reaction between sodium hydroxide and sodium hydrosulfide, followed
by the dehydration step to remove water by distillation. The polymer isolation
steps include recovery of the polymer from the reaction mixture, extensive
washing to remove the side product sodium chloride, and drying.

A number of methods for the synthesis of PPS have been patented
by Phillips Petroleum .59_% _The common feature in these methods is the
reaction of para dichloro benzene in N-methyl pyrrolidone. The methods
vary in the nature of sulfide, the co-reactant. O\ther reported variations
of the reaction include incremental addition of one reactant or addition
of compounds like thiourea, alkali metal carbonates, mixed dichlorobenzene,

lithium halides or carboxylates, etc.

\PPS obtained by the Phillips process is a low molecular weight

polymer, not suitable for moulding applications. The molecular weight of



PPS was enhanced by the following methods.”> 13
(a) recycling of low molecular weight PPS from earlier batches.
(b) use of lithium salts such as chloride, carbonate » metaborate,

acetate as catalysts.

(c) using pressurized carbon dioxide atmosphere.
. (d) using sodium benzene sulfonate or sodium butane sulfonate.
(e) use of sodium acetate
(f) addition of bifunctional chloride
(g) addition of alkali-metal carboxylate with varying amounts

of alkali metal hydroxide, and

(h) co-polycondensation with a comonomer.

~The molecular weight of PPS was also enhanced by controlled post
polymerization heat treatmentl.MThe dry polymer was subjected to a progra-
mmed thermal heating cycle below its melting point, till the desired molecular
weight was attained. The heat treatments could either be at atmospheric

pressure or under pressure with additives 1> 122

such as sulfur, tetramethyl thiuram
disulfide or organic peroxide, quinones, sulfuric acid, peroxide - sulfuric/nitric
acid, hexamethoxy methyl melamine,alkali metal carboxylate. The increase
in- molecular weight was evaluated by measuring the melt flow index and

the increase in inherent viscosity of the polymer. The melt flow index

decreased with increase in molecular weight.

PP5 is normally produced by a batch process. Phillips Petroleum

Co. USA, have recently filed process patents for a continuous production

124-127
of PPS.

Thus Phillips Petroleum Co. USA have carried out extensive work
in the synthesis of PPS. Open literature on the synthesis of PPS is rather

128-137 i 138-190
limited. Reported work by others is exclusively covered by patents.



1.3 Kiretics of polycondensation reactions

The kinetic analysis of a reaction involves monitoring the rate
and order of disappearance of the reactants as measured by the change
in their concentration. This is evaluated by analysing samples drawn

intermittantly during the course of the reaction.

The first objective in any kinetic study is to determine the
rate of the reaction. Simple reaction schemes and their corresponding

rate expressions are represented as:

Reaction Rate expression
P — products ; - %Lf—] = k[P] (1
P+ P — products -%[?P—] = k{P]2 (2)
P + Q — products - %:tp_] :—%1 = k(pP1[Q] (3)

where P and Q are the reactants.
The constant k, the rate constant, is also known as the specific reaction rate
constant.Its dimensions depend on the order of the reaction. The generalized

expression between P and Q may be represented in the form,

_dpl o dQl | X oy
The indices x and y are defined as the order of the reaction with respect
to the individual reactants and the overall rate of the reaction is repre-

sented as [x + y].



Polycondensation reactions

Polycondensation reactions occur between difunctional reactants
through a series of stepwise reactions to form dimer, trimer, tetramer,
pentamer and so on, with or without the elimination of side products
such as water, -hydrochlorit acid or sodium chloride. The molecular
weight of the polymer builds up gradually. Certain polycondensation
reactions such as polyesterifications are reversible. In such cases, the
side product formed during the reaction has to be removed from the
system to shift the equilibrium towards product formation to obtain high
molecular weight polymer. In addition, reactants should be pure to prevent
side reactions and the molar ratios of the reactants must be maintained

in stoichiometric proportions.

Polycondensation reactions are not generally classified into
different groups. The commercially important polycondensation reactions
include esterification to form polyesters, amidation reactions to produce
polyamides, the reaction between diols and diisocyanates to synthesise
polyurethanes and nucleophilic substitution reactions resulting in the
formation of polymers like polysulfones and polyphenylene sulfide. Poly-
condensation reactions of industrial importance are generally homogeneous

systems while polymer formation to PPS is a heterogeneous one.

The various stages that occur during a polycondensation reaction

can be represented as,

Monomer + monomer —= Dimer + Sm
Monomer + dimer — Trimer + Sm
Trimer + monomer —» Tetramer + Sm

Trimer + Dimer — Pentamer + Sm

§784 364 /0473) .
oaT ¢ ™ ’m7



where Sm  denotes the small molecule (side product) that is formed

during the reaction.

At any given reaction time 't', molecules of different degrees
of polymerization are present and any two species can react for the
growth of the polymer chain. The overall rate expression would be the
summation of the individual rates of formation of the various species.
The kinetic analysis of such a system poses a very difficult task. This
uncertainty is overcome by assuming that the reaction rate between
two functional groups is independent of the chain length of the reacting
species and that the effect of a similar functional group present elsewhere
in the molecule on the rate is negligible. The validity of these assumptions
have been experimentally confirmed. Investigations on esterification
reactions as a function of chain length have shown that the rates of
disappearance of -COOH groups in dibasic acids become independent
of chain length n, for n € 4.191_193 Thus, the kinetic analysis is simpli-
fied to that observed in simple organic esterification reactions and the
rate of reaction can be related to the rate of disappearance of a reactant
or a functional group. The degree of polymerization or the chain length
increases gradually as the reaction proceeds. In a heterogeneous system
such as PPS synthesis, the general features of the process and the opera-

ting parameters have not been investigated systematically.

Polyesterifications are the most extensively studied of all poly-
condensation reactions. The different rate expressions that emerge can
be classified as under:

(1) Internal or self catalysed reactions.

(ii) Externally catalysed reactions.

(ii1) Non- stoi chiometric ratio of reactants.

18



The kinetic expressions differ and are discussed separately.

In the internal or self catalysed polyesterification reactions,

the rate expression can be represented as,

d[COOH]
dt

) - k[ COOH) [OH) (5)
Since stoichiometric concentrations of functional groups is taken for

the reaction, the rate equation becomes,

i d[CdCt)OH] - Ed ©

where, 'a' denotes the concentration of the functional groups.
Equation 6 on integration and use of initial conditions such as at t=tq

a = ag becomes,

]
1

1
2 kt 5 —— (7)
a
o]

The fractional conversions of the reaction could be expressed as a function
of the fraction of the hydroxyl or carboxyl groups reacted at time 't'.
If p denotes the fractional conversions, the concentration 'a' of carboxyl

or hydroxyl group, at time 't' can be expressed as,

a = ao(l—p) . (8)

Substituting the value of a from the above equation in equation 7, results

in

= 1 )

13



The reaction follows third order kinetics and a plot of Tll"_P)a against
reaction time should be linear. However, the uncatalysed polycondensation
reaction has been found to follow third order kinetics only after 80 per-
cent conversion. The deviation from third order in the early stages
has been described to be due to large polarity changes in the medium

as a result of the disappearance of the hydroxyl and carboxyl groups.

In externally catalysed polyesterification reactions the concen-
tration of the strong acid, added as the catalyst, remains constant during
the reaction. The rate expression in this case is represented as,

da 2
at - ka (10)

In forms of fractional conversion 'p', the rate expression is given as,

- ! 11)
Cokt = _(T_-_p) -1 (

The reaction follows second order kinetics for most polyeste-

rifications and a plot of against reaction time is linear over a wide

o -
(1-p)
range of conversions. The form (11) represents the average number
of structural units per chain and is defined as the number-average degree

of polymerization (ﬁz'nor in). Equation 11 therefore becomes,

n 0 (12)

The number-average molecular weight in catalysed polyesterification

increases linearly with reaction time.

In  catalysed reactions with non-stoichiometric ratio of reactants

20



used, the rate expression is expressed in the form,

d(p
S G -

where P and Q are the reactants.
Although one of the reactants is in excess, for the reacting functional

groups, the stoichiometric relation is given by,
[P1-[P] = [Q]-[Q (14)

where {Po} and [Qo] represent the initial concentrations and [ PJ, [ Ql,

the concentrations at time 't'.

Combining the equations 13 and 14 and integrating equation 13, the follo-

wing expression is obtained,

KRl . _ _
Ln P] - Lnr + Qo[l r] kt (15)
[ P
where r:EQ—o]—<l is the molar ratio of the reactants.
(3]

A plot of Lnl%T against reaction time is linear and the reaction follows

second order kinetics.

Published information on heterogeneous polycondensation is
rather limited. The only published work on the kinetics of polyconden-

. : 55
sation to generate PPS is that of Lenz and coworkers.

Due to a sequence of reactions in the early stages of the PPS

polycondensation the following species could be formed.

21
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c1@—cm + Na, S —--m—@-SNu + NaCl

Ck—@—SNu + Cl—@—Cl-—h Cl-@—S‘@Cl + NaCl
I
Cl—@SNq+Nuzs — NaS-@—SNa + NoCl
| i
NuS-@-SNu +Cl-@—01—-—* NuS@-S@—Cl+NOCl
NoS-@—S—@—CL + cm-@m—-cm—@-s@s@- Cl+NaCl
v

The reactivities of the different species LILILIV and V would
be expected to be different. Thus the rates of formation of the mono-
substituted moiety and its rate of growth would be different. No published

information exists on elaborate kinetic evaluation of this system.

In reactions 1nvolving diisocyanates, the reactivity of the isocya-
nate group is affected by the structure of the organic moiety to which
it is attached. In aromatic diisocyanates reactivity is influenced by
the position of attachment of the second isocyanate group to the benzene
ring. The reactivity of the two isocyanate groups are not equivalent
and the disappearance of one isocyanate group through urethaﬁe formation
reduces the reactivity of the other. The reaction follows an overall

second order kinetics and the rate expression can be represented as,



TABLE 3

REACTIVITY OF DIISOCYANATES

23

Rate constant

Diisocyanate Structure i 4 =l
x10 S
Initial Final
NCO
m-phenylene ocC N@ 6.0 2.
diisocyanate
p-phenylene OCN _@_ NCO 5.7 1.6
diisocyanate
Cl
I-chloro, 2,4-phenylenc 13.0 4.3
diisocyanate OCN NCO
CHz
2,4-toluene 2.0 0.22
diisocyanate @ NCO
OCN
NCO
2,6-toluene CH 0.8 0.12
diisocyanate 3
NCO
, HzC CH3
4,4-bis(2-methyl 0.11 0.1

isocyanato phenyl) OCN @ C H24©—
methane




SUMMARY AND RECOMMENDATIONS




dNcol  _ dlurethane]

. 16
- - = - k[NCO] [oH (16)

The reactions of aromatic diisocyanates and diols leading to the formation

of polyurethanes have been published.

In the case of the most widely used aromatic diisocyanate,
namely, 2,4-toluene diisocyanate (TDI), the inductive effect of the isocya-
nate group is moderated by the steric effect of the methyl group. It
was observed that in the early stages of the reaction, the isocyanate
moiety para to methyl group contributes to the rate observed and in
the latter stages of the reaction, the rate decreases to a great degree
due to the lesser reactivity of the isocyanate group at the ortho position.
Table 3 shows the change in both the rate constants with the structural

variations in different diisc:ocyanates.l9"t

When all the factors affect both isocyanate groups equally,
the reactivities of both the isocyanate groups are equal. This is observed
of methylene diisocyanate (MDI) or substituted MDI having equivalent
isocyanate groups. However, in the absence of the steric effects, the
reactivity of bifunctional monomers is reduced significantly as a result

of the reaction of one isocyanate group.

Polycondensation reactions leading to the formation of PPS
follow aromatic nucleophilic substitution mechanism. Aromatic polyethers
are commercially prepared by aromatic nucleophilic substitution reactions
between a diphenoxide and a aromatic dihalide. The reactions are carried

out in a highly polar organic solvents.i% It can be represented in the form,

MO Ar OM + X Af'X —* ArO Ar O  + 2MX (17)

e



Denoting [ArO] as the phenoxide and [Ar'X] as the aromatic dihalide
in the form of functional moieties, the rate equation can be expressed
as,

; W = k[Ar O] [Ar X] (18)

The above expression on integration becomes,

A (19)
c C

o
where ¢ is the concentration of phenoxide [ArQ] or the dihalide [Ar'X]

functional group at time 't' and Cy? the initial concentration.

A second order reaction kinetics with respect to the concentration of
functional groups is observed. The reaction rate was however bimodal.
The uniform initial rate observed was followed by a slower rate beyond
50% conversion. In the investigations of Lenz et al. towards synthesis of
PPS, an overall second order reaction rate was observed. In the present

investigation, a bimodal rate was observed.

To summarise, polycondensation reactions fall into three categories.

(i) Uncatalysed reactions that occur with reasonable rate

(formation of polyesters and polyamides).

(ii) reactions that require external addition of catalyst to
have reasonable rates of reaction (formation of phenol-

formaldehyde resins).
(iii)  reactions with optional addition of catalyst (formation
of polyurethane).
The reactions could either be homogeneous or heterogeneous
in nature. Most commercially important polycondensation reactions

are homogeneous while the generation of PPS is heterogeneous in nature.
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1.4 Physico-chemical characterization of polymers

A variety of techniques are available for the physico-chemical
characterization of polymers. The widely used techniques and the infor-

mation generated are summarized below.

Analysis technique Information generated
(i) Infrared spectroscopy (IR) Functional groups present
(i1) Nuclear magnetic resonance Chemical structural analysis
spectroscopy (NMR) J
(iii) Volumetric analysis Estimation of unreacted monomers

and side products formed.

(iv) Microanalysis Chemical composition/quantitative
estimation of end groups in polymer
chain

(v) Solution viscosity Intrinsic viscosity and molecular
weight

(vi) Differential scanning Glass transition temperature,

calorimetry (DSC) melting point, enthalpy of fusion,

crystallization, percent crystalli-
nity and crystallization kinetics

(vii)  Thermogravimetric analysis Thermal stability, weight loss as a
(TGA) function of temperature
(viii) X-ray diffractometry Crystal lattice dimensions, cryta-
llite orientation, percent crysta-
Hinity
(ix) Scanning electron Particle size, shape, crystal growth
microscopy (SEM) and morphology

The following techniques have been used in the present investigation.

(1) Infrared spectroscopy

(i1) Volumetric analysis

(iii) Microanalysis

(iv) Dilute solution viscosity

(v) Differential scanning calorimetry (DSC)

(vi) Thermogravimetric analysis (TGA)



(vii) X-ray diffractometry

(viii) Scanning electron microscopy

These techniques are discussed briefly in the following sections.

1.4.]1 Infrared spectroscopy

Infrared (IR) spectra are generated by the absorption of electro-
magnetic radiation in the frequency range 400 to 4000 cm'l by polymer
molecules.  Different functional groups and structural features in the
molecule absorb at characteristic frequencies. The frequency and intensity
of absorption are indicative of the bond strengths and structural geometry

in the molecule. Absorption in the range 1100 (:m'l

to 600 cm™! is specific
to each molecule and is termed as 'finger print' region. General infrared
spectroscopy is useful to determine functional groups present in the polymer

molecule.  The substitution pattern in aromatic polymers can also be

predicted.

1.4.2 Volumetric analysis

Specific volumetric analysis can be used to evaluate concentrations
of reactants and products generated in a reaction. The method involves
collection of samples at intermittant reaction times and estimation of
the concentration of a reactant. Usually titri metric methods are followed.
In the present investigation, the concentrations of unreacted sodium sulfide
and the moles of sodium chloride formed were determined at different

reaction times by iodometric and argentometric titrations.

1.4.3 Microanalysis
The method is generally used to evaluate the chemical composi-

tion. This estimate can be related to the number average molecular

-1
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weight of a polymer, provided the end group differs from the repeating
structure of the polymer. The polymer sample is digested with a strong
acid in a sealed ampule. The digested sample is then analysed either
by gravimetric or volumetric analysis. In the present system, the PPS
samples were analysed for chlorine end groups; a gravimetric method

was followed, the details of which are given in section 2.

l.4.4 Dilute solution viscosity

Dilute solution viscosity measurement is a widely used indirect
method for evaluating the molecular weight of a polymer. The incremental
increase in the viscosity of a solvent brought about by the addition of
small amounts of polymer forms the basis for intrinsic viscosity determi-
nation. It is indicative of the size of the solvated polymer and can be
related to the polymer molecular weight by comparison with data based
on direct methods such as membrane osmometry and light scattering.
A number of capillary viscometers that can be used for the determination
of viscosity of dilute polymer solutions exist such as Ostwald, Cannon-
Fenske and Ubbelohde viscomzters. The viscometers are mounted in preci-
sely-constant temperature bath. The procedure involves the measurement
of the flow times of an exact volume of the solvent as well as of polymer
solutions of different concentrations at the specific preset temperature.

The following viscosity parameters can be determined from the measure-

ments:
Relative viscosity (M) = % (1)
Specific viscosity msp) = (1'Lr - 10) (2)
Intrinsic viscosity [N] = ( _1.1_52) (3)
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where t, To are flow times for polymer solution and solvent respectively

and ¢, the concentration of the polymer in gm/deciliter.

The two most widely used equations in relating the intrinsic visco-
; ; g ;o J9F 198
sity with concentration are known as the Higgins and Kramer equa-

tions given below:

2 = [+« [fc (®
ML) “‘Cq') =[] +« [Uc (5)

where k' and k" are constants.

A plot of rlsp/C against concentration on extrapolation to infinite dilution
(C=0) gives the intrinsic viscosity [N ], as the intercept. It has units of
deciliters per gram. Intrinsic viscosity [T ] can be related to the polymer

molecular weight by the Mark-Houwink eqt.tation199

(] = kM (6)

where K and 'a' are constants characteristic of a polymer and solvent

combination at a given temperature and M,the molecular weight.
Knowing K and 'a', the polymer molecular weight can be calculated.

An easier, faster method known as the single point intrinsic viscosity

measurement has found wide industrial acceptance. Two equations, one

proposed by Schultz and Blaschkezoo and the other by Sclomon and Ciutazo}

are represented below.
rlsp

e (&
[l -= T+KMN,, @
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where K is constant.

] = ‘% VMsp= tn s ®)

The method involves the evaluation of relative viscosity at a single
polymer concentration at an exact temperature. The polymer concentra-
tion generally chosen for high molecular weight polymers is 0.5 gm/dl.

The intrinsic viscosity is then calculated from equations 7 and 8 .

Equation 7 has been derived from equations 4 and 5 implying that
Higgin's and Kramer's equations are obeyed by polymer solutions. However,
equation & does not involve any constant. Intrinsic viscosity determined
from equation 8 match experimental results of Naar et al.202 They pro-
posed that the right hand side of equation tends to the intrinsic viscosity
[ M ] at infinite dilution (C=0). The equation of Solomon and Ciuta (ei:[.s)
was found to be in good agreement with intrinsic viscosity determined
by graphical extrapolation method for polycarbonate, poly(phenylene oxide)
and poly(ether imide)??3 at polymer concentrations, OfTLSP<<l . Palit
and Karzou reported that equation can generally be applied for polymer
solutions with Q5p<0.6.

Other equations for single point intrinsic viscosity determination

have also been proposed. A method proposed by !\«‘Iortin205 has been exten-

6

sively tested.20 . The equation is represented below.

log(LcSE) = log(n) + k(n)cC (9)

Deb and Chatter]ee207 proposed an equation in the form,



=L Vaun + TG -30, (10)

and have shown the usefulness-for a number of polymer-solvent systems.
Khan and Bhargava208 have also proposed an equation for evaluating intrin-
sic viscosity from single point determinations. The method is sensitive

to polydispersity and chemical composition in the case of copolymers.

1.4.5 Thermal analysis

Important thermal analysis téchniques include thermogravimetric
analysis (TGA), differential thermal analysis (DTA) and differential scanning
calorimetry (DSC). The characteristic parameters determined by thermal
analysis include, the glass transition temperature, the crystalline melting
point in the case of crystalline polymers or softening point in the case
of amorphous polymers 'and the thermal stability of the polymer which
determines the temperature and rate of thermal degradation. Several

) . 209-224
reviews are available.

The thermal analysis techniques involve continuous monitoring
of a physical property such as the change in mass, enthalpy or specific
heat over a temperature range. The techniques offer the advantages
of speed, sensitivity and precision. Preliminary thermal analysis would
include qualitative determinations such as the use of a simple hot stage
microscope. It is used to determine the thermoplasticity, softening tempe-
rature, crystalline melting point, flow temperature, adhesive properties

and thermal stability.

In differential scanning calorimetry (DSC) the physical or chemical

31



changes that occur as the polymer sample is heated and cooled at a pro-
grammed rate is evaluated. The method is quantitative as the thermogram
(the output of this technique) can be directly related to the thermodynamic
parameters such as changes in specific heat, enthalpy and entropy of
the polymer under investigation. The polymer sample and a reference
materials (usually aluminium upto 600°C) are separately subjected to a
programmed heating. The thermogram is indicative of the excess diffe-
rential power required to maintain the sample holder at the same tempera-
ture as the reference ;'naterial when the temperature is increased/decreased

at a constant rate. A typical thermogram of commercial PPS (Ryton)

is shown in figure 1 .

The enthalpy of a polymer is calculated from a knowledge of
the area under its first order transition. Similarly, area under the first
order transition of a reference of known enthalpy of fusion is determined

(Indium). The enthalpy of fusion of the polymer sample is then calculated.

Glass transition temperature

The glass transition temperature is an apparent second order
transition and signifies the onset of large scale motion of chain segments
at the molecular scale. It is the temperature above which amorphous
polymers exhibit rubbery characteristics and below which are glassy and
brittle.  The molecular factors affecting glass transition temperature
include, the chemical structure of the monomer(s), tacticity, molecular
weight, molecular weight distribution, extent of crosslinking and the pre-
sence of plasticizers. In addition to other known methods, glass transition
temperature can be determined using a differential scanning calorimeter

by monitoring the specific heat change with temperature.

32
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Crystalline melting point

The melting point of a semicrystalline polymer is a first order
transition. Due to their polydispersity, polymers generally melt over
a temperature range, unlike metals. Also the melting point is not sharp.
The factors that affect crystalline melting point and its range are, the
degree of crystallinity, crystallite size and perfection, molecular weight,
molecular weight distribution and orientation. Crystalline melting point
of a polymer sample could conveniently be obtained using either a DSC

or an optical microscope.

The DSC thermogram of a polymer shows the glass transition
temperature as a shift in the base line, crystallization as an. exothermic
peak and melting as an endothermic peak.

Other applicationszzs-229 of the DSC technique include specific

heat measurements, estimation of the degree of crystallinity, crystal
to crystal transition, liquid crystal transitions, rates of crystallization,

crystallization kinetics and curing behaviour of thermosetting polymers.

Thermogravimetric analysis

Thermogravimetric analysis (TGA) is used to determine the thermal
stability of a polymer. This is a dynamic method and involves the deter-
mination of the weight loss of a polymer over a temperature range.
The analysis is either conducted in an oxidising or inert (nitrogen) atmos-
phere. The output is a thermogram which is a plot of the weight of the
polymer as a function of temperature, at a programmed heating rate.
The technique is used primarily to determine the practical upper tempera-

ture limit of use for the polymer. The analysis is very useful in the
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selection of processing conditions for the polymer. The dependant varia-
bles are the sample size, particle size, the rate of heating and the atmos-

phere (whether oxidising or inert) during analysis.

Other thermal measurements of practical interest include the
vicat softening point useful for comparison of the softening characteristics
of thermoplastics and heat deflection temperature signifying the thermo-

mechanical response of the polymer under load.

1.4.6 Morphological characterization

Polymer morphology involves the study of the arrangement of
polymer molecules into crystalline and amorphous phases, the form and
structure of these regions and the manner in which they are organized
into larger and more complex domains. The morphology of a polymeric
article is the result of the interaction of the chemical structure and physical
characteristics of the polymer and the processing conditions. Morphological
studies make use of techniques such as density measurements, optical
and electron microscopy, x-ray diffractometry, birefringence, scanning
electron microscopy etc. The two techniques used in the present work,

namely x-ray diffractometry and scanning electron microscopy are discussed

below.

X-ray diffractometry

X-ray diffraction studies of polymer are well reviewed.230-239

Polymers are either amorphous or semicrystalline. X-ray diffraction studies
are extensively used to determine the percentages of the two phases
in semicrystalline polymers.

Amorphous polymers can be visualized to consist of molecular



bundles within which some ordered structure is possible. Semicrystalline
polymers on the other hand show signs of crystalline order. An increase
in crystallinity is signified by denser, stiffer, harder, tougher and solvent
resistant characteristics. Amorphous region: offer the advantage of soft-

ness and ease in processing.

X-ray diffraction follows Bragg's law represented by,

nAx = 2d Sin @

hkl
where A\ is the wavelength, 6 the angle of scattering, d, > the spacing

between the planes that cause diffraction, and n the diffraction order.

o
X-rays of wavelength X = 1.54 A is suitable for x-ray diffraction studies
of organic polymers. This is achieved by electron bombardment of a
copper target in an evacuated tube and filteration of x-rays generated

by using a nickel filter. Normally, the wavelength ™ is kept constant

and § is varied.

The polymer sample could be in the form of a powder, film or
fibre.  The diffraction could either be photographed or amplified and
recorded by electronic x-ray detectors. A typical output is shown in

figure 2 indicating crystalline and amorphous scatterings.

There are a number of methods to determine the percentage
of crystallinity by x-ray analysis. The most widely used one involves
the measurement of the areas under crystalline and amorphous regions
of the x-ray diffraction scans. The degree of crystallinity is calculated

from the relation,
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where r\c and Aa are the areas of crystalline and amorphous phases

and Ci’ the crystallinity index.

Scanning electron microscopy (SEM)

Scanning electron microscopes were first introduced in 1965
and it has since become a very useful tool in polymer research for studying

surface morphology. 240-243

In this technique an electron beam is scanned
across the specimen resulting in back scattering of electrons of high energy,
secondary electrons of low energy and x-rays. These signals are monitored

by detectors and magnified. An image of the investigated microscopic

region of the specimen is thus photographed.

If the specimen under investigation is not a good conductor,
it should be coated with a thin layer of conducting material like gold
or platinum. This is done by placing the specimen in a high vacuum evapo-
rator, and evaporizing the conducting material held in a tungsten basket

(vacuum deposition).

The output of SEM in the form of a photograph can be used
to evaluate the level of dispersion of particles, size and morphological
features. SEM can be used with greater success to study the surface
morphology of polymers, copolymers, polyblends and polymer networks;
microstructure in two phase polymers, filled and reinforced plastics, defor-

mation morphology of fibers, fracture studies and weathering of polymers.
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2 EXPERIMENTAL

2.1 Materials

(1) 1,4-Dichlorobenzene

Empirical formula C.H, €l

Molecular weight 146.9

Chemical structure m—@-m

l,4-Dichlorobenzene (commonly known as paradichlorobenzene,
PDCB) was obtained from M/s. High Purity Chemicals (New Delhi, India).
Its purity was checked by gas chromatographic analysis using a NUCON
(AIMIL, India) 5500 series gas .chromatograph. The column used was SE30.
The injection temperature was 250°C and the oven temperature was main-
tained at 200°C. A TCD detector was used and the carrier gas was hydro-
gen with a flow rate of 35 ml/min. PDCB was injected as a 50 weight percent
solution in acetone. The purity was determined to be greater than 99.5%.

It was used as one of the reactants, without further purification.

(ii) Sodium sulfide
Empirical formula Na,$

Molecular weight 78.04

Sodium sulfide flakes were obtained from M/s. Poona Chemicals,
( Pune, India). The major impurity was ferric chloride (~2%) which is insolu-
ble in methanol. It was removed by dissolution of the flakes in methanol
followed by filtration. The methanolic solution of sodium sulfide was
analysed for its concentration by following the procedure discussed in
Section 2.5. The filtered methanolic solution of sodium sulfide was used

as a reactant. Methanol was distilled off before the other reactant was

added.
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(iii) Sodium &4-chlorothiophenoxide

Empirical formula CGHQCISNa

Molecular weight 165.5

Chemical structure | —@- SNa

The sodium salt was prepared from &-chlorothiophenol obtained from M/s.
FLUKA (AG BUCHS SG, SWITZERLAND) 4-chlorothiophenol ( 99.5% purity)
was dissolved in warm ethanol. A stoichiometric amount of sodium hydro-
xide in ethanol was added to it. Ethanol and water were removed in

a rotary evaporator to get the sodium salt. It was used in catalytic quan-

tities for mechanistic studies.

(iv) N-methyl pyrrolidone

Empirical formula C5H9N0
Molecular weight 99.13
Hz(i — CH2
Chemical structure HZC\_‘?, S
CH3

N-methyl pyrrolidone (NMP) of 99% purity obtained from GAF Corporation,

USA was used as a reaction medium for the solution polymerization.

(v) 1-Chloronaphthalene

Empirical formula C10H7Cl
Molecular weight 162.45
Cl

Chemical structure

l-chloronaphthalene obtained from M/s. FLUKA ( AG, BUCHS SG SWITZER-
LAND) was distilled before use. It was used as a solvent for viscosity

measurement.
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(vi) 1,4-Dibromobenzene

Empirical formula CE‘HMBr2

Molecular weight 235.92

Chemical structure Br—@-Br

1,4-dibromobenzene or paradibromobenzene was obtained from M/s. FLUKA
(AG, BUCHS,SG SWITZERLAND) as a pure sample. It was used as received

as a reactant in place of PDCB for mechanistic studies.

(vii) 1,3-Butane diol

Empirical formula CI&HIOOZ
Molecular weight 9012
Structural formula CHB.CHOH.CHZ.CHon

1,3-butane diol was obtained from M/s. BDH Chemicals, U.K. The purity
was greater than 99%. It was used as received as the medium to maintain

a constant temperature in the dilute solution viscosity measurements.

(viii) Methylene chloride

Methylene chloride was obtained from M/s. Lobo Chemie Indo-
Austral Co., India. It was distilled before use. It was used to extract
cyclic oligomers of phenylene sulfide formed during the course of the

reaction.

(ix) Methanol
Empirical formula CH3OH

Molecular weight 32

The commercial methanol received was distilled before use for purifica-

tion of the sodium sulfide and for polymer isolation step.
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(x) Analytical reagents

Reagents required for chemical analysis were of AR grade and
were used without further purification. These included sodium thiosulfate,
iodine crystals, silver nitrate, sodium bicarbonate, potassium dichromate,
potassium chromate, sodium chloride, potassium iodide, hydrochleric acid,

nitric acid etc.

2.2 Polymerization set up

Poly(para phenylene sulfide) was synthesized by the polycondensation
of 1,4-dihalobenzene and sodium sulfide in N-methyl pyrrolidone at 195°C

using two different reactors. The reactor details are as under:

(i) Stainless steel reactor

A stainless steel pressure reactor of 600 ml capacity was equipped
with provision for agitation, heating jacket and cooling coil. The mechanical
stirrer with variable speed had a length of 16.7 cm , and a propeller typé
blade of 6.2 cm width. The reactor top had openings for a thermowell,
inlet-outlet valves, pressure gauge and a cooling coil of 3.3 cm diameter
surrounding the stirrer. The internal diameter of the reactor was 7.5

cm and the depth was 18 cm.

The reactor was heated electrically by an externally fitting heater
assembly. The temperature control was achieved by a temperature contro-

ller and a thermocouple introduced into the thermowell opening of the

reactor.

(1i) Teflon reactor
A Berghof (W. Germany) autoclave reactor with a teflon sleeve

and a magnetic stirrer was also used for the polycondensation reactions.



This reactor had a 250 ml teflon vessel of 6.4 cm internal diameter and
a depth of 10.1 cm. The teflon vessel was enclosed in a suitably fitting
outside container of stainless steel. A teflon gasket placed between the
teflon vessel and the reactor top ensured tight fitting to maintain positive
pressure inside the vessel. The reactor top was equipped with inlet-outlet
valves, a pressure gauge and a thermocouple to monitor the reaction tem-

perature. The stirring was achieved with a magnetic needle 2 cm in dia-

meter. Heating was done by an externally fitting electrical heater assembly.

2.3 Polycondensation procedure

Sodium sulfide flakes (35 gm) were dissolved in 150 ml of methanol
and filtered. This step removed ferric chloride impurities. The filtered
methanolic solution was analysed for sodium sulfide concentration. Metha-
nolic sodium sulfide solution corresponding to 15 gms (0.1923 mole) sodium
sulfide and 50 ml of N-methyl pyrrolidone were charged into the .stainless
steel reactor. The reactor was closed and placed into the heater assembly.
The outlet valve was opened, a distillation head was attached to it and
with gentle stirring, the contents were heated to 80°C. The methanol
distilling out was collected. The temperature of the reactor contents
was gradually raised to 190°C to quantitatively distil off methanol and
water. Through the inlet valve, 30 gms (0.2041 mole) of paradichloro-
benzene in 50 ml N-methyl pyrrolidone was introduced into the reactor,
keeping the outlet valve open. On completion of the addition of the para-
dichlorobenzene solution, the inlet-outlet valves were closed and the tempe-
rature controller was set to 195°C. After an initial drop of 10°C due

to addition of paradichlorobenzene solution, the temperature was found
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to reach 195°C in approximately five minutes. The reaction time was
counted as the time after the attainment of a constant temperature of
195°C. The rate of stirring was maintained at 660 rpm. After a pre-
determined reaction time, the heating was discontinued, the heater assembly
was dismantled and the reaction mixture cooled rapidly by circulating

cold water through the cooling coil.

For reactions carried out in the Teflon reactor, the entire quantity
of solvent, NMP was added in one lot along with the methanolic solution
of sodium sulfide. The reactor contents were then heated to distill off

methanol and water.

Before the addition of paradichlorobenzene, the reactor was cooled
to a temperature of 130°C. The required quantity of PDCB was added
as a solid by opening the reactor. After the addition, the teflon sleeved
reactor was closed and placed inside the heater assembly. It took approxi-
mately 30 minutes for the contents to attain the reaction temperature
of 195°C. The highest possible setting was used for the magnetic needle.
At the end of the predetermined reaction time, the reactor was taken
out of the heater_assembly and cooled under cold water to terminate

the reaction.

2.4 Polymer isolation

The procedure followed for polymer isolation step and the wet
chemical analysis were the same for reaction products from both the
reactors. The polycondensation mixture at the end of a predetermined
period was in the form of a cake at ambient temperature containing

finely dispersed cream coloured solids. The cake was extracted out of



the stainless steel reactor with 400 ml of methanol in the form of a slurry.
This step dissolved the unreacted paradichlorobenzene and sodium sulfide.
The slurry contained the polymer (PPS) and byproduct sodium chloride
as insolubles. The wunreacted sodium sulfide, paradichlorobenzene and

oligomers such as dimers were removed as methanol solubles along with

NMP.

The slurry was stirred vigorously for ten minutes and filtered through
a Buckner funnel. The precipitate containing polymer and sodium chloride
generated during the reaction was repeatedly washed with fresh methanol.
The filtrate and washings were collected for chemical analysis of unreacted

sodium sulfide and recovery of the solvent.

The precipitate was transferred into a two liter beaker, dispersedl
in 500 ml water to dissolve the sodium chloride, stirred vigorously for
30 minutes and filtered. The precipitate was subsequently washed with
fresh warm water. The filtrate and washings containing sodium chloride
and traces of unreacted sodium sulfide were collected for chemical analysis.
The polymer (polyphenylene sulfide) in the form of precipitate, was obtained
as insolubles in methanol and water. It was dried in a vacuum oven at
120°C for & hours. The dried polymer was weighed for determining the

yield and stored for further characterization.

2.5 Wet chemical analysis

Wet chemical analysis was used to determine the purity of sodium
sulfide and to estimate the unreacted sodium sulfide and the sodium chloride
formed during the reaction. A number of reagents are required to be

prepared for these analyses. The procedures followed for standardization
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of various reagents required are given in the following section.

2.5.1 Preparation of reagents

(i) Potassium dichromate solution (0.1 normal)

Potassium dichromate is a primary standard.

The 0.IN solution was prepared by weighing 2.452 gmsof dry potassium
dichromate in 500 ml volumetric flask. It was dissolved and the volume

made up to the mark with distilled water.

(ii) Sodium thiosulfate standard solution

Approximately 0.IN solution of sodium thiosulfate was prepared
by weighing 24.8 grrs sodium thiosulfate crystals. The crystals were tran-
sferred to a 1000 ml volumetric flask and dissolved in small amount of
distilled water. The volume was then made upto the mark with distilled
water. Its exact normality was determined by titration against standard

0.IN potassium dichromate solution.

In a 500 ml iodimetric flask containing 100 ml of cold freshly
distilled water, 3 gms of potassium iodide and 2 gms of sodium bicarbonate
were dissolved. 6 ml of concentrated hydrochloric acid was added. Exactly
25 ml of the standard 0.IN dichromate solution was added, the flask sto-
ppered, the contents mixed well and kept in the dark for 5 minutes.
The contents were then diluted to 300 ml with distilled waier and titrated
against the sodium thiosulfate solution to be standardized. When the
colour of the solution became yellowish green, 2 ml of starch indicator
solution (I wt. percent in water) was added and the titration continued
till the blue colour just disappeared. The normality of the thiosulfate

is calculated from the relation,



where Nd and Vd are the normality and volume of the dichromate solution

and NT and Vo the normality of volume of the thiosulfate solution

(ii1) lodine standard solution (0.1 normal)

In a 1000 ml volumetric flask, 20 gms of potassium iodide were
dissolved in 40 ml distilled water. 12.7 gms of pure iodine crystals were
then added to the solution and the volume was then made upto 1000 ml
mark with distilled water. The exact normality of the iodine solution

was determined by titration against standardized thiosulfate solution.

25 ml of 0.IN iodine solution in a 250 ml iodimetric flask was
diluted to 100 ml and titrated against standard thiosulfate solution till
pale yellow colour developed. 2 ml of starch indicator solution was added
and the titration was continued till the developed blue colour just dis-
appeared. The normality of the iodine solution was calculated by using

the relation used for thiosulfate normality.

0.IN hydrochloric acid was made by diluting 9 ml of concentrated
hydrochloric acid to 1000 ml in a volumetric flask. It was standardized
against (standardized) 0.IN sodium hydroxide solution using phenolphthalein

as indicator.

(iv) Sodium chloride solution (0.1N)

Freshly dried sodium chloride, weighing 2.974 gm was dissolved
in water in a 500 ml volumetric flask and the volume was made up to

the mark with distilled water.

(v) Silver nitrate solution (0.1N)

Freshly dried silver nitrate crystals weighing 8.5 gms were dissolved

in water in a 500 ml volumetric flask. The volume is made up to the
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mark with distilled water. The solution is stored in dark. Its exact norma-
lity is determined by titrating against standard sodium chloride solution.
A mixed indicator solution made by dissolving 4.2 grs potassium chromate

and 0.7 gm potassium dichromate in 100 ml distilled water.

To 25 ml of 0.IN sodium chloride solution in a conical flask,
I ml of mixed indicator was added and the solution titrated against silver
nitrate solution to be standardized. The end point was a distinct permanent

red colour. The normality of silver nitrate was calculated as under.

where NN and N represent normality and volume of sodium chloride solution

and N, and V, represent normality and volume of silver nitrate solution

2.5.2 Sodium sulfide analysis

(i) Purity - The purity of sodium sulfide solution was estimated by iodi-
metric titration. The titration is based on the principle that sodium sulfide
reacts under acidic conditions to liberate H25. lodine reacts with HZS
to form HI and sulfur is precipitated. An excess of standardized iodine
solution was taken and the unreacted iodine was backtitrated with standard

sodium thiosulfate solution.

The series of reactions that occur are represente‘d as follows:
NaZS + 2HCl — 2NaCl + HZS

HZS - 12 — 2HI + S‘

Zl\laZSZO3 + 12——+2Na1 + NazSD’O6
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In a one liter iodimetric flask, 40 ml of 0.IN iodine solution
was pipetted out. 40 ml of 0.IN hydrochloric acid solution was then added
and the volume diluted to %00 ml with distilled water. Exactly 1 ml
of the methanolic solution of sodium sulfide to be analysed, was added
stirred vigorously and titrated against standard 0.IN sodium thiosulfate
solution till pale yellow colour developed. 2 ml of starch indicator solution
was added and the titration continued till the blue colour just disappeared.

The titre reading (A) of sodium thiosulfate solution consumed was noted.

A blank titration was run by titrating 40 ml of the acidified
iodine solution diluted as earlier with standard sodium thiosulfate solution.

The titre reading (B) was noted.

The concentration of sodium sulfide was calculated using the

relation,

Na,S in gm/ml = (B - A)x 0.003903 x N,

where NT denotes the normality of thiosulfate solution.

(i) Unreacted sodium sulfide

Unreacted sodium sulfide at the end of the polycondensation
reactions for different reaction times was determined by analysing the
methanol and water filtrate and washings collected during the polymer

isolation step.

An aliguot of the solution collected (2-5 ml) was titrated iodometri-
cally as per procedure mentioned earlier. The titre reading (C) was noted
and the total quantity of unreacted sodium sulfide was computed from

the total volume of the solution collected using the relation given below.
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Ny x 0.003903 x (B - C) x V

v
a

Unreacted sodium sulfide =

where N, represent the normality of thiosulfate solution
(B-C), the volume of thiosulfate solution consumed
Vi the volume of aliquot taken for analysis and

V, the total volume collected.

2.5.3 Sodium chloride analysis

The method is based on the principle that in an aqueous solution
containing a mixture of chromate and chloride anions, silver cation combines
selectively with the chloride ions (due to the lower solubility product
of silver chloride formed) as a white precipitate. As soon as all the chloride
ions are consumed, the silver cation forms a red precipitate of silver

chromate. This can be noted as an accurate end point.

The reactions occurring during the course of the titration are

given below.
AgNO, + NaCl —» AgCl‘ + NaNO,

2AgNO; + K,CrOo, —= AgZCrOul + 2KNO,

An aliquot of the solution collected during the polymer isolation
step was diluted to 100 ml with distilled water in a 250 ml beaker.
2 ml of dilute nitric acid (~ 6N) was added. The solution was then heated
to boil off HZS and cooled. Excess nitric acid was neutralized by the
addition of solid sodium bicarbonate. 1 ml of the mixed indicator solution

of potassium chromate and dichromate was added and the solution was
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titrated against standard silver nitrate solution till the first appearance

of a permanent red colouration.

The titre value V,  of the silver nitrate solution consumed
was noted and the quantity of sodium chloride generated during the
polycondensation was computed from the total volume of the solution

collected. The following equation was used for the calculation,

N XV, x 0.005844 x v
Sodium chloride generated = v

S

where NA and VA represent the normality and volume of

silver nitrate solution,
VS the volume of the sample taken for analysis, and

V, the total volume collected.

2.6 Kinetics and mechanistic investigation

A series of experiments were conducted to elucidate the mecha-
nism of polycondensation of sodium sulfide and paradichlorobenzene.
In all the experiments, the nonstoichiometric ratio of the reactants
was maintained at 0.2041 moles of PDCB to 0.1923 mole of sodium
sulfide. In the first set of experiments, reaction parameters such as
the agitation speed and dilution were varied to investigate the effect
of diffusion on reaction kinetics. In the second set, a variety of reactants
such as sodium thiophenoxide, sodium hydroxide, paradibromobenzene,
excess dichlorobenzene were used to study the chemical mechanism
of the polycondensation reaction. The details of these experiments

are discussed in the respective sections on kinetics and mechanistic

studies.
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Chemical analysis for kinetic data

The kinetic analysis of the system was studied by following
the conversion as a function of reaction time. The conversion was
determined by the analysis of the sodium chloride generated during
the reaction by argentometric titration of the f{filtrate and washings
collected during the polymer isolation step. The unreacted sodium
sulfide in the reaction mixture was determined by iodimetric titration
of the washings and filtration collected. Computation by linear regression
method was done to estimate the specific reaction rate. The data of
1/(1-p) versus reaction time were used for the estimation. For reactions
where PDCB was used, sodium chloride generated was used to follow
the conversion and for reactions where dibromobenzene was used, the

rate of generation of sodium bromide was followed.

2.7 Microanalysis

The number average molecular weight Mn was determined
by end group analysis. The polymer samples were analysed for the percen-
tage of chlorine end groups by microanalysis. The procedure used was
the CARIUS method. The polymer sample was digested with concentra-
ted nitric acid in the presence of silver nitrate. The chlorine end groups

converted to silver chloride were that estimated gravimetrically.

2.7.1 Evaluation of end groups

The number of -SNa and -Cl groups at different conversions

were calculated as described below.

Based on the sodium chloride generated at different conversions,



the moles of -SNa and -Cl groups unreacted at that conversion were
calculated. The number of -SNa and -Cl groups at the conversion was
the ratio of the group divided by the total number of -SNa and -Cl

groups multiplied by 2.

A sample calculation is given below for conversion at 60 minutes.

Initial concentration of SS = 0.1923

Conversion based on NaCl 0.2398
Unreacted SS + oligomers with -SNa groups =
(1-0.2398) x 0.1923 = 0.1462 (x)
Unreacted PDCB + oligomars with Cl groups =

[(1-0.2398 ) x 0.1923] + 0.0118 )

Since the reaction is always l:1 of SS and PDCB the -SNa is calculated

as (denoted as z):

x
(z) = Y X 2

and -Cl group is 2 -z
The empirical formula becomes-

Dpn = CGI‘I H"-H'! Sn-lCl 2-2 SNaZ

Since the chlorine end groups present in the polymer is known from
microanalysis, the value of 'n' corresponding to chloro groups can be
easily computed. In the above example, the chlorine % is 3.99 and

the value of 'n' fitting in the equation for ﬁn is 8.0.

The empirical formula is therefore given by:
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DP, = Cgg.0 Huxso S3.0-1.0 Cliosurs SNag gy

2.7.2 Solution viscosity

The polymer is insoluble at ambient temperatures in all solvents.
Polyphenylene sulphide is soluble in l-chloronaphthalene above 160°C.
Below 160°C, the polymer precipitates out and is in the form of a solvent
swollen gel at ambient temperature. The dilute solution viscosities
of the polymer samples were measured in a modified Ubbelodhe visco-

meter.

The viscometer shown in Figure 3 was kept in a glass container
(A) with (B) 50 m joint. This container served as a jacket. A provision
(B) for fixing a reflux condenser was made in the viscometer. The visco-
meter with the glass jacket (A) was insulated with asbestos rope to
minimise heat loss. It was placed in a one liter round bottomed flask
(C) with B 29 M joint. 1,3-butane diol (BP 196°C) was used as the heating
medium. It was added in the flask and the assembly placed on a heating
mantle. The vapours of 1,3-butane diol were used to maintain a constant
temperature of 195°C. The diameter of the viscometer capillary was
0.4 mm and the flow times were measured at 195°C. The flow time

of the solvent l-chloronaphthalene was 147.2 sec.

The concentration of the polymer solutions were kept at 4
weight percent. The polymer samples were weighed on an aluminium
foil and transferred into the viscometer. Exactly 10 ml of the solvent

I-chloronaphthalene  was  introduced into the viscometer. The slurry was
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FIG.3:MODIFIED VISCOMETER



warmed to 160°C to dissolve the polymer. The viscometer with the
polymer solution was introduced into the hot glass container. The visco-
meter was allowed to stabilize for 45 minutes at the temperature of
195°C. Efflox tirﬁes for the polymer solutions were measured at this
temperature. Three readings were taken and the mean reading taken

for calculations.

The relative viscosity (T'Lrel), the specific viscosity ('llsp) and
the intrinsic viscosity [N ] of the polymer samples were calculated

as per equation given in Section l.4.4.

2.7.3 Extraction studies

The polymer samples were extracted in a soxhlet extraction
unit for 16 hours using methylene chloride. An accurately weighed
quantity of the polymer sample was wrapped in a filter paper. The
sample was extracted with methylene chloride. After 16 hours of extrac-
tion, the solvent methylene chloride was distilled off to get buff white
coloured solids. A gravimetric estimation method was followed to eva-
luate the percent extractable. Infrared spectroscopy was used for compa-

rative studies with published information.

2.7.4 Thermal analysis

2.7.4.1 Differential scanning calorimetry

The dried polymer samples were characterized for thermal
properties on a PERKIN ELMER DSC-2 differential scanning calorimeter.

Thz wunit was calibrated using freshly cut Indium as reference. The

ab



melting temperature and the heat of fusion for Indium were 629.7°K
and 6.8 cal/gm respectively. The scanning conditions used for charac-

terization of the polymer samples were as given below.

‘Polymer sample - 4 mg (exact weight noted)
Heating/cooling rate - 10° /min.
Sensitivity - 5 mcal /sec

Temperature range - 50°C to 290°C.

The polymer sample was heated at the programmed rate of
10°/minute till the melting transition was observed. The sample was
then cooled at preset programmed cooling rate of 10°/minute. The
heating and cooling cycles were repeated twice. The pan position was
adjusted after every cycle to get three clear non-overlapping thermo-
grams. The thermograms observed in the second heating/cooling cycle
were used to study transitional properties. The areas corresponding

to transitions were measured using a planimeter.

2.7.4.2 Thermogravimetric analysis

The thermogravimetric analysis of the samples were carried
using a NERSTZ Thermal analyser model STA 409. The heating rate
was 10°C/min. The temperature scale Was calibrated in millivolts and
the transitions were converted into degrees centigrade using conversion
tables supplied along with the unit. The sample used in the analysis

was around 25 mg and all the samples were analysed with identical

instrument settings, in air.



2.8 Infrared analysis

The infrared spectrum of the samples synthesized were compared
with the commercial sample V-1. A PYE UNICAM model SP3-300 IR
spectrometer was used to record the spectrum. The spectra were recorded

in nujol.

2.9 X-ray analysis

Amongst the various techniques for the determination of crysta-
llinity, x-ray diffraction method is a reliable and reproducible measure-
ment. The method allows quantitative comparisons. A Philips PW 1730
diffractometer with Cu K target and Ni  filter was used for the estima-
tion of the crystallinity index of the samples under investigation. The

following relation was used ,

<
C, = [1+07 @ ¢°C)]

where (I.l = crystallinity index,
d}a and cpc = areas under amorphous halo and crystalline
peaks

The 26 range of 10-30° corresponding to the occurrance of four major
peaks of 110, 200, 111, 211 reflections, was chosen for the evaluation

of the crystallinity index (C‘.I).
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2.10 Scanning electron microscopy

The particle morphology of the precipitated polymer was investi-
gated by using a scanning electron microscopy. The samples were placed
on a stub and coated with palladium gold alloy using a sputter (Polaran

Equipment, UK).

A Cambridge model Steroscan 150 scanning electron microscope
was used for these studies. Photographs of the images, obtained as the
output were used in the interpretations. The particle size distribution
and the growth kinetics of the particle size as a function of reaction

time were estimated from the micrographs by manual measurements.
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CHAPTER 3
KINETICS




3.1 KINETICS

The kinetics and structure development during the polycondensation
to PPS were investigated by collecting and analysing polymer samples
formed at different reaction times. The {fractional conversions were

evaluated by volumetric analysis and the polymer yields gravimetrically.

Two types of reactors were used for the investigations. One
was a stainless steel reactor of 650 ml capacity with provision for mechani-
cal stirring. The other reactor was a 250 ml Teflon sleeve (Teflon reactor)
fitting into a stainless steel vessel and had magnetic needle stirring for
agitation. The reactors thus essentially‘varied, in one having an efficient
mechanical stirring versus an inefficient magnetic needle agitation in the
other.  Both reactors had thermocouples for temperature sensing and the
desired temperatures were achieved by electrical heating. The effect
of physical parameters such as reactor type, agitation speed and dilution

on kinetics and structure development were studied.

The effect of change in chemical parameters like variation in
the concentration of the reactants, use of sodium parachloro thiophenoxide
as Initiating species and use of dibromobenzene in place of dichlorobenzene,
on kinetics were evaluated. The investigations were conducted in the

stainless steel reactor.

The objectives of these studies were to evaluate the order of
the reaction, the reaction rate constant and compare the behaviour of

the systems with conventional polycondensation reactions.
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3.2 POLYCONDENSATION OF SODIUM SULFIDE WITH PDCB

The polycondensation reactions with PDCB and sodium sulfide
were carried out in a 650 ml stainless steel reactor. The experimental
details are given in Section 2.3. The molar concentrations of the reactants
PDCB and sodium sulfide in the feed were maintained the same in all the
experiments.  The molar ratio was non-stoichiometric. A slight excess
of PDCB was taken to prepare polymers with chlorine end groups. The
polymer yields were determined gravimetrically following the polymer
separation procedure described in Section 2.4. The rate of the reaction
may be determined from the rates of consumption of the reactants, sodium
sulfide and PDCB or by the rate of formation of the side product, sodium

chloride.

The amount of unreacted sodium sulfide was determined by volu-
metric titration of the methanol/water extracts collected during the polymer
isolation step. The consumption of PDCB was computed from chlorine
analysis based on PDCB charged and sodium chloride generated. The consum-
ption of sodium sulfide and PDCB are plotted in Figure 4 as a function
of reaction time. For the initial period of reaction upto 2.1/2 hours, the
consumption of sodium sulfide appears to be at a faster rate than that
of PDCB. This region corresponds to a conversion of 50 percent. This
implies the preferential formation of low molecular weight SNa terminated
species such as I and Il at low conversions as shown below. The course
of the reaction could be described to fit the following scheme. Beyond
50 percent conversion, the rates of consumption of the two reactants were
comparable indicating reaction of PDCB with SNa terminated species.

It is also pertinent to note (Figure 4 ) that even at very high conversions,
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unreacted sodium sulfide was present in the system.

The polymer yield reaction time data are plotted in Figure 5.
The polymer vyield obtained as insolubles in methanol and water was found
to increase with reaction time. The increase was gradual after a reaction

time of 6 hours.

3.2.1 Analysis of the kinetics

The fractional conversion based on sodium chloride generated
was followed to svaluate the reaction rate and the rate constants. Analy-
tical procedure described in Section 2.5.3 was followed for estimation
of sodium chloride. The computations' were done from the data on moles
of sodium chloride formed at different reaction times. The theoretical
yield of sodium chloride at complete conversion has been taken to be equi-
valent to twice the moles of the deficient difunctional reactant, sodium

sulfide in the feed. The fractional conversion 'p' was evaluated as,

sodium chloride formed

theoretical yield of sodium chloride

The results on polymer yield - fractional conversion - reaction time are
summarized in Table % and illustrated in Figure 6 The fractional conversion,
p, varies from zero to | with increasing reaction time. The rate of forma-
tion of sodium chloride is linear upto a reaction time of 3 hours and then
decreases gradually with increasing reaction time. The data were found

to fit the second order rate expression over a wide range of conversions



TABLE &

TIME CONVERSION DATA

Temperature = 195°C [sodium sulfide] = 0.1923 moles ,
Pressure = ~ 35 psi [PDCB] = 0.2041 , [NaCl] theoretical =
0.3846 moles

No. Reaction Sodium Fractional Polymer yield,

time, min.  chloride formed, conversion, gm
moles p

L. 30 0.0182 0.0474 0.59

2 60 0.0922 0.2398 4.33

3. 90 0.1374 0.3572 6.21

4. 120 0.1836 0.4774 9.75

5. 150 0.2060 0.5357 10.72

6. 180 . 0.2714 0.7056 13.22

7. 240 0.3042 0.7911 16.63

8. 300 0.3220 0.8373 17.25

9. 360 0.3388 0.8809 19.05

10. %20 0.3410 0.8867 19.30

11. 600 0.3720 0.9673 20.90
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(Figure 7). The result is consistant with the other reported kinetic investi-
gation. Lenz et al. > had investigated the formation of poly(p-phenylene
sulfide) by the self polycondensation of alkali metal salts of parahalo thio-
phenoxides in pyridine at 250°C. Their results conclusively proved that

the reaction followed second order kinetics.

In polycondensation reactants, with identical initial concentrations,
the factor 1/l-p) should vary linearly with the reaction time, to fit second
order kinetics. The data are plotted in Figure 7. The figure shows two
regions of linearity. A shown rate upto a conversion of 50 percent corres-
ponding to a reaction time of 2.1/2 hours was noted. This was followed

by a faster rate between 50 and 90 percent conversions.

In the present investigation, the initial concentrations of the two

reactants were non-stoichiometric. In such cases, a second order kinetics
. ; (1+r) 244 . i .

would be operational if a plot ofm) was linear with reaction
time. In the above expression r < | represents the molar ratio of the
two reactants in the feed. The data are summarized in Table 5. The
corresponding plot is shown in Figure 8. The experimental data reported
in Table 5 fit a second order expression as shown in Figure 8. Again,
two similar regions of linearity as observed earlier were noted. A slower

rate upto 50 percent conversion was followed by a faster rate between

50 and 90 percent conversions.

The data were subjected to regression analysis to evaluate the
rates. The two rates of polycondensation (evaluated as the rate of forma-

tion of sodium chloride) corresponding to the two regions thus obtained

are given below:



TABLE 5

FITTING EXPERIMENTAL DATA

Temperature = 195°C, pressure = A~ 35 psi

p = [NaCl]/[NaCl]Theo, r:[NaZSJ / [PDCB] = 0.9422

(1+r)

Time, min p lf(l-P)=fn ?n (TN
30 0.0474 1.0498 1.0482
60 0.2398 1.3154 1.3032
90 0.3572 1.5557 1.5304
120 0.4774 1.9135 1.8629
150 0.5357 2.1538 2.0823
180 0.7056 3.3967 3.1706
240 0.7911 4.7870 4.3021
300 0.8373 6.1463 5.3300
360 0.8809 8.3963 6.8816

420 0.8867 8.8261 7.1588
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Rate = 300 x 1077 m 1! ¢! upto 50 percent conversion

385x 10 m 17l 57! beyond 50 percent conversion

1]

Rate

The specific reaction rate constant is defined as:

rate
Specific reaction =
rate constant concentration of reactants
The two specific reaction rates were,
g1l x 1071 mts! and wie x 10731 m7t s

respectively for the two regions of conversion.

There is atleast one documented evidence for the occurrence
of variable rates at different conversion levels in polycondensation by
nucleophilic substitution reaction. The reactions between alkali salts of
aromatic diols and aromatic dihalides in dir_nethyl suulfcmide196 follow

a second order kinetics. Here an initial faster rate was followed by a

slower rate at higher conversion.

In the system’ investigated, compounds with differing reactivities
are formed as the reaction proceeds as illustrated in the reaction scheme.
The differing rates in the two regions of conversions could be ascribed
to the different reactivities of the species formed at different conversions.
The presence of significant amount of unreacted sodium sulfide at high
conversions was noted in the system. This observation differs from the
features of conventional polycondensation reaction. This could possibly

be due to the solubility limitation of sodium sulfide in NMP. Another
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notable deviation from conventional polycondensation reactions is the forma-

tion of polymers at low conversions.

3.2.2 Molecular weight development

(a) Polymer yield

The polymer formed was collected as ‘an insoluble product of
methanol and water extractions. The initial products of substitution reaction
(refer to the reaction scheme in 3.2.1) such as sodium parachloro thiopheno-
xide are soluble in methanol. Oligomers above a critical molecular weight
are insoluble in methanol were collected together with the high molecular
weight material, as the polymer formed. This represented the actual polymer
vield obtained. The critical molecular weight above which the oligomer

was rendered insoluble could not be evaluated.

The theoretical yield of the polymer at total conversion was calcu-

lated as follows:

The molar ratio of the reactants was non-stoichiometric. The theoretical
yield would depend on the number average degree of polymerization X
at 100 percent conversion. The relation to be used for non-stoichiometric
molar ratio of the reactants is given by,

_ 1l +r

n- l+r-2rp
where, r is the molar ratio of the reactants and p, the fractional conver-

sion.

In the system investigated r = 0.9422 and for total conversion p = I.

The above equation in substituting these values becomes,



1 + 9422

Yn = = 33,5932
1+0.9422 - (2 x 0.9422 x 1)

The polymer formed at 100 percent conversions, on a statistical average

32-6

The moles of -Cl end group would be,

would be,

— 2 % 0.1923 = 0.01145  where 0.1923 is the molar
33.6 concentration of the defi-
cient difunctional reactant,
sodium sulfide

The theoretical yield (T.Y) of polymer becomes,
T.Y. = 00923 x C H,S + 0.01145x Cl,

= 0.1923 x 108.15 + 9.01145 x 70.9
= 21.61 gms

The fractional yield of the polymer is defined as,

polymer yield obtained
fractional yield =

theoretical yield at 100 percent conversion

The data on fractional yield with reaction time of this system
which forms the reference set are summarized in Table 6. A plot of the
fractional yield based on the polymer formed with reaction time is shown
in Figure 9. Two regions could be noted. An initial region upto 50 percent
conversion where the yield increased linearly with reaction time was followed

by a gradual increase beyond 50 percent conversion. It was observed that
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TABLE 6

FRACTIONAL YIELD DATA OF REFERENCE SET

Reaction time, Fractional . Polymer Fractional
min. conversion yield, gm yield
30 0.0474 0.59 0.0273
60 0.2398 4.33 0.2004
120 0.4774 9.75 0.4512
180 0.7056 13.22 0.6118
240 0.7911 16.63 0.7695
300 0.8373 17.25 0.7982
360 0.8809 19.05 0.8815
420 0.8867 19.3 0.8931

600 0.9673 20.9 0.9672
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even for short reaction times of 30 and 60 minutes corresponding to very
low conversions, polymer was formed unlike conventional polycondensation
reactions where polymer formation is noted only at high conversions (above

90 percent).

(b) Degree of polymerization

The amount of chloro end groups present in the polymers was
determined by elemental micro analysis. At complete conversion, the
polymer will be exclusively chlorine terminated at both ends, as the reactions
were conducted with a slight excess of PDCB. At lower fractional conver-
sions SNa end groups will also be present. The relative ratio of the chloro (x)
and SNa (2-x) end groups and the empirical formula at different conversions
were evaluated as per procedure described in Section 2.7. The number
average degree of polymerization DPn  and the molecular weight of the
polymer formed at different fractional conversions were determined from
the elemental analysis and the empirical formula of the polymer at the
respective conversions. Low molecular weight oligomers are present in
the isolated polymer due to insolubility in methanol. Thus the molecular
weight distribution in the polymer samples isolated at different reaction
times is wide. The number-average degree of polymerization of the polymer
formed at very low conversions is significantly larger (ﬁ?’n = B8.00 at 24
percent conversion) than that noted at similar conversions in polyconden-
sations (Iﬁ’r\| theoretical = 1.05). The data on ﬁ’n evaluated with reaction
time is presented in Table 7 . The ﬁ'f—‘n of the polymer formed increased
with reaction time and conversion. This data is illustrated in Figurel0,

of Di’-’n with conversion. The increase in DPn with reaction time was

7

-



78

..........Ecou
HIH8"0p,, )
60€z 060z OBETVTHWBOHI-UME, U9y 269,00 gecze 92°1 h2€8°0 00€
61805,
* - u u
2602 sggl  VSEUTL6IB0IUYE, Yy coze0  TesIt 16°1 116£°0 04z
9606"0gy
9¢ 02 0g'gl TH6OT 5 0E0HIUYE, U9 pepeg 90101 'z 960£°0 081
$H16°0p),
196 006  SSSOTNSmEOHI-U) YA, Y9 gh7en0 1620°1 88°¢ w4140 0z1
2196°0;,,
27 6 ooy SBEOTTZIGEOHIU) Uh U9 e 9090°T 66°€ 86£2°0 09
o / (] e 4 [ _F 1
(sisAjeur (Medyeus
) Q121w OLU_Ev Q
uo UMWNDV BNS- P I .wM . et . urd
£ (1°£°2Z uo1193G) (1°£*2 uo1123G) 1owAiod ur  ‘uorsiaAuod awn
ca@. da e[nwioj reorardwy dnouad pujy aurIoTyD [BUOIIDRI| uoroeay

V.IVA NOISYIANOD - dd

—

L A79V1

U



73

91¢ 0y,
08 14 $Z°8¢ 8H" T 9ICOH(I-U) My U9 €L61°D (208°1 9z°1 €960 009
6980y,
. s
sz6z 099z ENET 60T U9y £604°0 €h6Z°1 [0 £988°0 09¢
g Z 9 ¢ 7 ¢ Z i

**pluod £ 3d[qeL



40 T T T T T 80

32t ; -

281 /’ -

a 20} -
Q

16 -

0 1 1 | 1 1
0] 2 4 6 8 10 12

REACTION TIME, hr.

716.10:DPn OF POLY (p-PHENYLENE SULPHIDE) FORMED AS A
FUNCTION OF REACTION TIME,BASED ON MICRO ANALYSIS



81

less dramatic than that observed in polycondensation reactions. The overall
number-average degree of polymerization at different conversions (p) for
this system, with the molar ratio of the reactants r = 0.9422 were calcu-
lated using the expression,

- 5%

Xpn = 1+r-2rp

The data on D_F"n of the precipitated polymers at different

conversions as evaluated from microanalysis and the D—Pn overall calculated
as per equation given above are presented. in Table 8. The ﬁ.lan of as=-
precipitated polymers were much higher than the overall E’n. In addition,
the presence of unreacted sodium sulfide at conversions as high as 97 per-

cent indicated the occurrance of a wide molecular weight distribution

in the system.

(c) Solution viscosity measurements

The intrinsic viscosity [T ] of the polymers formed at different
conversions were evaluated from single point relative viscosity measure-
ments of 4 weight percent solutions of the polymer in l-chloronaphthalene
at 195°C. The experimental details are given in Section 2.7.2. The following

relationships were used for evaluation of intrinsic viscosity.

N e
[T'l] = T Q5p_ Ln n.r (1)

and
rl.sp

; 2)
1y Q- (
T+KMgp

where, K = 0.302

N, = relative viscosity,



TABLE 8

DP_(ANALYSED) - DP_ OVERALL DATA

Reaction time, Fractional DP DP  overall = 2ut
; : n n l+r - 2rp
min. conversion,
a
P
60 0.2398 8.00 1.0482
120 0.4774 9.00 1.8629
180 0.7056 18.50 2.0823
240 0.7911 18.85 3.1706
300 0.8373 20.90 4.3021
360 0.8867 26.60 5.33°2

600 0.9673 38.25 7.1588
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l'lsp z specific viscosity and

C

the polymer concentration in gm/deciliter

The relationships ( 1 ) and ( 2 ) are generally valid for very dilute ( 0.5
weight percent) polymer solutions. The polymers obtained in the present
investigations were of low molecular weight with the number average degree
of polymerization less than 4#0. Hence the relationships were found to
be valid even at high polymer concentraations in the present system.

The evaluated data are presented in Table 9. The intrinsic viscosity of
the various polymer samples collected at different conversions was found
to increase initially and level off after a reaction time of 6 hours corres-
pong to 88 percent conversion. A plot of intrinsic viscosity with reaction
time is shown in Figure ll. In precipitation polymerizations, it is generally
observed that the polymer would precipitate out once a critical molecular
weight is attained. However, in the case of PPS, the -]ﬁ:"n gradually increases
with reaction time indicating that the polymer chain keeps on growing
even after precipitation. The further growth could be due to the solvation
of the reactive end of the polymer chain or by the occurrance of polymeri-
zation on the solid surface of the precipitated polymer. This phenomenon
is thus different from other precipitation systems, like in the formation
of polycarbonates, wherein the polymer ceases to flow after precipitation.
The molecular weight of the polymer requires enhancement in molecular
weight for commercial applications. The polymer isolated after a reaction
time of 10 hours has a —D_Pn of 33 (Mn —~ 4200), a level which is still
too low for most commercial applications. The higher value of intrinsic

viscosity for the commercial sample is a pointer in this direction.



TABLE 9

INTRINSIC VISCOSITY OF PPS FORMED AT DIFFERENT CONVERSIONS

t, = 147.2 sec, Temperature = 195°C, Solvent = l-chloro naphthalene

Reaction time,  Polymer concn. relative m7P ['l]b
min. gm/deciliter viscosity dL/g dL/&
60 4.12 1.181 0.0415 0.0416
120 4.08 1.398 0.0867 0.0871
180 . 4.08 1527 0.1116 0.1115
240 3.36 1.373 0.0996 0.0998
300 4.11 1.599 0.1239 0.1234
360 4.02 1.618 0.1301 0.1295
420 4.00 1.620 0.1311 0.1306
600 3.95 1.629 0.1344 0.1338
Ryton" 4.07 1.855 0.1692 0.1669

a - [ = 2c  4fug-nom,

1']Ls,pi(:

b = [Tl.] (14K n‘sp) ]

K = 0.302
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(d) Melting point determination

The melting points of the polymers isolated were determined
by capillary method. The variation of the m.p. with conversion is shown
in Figure 12 . The melting point was found to rise rapidly till a conversion
of 75 percent, followed by a slower rate of increase. This trend is identi-
cal to that observed with the intrinsic viscosity of the polymer, thus confir-

ming the gradual increase in the polymer molecular weight with increasing

reaction time and conversion.

3.3 EFFECT OF PHYSICAL PARAMETERS ON KINETICS

3.3.1 Polycondensation experiments in Teflon reactor

These reactions were carried out in a Bergof autoclave. The
description of the unit is given in Section 2.2. The experimental proceudre
for this reactor varied from that followed for the stainless steel reactor.
The total volume of the solvent NMP required for the reaction and required
amount methanolic solution of sodium sulfide were added initially and
the mixture heated to 190°C to distil off methanol and water. The reactor
contents were then cooled to about 135°C, the reactor top was opened
and PDCB (0.2041 mole) was introduced in a solid form into the reactor.
The vessel was then closed and again placed in the heater assembly. The
maximum achievable stirring rate was maintained with the magnetic stirrer.
The reaction time was counted from the time, the thermocouple registered
the attainment of 195°C. The reaction was conducted for different pre-
decided times. Once the preset reaction time was reached, the reactor
assembly was taken out and cooled rapidly under running water to arrest
the reaction. The procedures for polymer isolation and chemical analysis
were identical to those followed for the experiments conducted in the

stainless steel reactor.
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The extent of .the reaction was calculated from the moles of
sodium chloride formed. The data on variation of the fractional conversion,
polymer yield with reaction time are summarized in Tablel0. The observed
trends are similar to those noted for the PDCB-sodium sulfide polyconden-
sation in the stainless steel reactor. The polymer yield-fractional conver-
sion data with reaction time are plotted in Figures 13 and l%. The data
obtained from stainless steel reactor are also plotted in the same figures
for comparative evaluation showing that the trends are similar within
experimental limitations. This system also followed a second order kinetic
scheme ower a wide range of conversions. The fractional yield data

are plotted in Figure |5 along with reference set.

The experimental data were subjected to regression analysis
to evaluate the overall rate and the specific rate constant. The data
on 1/(1-pyand (1+r)/(1+r-2rp) (for non-stoichiometric ratio of the reactants)
with reaction times are represented in Figures 16 and 17. Two regions
of linearity are observed in this set also as in the case of reaction in
stainless steel reactor. However, the regions of linearity differed. The
initial slower rate constant till 75 percent conversion was followed by

faster rate beyond this conversion.

The rate and the specific rate constants evaluated for this system
are tabulated in Tablell along with results for the stainless steel reactor.
The difference in initial higher rate in Teflon reactor is within experi-
mental limits. The latter slower rate could be attributed to differences
in reactor geometry and variation in agitator speed. The change in linearity
to 75 percent versus 50 percent in stainless steel reactor could be due

to the formation of more SNa terminated species in Teflon reactor. The
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TABLE 10

FRACTIONAL CONVERSION-POLYMER YIELD DATA

Reactor : Teflon, Temperature = 195°C, [sodium sulfide] = 0.1923 mole,

[PDCB] = 0.2041 mole, NMP = 100 ml

Rection time, Sodium chloride Polymer Fractional Fractional
min. formed, yield, conversion polymer
mole gm yield
30 0.0571 2.68 0.1486 0.1240
60 0.0900 L1y 0.2340 0.1916
90 0.1967 2.05 0.5116 0.4188
150 0.2371 12.64 0.6165 0.5849
180 0.2772 13.70 0.7206 0.6340
240 0.2895 14.31 0.7527 0.6617
300 0.3114% 17.52 0.80%96 0.8107
360 0.3336 18.50 0.8674 0.8561

420 0.3415 19.18 0.8879 0.8875
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TABLE !

RATE AND SPECIFIC RATE CONSTANT DATA IN TEFLON
AND STAINLESS STEEL REACTORS

Reactor Conversion Rate, Specific rate
range -1 -1 constant,
ml s
-1 -l
I m s
Stainless steel upto 50 percent 3.00x 10° ’ 8.11x 107"
-5 =3
beyond 50 percent 3.85 x10 4.16x 10
-5 =3
Teflon upto 75 percent 4.67 x 10 1.26 x 10
-5 -3
beyond 75 percent 2.26 x10 9.78 x10
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molecular weight distribution in this systém could be wider than the
one for stainless steel reactor. Lower intrinsic viscosity values show
a pointer in this direction. The yield differences are within experimental
limits and at higher reaction times the results from the two reactors
are comparable. The observed differences could also be due to diffusion
constraints in the heterogeneous nature of the system. These variations
were analysed by conducting experiments at different stirrer speeds

and dilution in the stainless steel reactor.

The intrinsic viscosity of the polymer samples at different conver-
sions were evaluated by single point relative viscosity measurements
in l-chloronaphthalene at 195°C as done in the case of samples from
stainless steel reactor. The data are presented in Table 12 and the plot
is shown in Figure 18. The values on comparison were found to be lower

than that obtained for stainless steel reactor.

The melting point of the samples collected at different reaction
times were determined using capillary method (Table 12). The data is
plotted in Figure 19. The trend is similar to that noted for samples
from stainless steel reactor. The high melting point observed for 30
minutes could be due to reaction being initiated earlier. The time taken
for the temperature to attain 195°C after PDCB addition is about 30
minutes as compared to 5 minutes in stainless steel reactor. Once the
polymer precipitates after reaching a critical molecular weight, the melting

point difference as a function of reaction time is insignificant.
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TABLE 12

INTRINSIC VISCOSITY DATA OF PPS FROM TEFLON REACTOR

Solvent = l-chloronaphthalene , temperature = 195°C, t, = 147.2 sec.
Reaction Polymer [n ]a [n ]b . M.P.
time, concentra- dL/ dL/ °C
min. tion,
gm/dl
30 4.19 1.219 0.0489 0.0491 229
90 4.16 1.359 0.0777 0.0779 269
150 .04 1464 0.1007 0.1008 274
180 3.94 1.441 0.0987 0.0989 275
240 3.965 1.573 0.1236 0.1232 277
300 4.05 1.590 0.1241 0.1237 279
360 4.02 1.620 0.1305 0.1300 281
420 4.01 1.627 0.1321 0.1315 282
@ . 2
(I = C Np ™ tn n,
b QSE/C _
(A = 7=kn K = 0.302
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3.2.2. Effect of stirring speed and dilution

A comparison of the results on kinetics of polycondensation
obtained in Teflon reactor indicated that the course of the reaction and
the overall rate of polycondensation may be influenced by physical para-
meters. This is to be expected in view of the heterogeneous nature
of the reaction and the limited solubility of sodium sulfide in the solvent
NMP. The polymer also precipitates during the course of polycondensa-
tion, once a critical molecular weight has been achieved. The reaction
kinetics and structure development would thus be affected by parameters
that influence the physical processes of dissolution, transport of reactants,
scale of mixing and precipitation. The growth of the polymer chain would
therefore be expected to be dependent on parameters such as stirring

speed and dilution of the reactants in the reaction mixture.

(a) Effect of stirring speed

Sodium sulfide is only marginally soluble in NMP at 195°C.
This was confirmed by visual observation of the methanolic solution of
sodium sulfide in NM? at 195°C under an optical microscope. Tiny barti—
cles of size less than 1 micron were found floating in NMP. In order
to facilitate the reaction of sodium sulfide, it has to first get solvated
in NMP. Both the dissolution and reaction would be influenced by the
stirring speed. Experiments were conducted at different stirrer speeds
in the stainless steel reactor under identical conditions. The experiments
were carried out .with the molar ratio of the reactants at 0.9422, the
quantity of NMP at 100 ml and a reaction temperature of 195°C. Polymer
samples were collected only at one reaction time. Based on the earlier

results, it may be concluded that a reasonable degree of polymerization
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and conversion are achieved at 6 hours. Therefore, the reaction time
of 6 hours was selected for this set of experiments. The stirring speeds
were kept at 660 and 400 rpm for two experiments while no mechanical
stirring was maintained for the third experiment. The polymer isolation
and chemical analysis steps were identical to the procedures followed
in earlier experiments. The polymer samples were characterized for

Intrinsic viscosity to investigate the molecular weight development.

The variation of fractional polymer yield, fractional conversion
and intrinsic viscosity with stirring speed are summarized in Table 13.
The data are illustrated in Figures 20 and 2l1. The fractional polymer
yield and "fractional conversion were found to increase with stirring speed.
The intrinsic viscosity of the samples was determined in 1-chloronaphthalene
as was done for earlier samples. The results plotted in Figure 21 show
an increase In intrinsic viscosity with increasing rpm. From these results,
it"is concluded that the reaction rate is accelerated and the degree of

polymerization increases with increasing stirring speed.

(b) Effect of dilution

In solution polymerization, the concentration of the reactants
in the solvent would have an influence on the probability of encounter
of the two reacting species, particularly if the chemical reaction between
the two species is relatively fast. To evaluate the effect of dilutions,
a set of experiments were carried out wherein the volume of the solvent
NMP was maintained constant. The molar concentrations of PDCB and
sodium sulfide were varied, keeping their molar ratio constant at 0.9422.

The reaction time in this set of experiments was also maintained at 6

101
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TABLE 13

RPM-CONVERSION-VISCOSITY DATA

Reaction temperature = 195°C, Reaction time = 6 hours

[sodium sulfide] = 0.1923 mole[PDCB] = 0.2041 mole, NMP = 100 ml

RPM Sodium Fractional polymer  Fractional  Intrinsic
chloride conversion yield, polymer viscosity
formed, gm yield dL/g
mole
0 0.2917 0.7585 16.07 0.7436 0.097
400 0.3182 0.8274 17.78 0.8228 0.104

660 0.3387 0.8808 19.05 0.8815 0.130
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The process of polycondensation, polymer isolation step and the chemical

analysis procedures were identical to those followed for earlier experiments.

A dilution factor of 1 was assigned to the system where the

feed of reactants was as under:

PDCB = 2.04]1 molar
sodium sulfide = 1.923 molar

NMP = 200 ml

This set of conditions in the feed was maintained as standard
recipe for the investigation. The concentrations of the reactants PDCB
and sodium sulfide were decreased proportionately to get dilution factors
of 2,46 and 10. The polymer yield and fractional conversion data with
respect to dilution are summarized in Table 14. The polymer yield, frac-
tional conversion data are plotted in Figure 22 while the fractional polymer
yield data is shown in Figure 23 . The intrinsic viscosity of the polymer
samples isolated was determined by the method followed in earlier experi-
ments.  The variation of intrinsic viscosity with dilution is illustrated

in Figure 23.

The probability of encounter of the sodium sulfide and PDCB
molecules in the dissolved state would decrease with increasing dilution.
As a result, both the fractional yield and conversion decreased with increa-
sing dilution. However, the drop in yield is gradual and substantial, where-
as the fractional conversion levelled off between 0.65 and 0.70 beyond
a dilution factor of 2.5 to 3. This implies that, with increasing dilution,
only the initial condensation reactions occur without subsequent chain
growth reactions, resulting in the formation of low molecular weight,
methanol soluble oligomers. The polymer yield as isolated, are the insolubles

in methanol and water extractions. This conclusion is confirmed by the
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TABLE 14

DILUTION-CONVERSION -VISCOSITY DATA

Reaction temperature = 195°C, reaction time = 6 hours
[ Sodium sulfide]
[PDCB] = 0.9422
Dilution Sodium Fractional Polymer  Fractional Instrinsic
factor chloride, conversion yield, polymer viscosity,
mole gm yield di/g
1 0.6775 0.8808 38.10 0.8815 0.130
2 0.2712 0.7051 15.06 0.6969 0.092
4 0.1312 0.6823 6.75 0.6247 0.081

10 0.0517 0.6719 2.43 0.4507 0.050
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steady, significant drop in the intrinsic viscosity of the polymer formed

with dilution.

A comparison of the results in the two sets of experiments(see
Tableiz1y), wherein the effect of stirring speed and dilution were investi-
gated, indicate that the kinetics and structure development in polyconden-
sation reactions to synthesize PPS are considerably more sensitive to

the extent of dilution than to the stirring speed.

3.4 EFFECT OF CHEMICAL PARAMETERS ON KINETICS

3.4.1 Reactions with excess PDCB

Experiments were conducted with a large excess of PDCB to
evaluate the influence of a higher PDCB concentration on the rate as
well as the properties of the polymer formed. In this set of experiments,
the molar concentration of PDCB was maintained at 4.082 versus 2.0%1
used in the reference set of experiments (Section 3.1). The molar concen-
tration of the other reactant, sodium sulfide was however maintained
at 1.923 as in the other experiments. The polycondensation reactions
were carried out in the stainless steel reactor for varying reaction times.
The experimental procedures followed for polymerization, polymer isolation

and chemical analysis were as per detailed described in Section 2.

The variation of polymer yield and fractional conversion with
reaction time are summarized in Table 15. The data are graphically compa-
red to the reference set in Figures 24 and 25. The conversion corresponding
to a reaction time of 2 hours was 85 percent. Thus the initial part of
the reaction appears to be very fast compared to the reference discussed

earlier. The increase in conversion with reaction time after this period
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TABLE 15

REACTION TIME - CONVERSION DATA

Reaction temperature = 195°C, [PDCB] = 0.4082 ,

[Sodium sulfide] = 0.1923, NMP = 100 ml, [NaCl] theoretical= 0.3846 moles

Reaction Polymer Sodium chloride  Fractional Fractional
time yield, formed, conversion yield
min. gm mole
20 0.1 0.0306 0.0796 0.0041
40 241 0.0382 : 0.0993 0.0938
60 4.1 - 0.1172 0.3047 0.1560
90 13.91] 0.2725 0.7085 0.5412
120 17.20 0.3259 0.8474 0.6692
180 18.67 0.3302 0.8586 0.7264
270 19.01 0.3404 0.885] 0.7396

360 20.10 0.3559 0.9254 0.7820
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was very gradual. The polymer yield determined as methanol insoluble

is high compared to the reference set (Figure 22). The theoretical yield

for this system was calculated as follows:

; _ I+
Xn at 100% conversion = O+t om0 - 2rp
_0.1923
here r = 0.5087 - 0.4711
1+ 0.
xn i} + 0.4711 - 2.781

1+0.4711 - (2 x 0.4711 x 1)

Structure (on statistical average) of polymer formed as theoretical yield

(T.Y.) would be,

TY = ClI —é—@-s%—(ﬂ
2.78
TY = 0.1923 x 108.15 + 2 x 0.1923 x 35.45

2.78

= 25.70 gms

The fractional polymer yield calculated as the ratio of the polymer yield
obtained gravimetrically and the theoretical equivalent (Table 15). The
plot of fractional yield with reaction time is shown in Figure 26 along
with the data for the reference set. Though the polymer yields by weight
are high, the fractional yields follow the trend seen for the yield reaction

time data.

The concentrations of the two reactants in this system were
highly non-stoichiometric. The kinetics could not be accurately evaluated
on the basis of the change in 1/(1-p) with reaction time. The corresponding

relation for non-stoichiometric proportion of the reactants was applied
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for this system. The data are presented in Figure 27. In this system
also, two regions of linearity are observed. The reaction rates were eva-
luated for the two regions, first region upto 70% conversion and the second

R |
one from 70 to 93% conversion. The evaluated rates were 3.% x 107°ml s

and 1.07 x 10-5 m l_I s'l for the two regions. Interestingly, the trends
in the rates of polycondensation were reversed in this system. An initial
faster reaction rate was followed by a slower rate beyond 70 percent
conversion. The reaction rate was an order of magnitude slower in the

later part of the reaction, when compared to the reference set, wherein

the reactants were used in almost stoichiometric proportion.

3.4.2 Reactions with sodium parachloro thiophenoxide

A series of experiments were designed to evaluate the role (if
any) of sodium parachloro thiophenoxide (SPCTP), the initial product of
the condensation of PDCB and sodium sulfide (see section 3.1 ). The experi-
mental procedure for these reactions was identical to 3.1.1 except that
1.47 mole percent of SPCTP was added along with PDCB. The polyconden-
sations were run for different predetermined reaction times and the reaction
products were analysed for the conversions achieved. The post reaction
work up procedures and the analyses were identical to that followed in

experiments 3.1.

The f{fractional conversions 'p' were calculated from the moles
of sodium chloride generated. It was assumed for the calculations that
at the start of the reaction sodium chloride equivalent to the moles of
SPCTP used had already been generated. In this series of experiments
0.003 moles of SPCTP were taken. Hence the fractional conversion were

calculated using the formula,
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0.003 + moles of sodium chloride formed
0.003 x (0.1923 x 2)

The data generated in terms of fractional conversion and peclymer
yield with reaction time are summarized in Table 16. The trend observed
for this system was very similar to that seen for the system of PDCB-
sodium sulfide reaction. The fractional conversion and polymer yield
data with reaction time are shown in Figures 28 and 29. The experimental
data for this system were found to fit a second order kinetic scheme
over a wide range of conversions. Polymer was formed at low conversion
and the yield was found to increase with reaction time. The data are
presented along with that for reference set.

The data were subjected to regression analysis similar to that

(1 +r)
(l+r =2 rp)

(for non-stoichiometric ratio) with reaction time are graphically represented

for PDCB - sodium sulfide system. The data on 1/(l-p)and

in Figures 30 and 31. Two regions of linearity were noted for this system

also.

The rate and specific rate constants were evaluated as,

Rate = 275 x 107 m 17 s} ; upto 36 per-
) cent

o _y o121 ) conversion

specific rate constant = 744 x 10 1 m
-5 -1 -1
Rate = 83% x 10~ ml " s ) beyond 36
31 -1 ) percent

specific rate constant = 551 x 10 " Im s ) conversion

The values evaluated above differ marginally on comparison with
the system PDCR-sodium sulfide (section 3.1). The variations are within

the errors of experimentation and analysis. This leads to the conclusion

"
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TABLE 16

REACTION TIME - CONVERSION, POLYMER YIELD DATA

[PDCB]= 0.2041 mole, [sodium sulfide]l= 0.1923 mole, [SPCTP)= 0.003mole

NMP = 100 ml, reaction temperature = 195°C
Reaction Sodium Fractional Polymer Fractional
time, chloride conversion yield polymer yield
min. formed, gm
mole
30 0.0099 0.0333 0.31 0.0141
60 0.0469 0.1287 2.01 0.0916
90 0.1003 0.2664 445 0.2029
120 0.1362 0.3591 6.24 0.2845
160 0.2069 0.5415 11.25 0.5129
180 0.3054 0.7957 16.71 0.7619

360 0.3499 0.9105 19.70 0.8982




1-0
T 1 B B E 1 T 119
® DATA FOR REFERENCE SET
o DATA FOR SPCTP

08} o
- L ]

=

©

£ oef

w

>

= °

U b—

|

L4

=

©

'—

O 04_

<

(v 4 o]

w

(o]
o2}
(o]
0 1 1 1 1 1 1
1 3 5 7

REACTION TIME,hr.

FIG.28:FRACTIONAL CONVERSION DETERMINED BASED ON
SODIUM CHLORIDE GENERATED.



POLYMER YIELD, Gm,

20 T T 1 1 T
® DATA FOR REFERENCE SET
o DATA FOR SPCTP
o ™
16} .
12+ 4
[ ]
B i —
- =
o]
4l * .
o
L 1 1 1 1 1
0 1 3 5 7

REACTION TIME,hr.

FIG.29 : POLYMER YIELD -REACTION TIME DATA

120



1 121

Xn=1/01-p)

1 3 5 i
REACTION TIME,hr.

FIG.30:PLOT OF THE NUMBER-AVERAGE DEGREE OF POLYMERIZATION
AS A FUNCTION OF REACTION TIME, ASSUMING
STOICHIOMETRIC EQUIVALENCE OF THE REACTANTS.



10 T T T T T 1 122

n=(1+r)/(1+r-2rp)

=X

P

D

REACTION TIME, hr.

FIG.31:PLOT OF DP, AS A FUNCTION OF REACTION TIME. PLOT
ASSUMING STOICHIOMETRIC NONEQUIVALENCE BETWEEN

THE TWO REACTANTS



that SPCTP does not function as a possible catalyst. Its presence does
not enhance the rate of the polymer yield to an appreciable extent.
It is also probable that the kinetic step involving reaction between PDCRB
and sodium sulfide to generate sodium parachloro thiophenoxide is not

the rate determining step.

In the calculation of fractional polymer vyield, the concentration
of SPCTP was taken into consideration. The polymer yield in this case

becomes,
(0.003 + 0.1923) x 108.15 + 0.01144 x (‘.l2 = 21.933 gm.

where 0.003 is the molar concentration of SCPTP. The data are presented

in Figure 32 in comparison with the reference set.

Studies with SPCTP thus indicated that the initial linear region
where the reaction is slow could be advantageously shifted to lower conver-

sion. Concrete results required homopolycondensation kinetics.
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The intrinsic viscosity of the samples were evaluated in l-chlorona-

phthalene as done for the reference set. The data are presented in Figure
33 along with the data for the reference set . The intrinsic viscosity
values obtained for this set are consistantly lower than those obtained

in the reference set.

The melting point of the samples were determined by capillary
method. The data are plotted in Figure 34 along with the data for reference
set. After a reaction time of 3 hours, no significant difference was observed

in the case of reference set.
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3.4.3 Reaction with paradibromobenzene

Aromatic nucleophilic substitution reactions occur by the attack
of a nucleophile on the aromatic nucleus (see section 4.1). An alternate
route for the 'synthesis of PPS with the use of dibromic benzene was
investigated. PDCB was substituted by 1,4-dibromobenzene (PDBB).
The other relevant parameters were unaltered. Thus, the molar ratio
of the reactants, the amount of solvent, the reaction temperature, the
reactor geometry, the agitator speed as well as the work up procedures
after the polymerization were all kept identical to the reference set

of experiments with PDCB (Section 2.3.).

The reactions were conducted for preset reaction times. The
data generated as the extent of reaction and the overall rate were computed
from the moles of the side product formed, in this case sodium bromide.
The moles of sodium bromide that would be generated at complete conversion
was again equated to correspond to twice the moles of the deficient
difunctional reactant, sodium sulfide.  The reactions were stopped at
preset times and sodium bromide was estimated from the methanol/water
extractions. The data as fractional conversion and the polymer formed
with reaction time are presented in Table 17. . The data are compared
with the reference set in Figures 35 and 3¢. For the initial part of the
reaction, the reaction was found to be faster than the reference set.
The fractional conversion and the polymer yield are much high indicating
the possibility of a different reaction scheme as compared to the reference
set. The experimental data of this system were found to fit a second

order kinetic scheme over a wide range of conversions.
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TABLE 17

TIME-CONVERSION DATA OF REACTION BETWEEN PDBB AND
SODIUM SULFIDE

Reaction temperature = 195°C , TPDBB ]~ 0.9422

Reaction Polymer NaBr formed, Fractional Fractional
tir_‘ne, yield, moles conversion, yield
min. gms p

2.5 3.82 0.0821 0.2135 | 0.1688
5 7.30 0.1286 0.3343 0.3227
7 8.35 0.1577 0.4102 0.3691
10 10.16 0.1850 0.4810 0.4491
15 11.15 0.2422 0.6298 0.4928
22 13.73 0.2623 0.6820 0.6068
45 15.25 0.2772 0.7208 0.6740
90 16.37 0.3094 0.8045 0.7235

180 17.82 0.3536 0.9194 0.7876
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The data on PDBB-sodium sulfide systems was subjected to

the same regression analysis as for PDCB. Two regions of linearity were

(1 +r)

again observed for this system. The data onl/(l1-p) and (Ter-2tp )

(for
non-stoichiometric ratio of reactants) as a function of reaction time are
presented in Figures 37 and 33. The overall reaction rate and the specific
rate constant data obtained by regression analysis are presented in Table 18.
The data for the reference set are also presented in the table. In the
case of the reaction between PDCB and sodium sulfide, the initial rate
of reactions was slow till 50 percent conversion, followed by a faster
rate from 50 to 90 percent conversion. On the other hand, the reaction
between PDBB and sodium sulfide exhibited an initial fast reaction upto
50 percent conversion, followed by a relatively slower rate equivalent
to that observed in the range beyond 50 percent for the system PDCB-

sodium sulfide.

This dramatically different behaviour between the two systems
could e related to a number of factors including the relative rates of
substitution of the two halide groups. The presence of chloro group at
a position para to the substitution center retards the rate of nucleophilic
substitution, whereas the bromo group relatively enhances the rate in
the initial stage to a conversion of about 50 percent. After this range
of conversion, when on a statistical average one of the two halide groups
on the same benzene ring would be substituted, the rates of the two reactions
were identical. Also on a statistically averaged situation, after 50 percent
conversion, the position para to the substitution point in both the systems
is -SNa group. The presence of bromo group enhances the rate relative

to the -SNa groups as seen by the relative rates till 50 percent conversion
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in comparison to that observed after 50 percent conversion. The initial
rate in the system PDBB-sodium sulfide was found to be an order of magni-

tude faster than the system PDCB-sodium sulfide.

The theoretical yield of polymer at 100 percent conversion was
calculated as given in section 4.2.2. The value for chlorine was replaced

with for bromide. The theoretical yield (TY) thus becomes,

TY =0.1923 x C6H4S + 0.01145 x Br2
=0.1923 x 108.15 + 0.01145 x 159.82

= 21.627 gms

The fractional yield-reaction time data are represented in Figure 39 along
with the data in that for the reference set. The fractional yields are

larger as compared to the reference set.

The intrinsic viscosity of the polymers formed were evaluated
in I-chloronaphthalene. The procedure followed was identical to that
for the reference set. The evaluated data are presented in Table 18 .
The intrinsic viscosity values are much lower than that observed for the
reference set indicating that the molecular weights of these samples
would be very low. The microanalysis data could not be obtained to defi-
nitely prove this point. The relative values of intrinsic viscosity with
the reference set are shown in Figure 40. While a steady increase in
viscosity was noted in reference set, the values in the PDRB system
remained steady till a conversion of about 50 percent. The increase with
conversion was gradual till 80 percent conversion. The value again levelled
off after this stage indicating that the maximum molecular weight perhaps

is achieved in this range.



TABLE 18

COMPARISON OF THE REACTION RATES OF THE TWO SYSTEMS
PDCB-SODIUM SULFIDE AND PDBB-SODIUM SULFIDE

System Conversion Rate, Specific reaction
range, % = 1-1 s-l rate,
I -1 -1
m s
) -4
PDCB upto 50 3.11x 10, 8.11x 10_3
sodium sulfide 50-90 3.85 x10 Ll6x 107
-4 -3
PDBB upto 50 3.21x 10 8.68x 10
sodium sulfide 50-92 3.87x 107 L18x 1073

Reaction conditions:

Reaction temperature = 195°C
Molar ratio of reactants = 0.9422

NMP = 100 ml.
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The melting points of the samples obtained in the PDBB system
were determined by capillary method. The variation of the melting point
with reaction time is shown in Figure 41 (Table 19). The values for the
reference set are also included in the plot. The melting point increase
in the system with PDBB was gradual and were consistantly lower than
the reference set. The intrinsic viscosity values also followed a similar
trend. These indicate that PPS synthesized with PDBB reach a maximum
molecular weight around 180 minutes of reaction time and that the molecular

weights are lower than those obtained by using PDCB under identical

conditions.

To summarize,the kinetic studies of the reaction between PDCB
and sodium sulfide at a molar ratio of 1.0641:1 were conducted at 195°C
in NMP as the reference set. The analysis of the data indicated that
the formation of polyphenylene sulfide follows a second order kinetics,
exhibiting two distinct regions of constant rates. In the first region upto
50% conversion the rate is slower, followed by a region wherein the rate
constant is approximately five times faster . The condensation reaction
between PDCB and sodium sulfide to form PPS exhibited the following

features which are different from the conventional polycondensation reac-

tions:

(a) Unreacted monomers were present at conversions as high as
97%.

(b) Polymeric species were formed even at very low conversion (5%).

(c) The polymer precipitates out during the course of the reaction
but continues to grow in the solid state with increase in reaction
time.

(d) The melting point of the polymer formed increased rapidly till

a reaction time of 3 hours. At high reaction times no significant
increase in the melting point was noted.
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TABLE 19

INTRINSIC VISCOSITY M.P. DATA AT DIFFERENT REACTION TIMES

Temperature = 195°C , Solvent

l-chloronaphthalene

140

Reaction Polymer Relative ) [rL]b MP, °C
time, concentration,  viscosity dL/g dL/g
min. gm/dl
2.5 4.00 1.0645 0.0158 0.0158 158
5 414 1.0693 0.0164 0.0164 202
7 4.00 1.0706 0.0173 0.0173 212
10 4.03 1.0774 0.0187 0.0188 252
15 4.04 1.1630 0.0383 0.0385 24]
22 4.15 1.1830 0.0423 0.0424 252
45 4.19 1.2280 0.0508 0.0509 264
90 3.97 1.2880 0.0667 0.0666 271
180 3.945 1.2942 0.0685 0.0683 272
(1 = —g“ '\/rLSp - bRm
" sp
P - K ng, K = 0.302
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The effect of physical parameters such as reactor type, the speed of
agitation and the extent of dilution on yield conversion and intrinsic
viscosity of the polymer were investigated. The speed of agitation had
a marginal eifect on the yield, conversion and intrinsic viscosity. The
fractional conversion at 6 hours dropped from 0.88 to 0.67 when the speed
was reduced from 660 rpm to 0; the fractional yield was reduced from
0.88 to 0.74, whereas the intrinsic viscosity reduced by 30 percent. On
the other hand, the extent of dilution seems to have a much more signifi-
cant effect on the kinetics and structure development in PPS formation.
When the dilution factor was increased from 1 to 10, the fractional yield
at 6 hours decreased from 0.88 to 0.45, the fractional conversion decreased
from 0.88 to 0.67, whereas the intrinsic viscosity exhibited a steep drop

from 0.13 to 0.05 dL/g.

The kinetic experiments were conducted in two types of reactors,
namely, stainless steel and Teflon. Little change in the kinetics of the
reaction was observed, other than the fact that the initial specific reaction
rate in the Teflon reactor was extended upto 75 percent versus 50 percent
in the stainless steel reactor. The yield values and the reaction rates
were comparable. The major difference between the two reactors is
in the type of agitation, the agitation in the stainless steel reactor being
more effective. The other difference in the experiments was the mode

of addition of reactants.

The effect of chemical parameters on the kinetics and structure
development in PPS formation were studied by conducting the following

experiments.
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Reference  Teflon  SPCTP Excess PDBB
set PDCB
Polymer 3 hrs 13.22 13.7 16-71 18+67 10.16
yield,gm. (10 min.)
6 hrs 19.05 18.5 19.70 20.1 17.82
(180 min.)
Fractional 3 hrs 0.7056 0.6165 0.7957 0.8586 0.4810
conversion (10 min.)
6 hrs 0.8867 0.8674 0.9105 0.9254 0.9194
(180 min.)
Regions of 1 upto 50% upto 75% upto 36% - upto 50
linearity
1 beyond beyond  beyond - beyond 50
50% 75% 36%
- - - -4
Ratps | I 3.00x107° 4e7x107° 275x107° - 32] x10
L -5 -5 -5 -5
I1 385x10 2.26¢10 834 x10 - 3.87 x10
[n] at 6 hrs 0.13 0.13 0.117 0.085  0.068
dL/g (180 min.)
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a. addition of 1.l percent (by weight) of sodium parachloro-
thiophenoxide (SPCTP)

b. use of 100% excess of PDCB
Cs reaction of sodium sulfide with paradibromobenzene (PDBB)
in place of paradichlorobenzene (PDCB).
The details of the experimental data are summarized in Table 3.5.1.
Both the addition of SPCTP and use of excess PDCB were found to improve

the yield significantly.

However, the intrinsic viscosity of the polymer was considerably
lower. Also, in the éase of experlnjents with SPCTP, the initial region
of slower rate was shortened to about 36 percent versus 50 percent in
the reference set. Therefore, it is concluded that the addition of SPCTP
or the use of excess PDCB enhances the rate of initiation, thereby probably

leading to the formation of a greater amount of oligomers.

The reaction between NaZS and PDBB exhibited a significantly
higher rate (by a factor of 10) in the initiation region upto 50% conversion,
relative to the reference set with PDCB. The reaction rates in the second
region beyond 50 percent conversion were comparable for both the reactions
involving PDBB and PDCB. The reaction between NaZS and PDBB resulted
in a lower yield of the polymer and a lower intrinsic viscosity at comparable
conversion, relative to the reaction with PDCB. Therefore, it is concluded
that the formation of the intermediate species is faster with PDBB, because

bromine is a better leaving group from a mechanistic view point.

The reactions followed a second order kinetics in all the cases,

irrespective of the changes in the physical or chemical parameters.



CHAPTER 4
THERMAL CHARACTERIZATION




4.1

THERMAL CHARACTERIZATION STUDIES

The thermal behaviour of the polymer formed at different conver-
sions was evaluated by Differential Scanning Calorimetry (DSC) and thermo-
gravimetric analysis (TGA). The results were analysed to elucidate the
development of polymer structure with polymerization time. The molecular
weight of the polymer formed increases with reaction time as illustrated
by microanalysis and solution viscosity measurements.  Thus, the analysis
brought out the variation of thermal characteristics with molecular weight
and molecular weight distribution. The thermal stability and DSC results
of PPS samples synthesized were compared with the commercial polymer

Ryton, grade V-1.

Differential Scanning Calorimetry (DSC)

These studies were carried out to elucidate the changes in physical
structure as a function of reaction time. The experimental details are
presented in the experimental section 274 The instrumental settings were
kept identical for all the samples. The samples were subjected to three
heating and cooling cycles. The first heating scan of the polymer sample
represents the physical structure of the polymer as precipitated in the
reaction mixture. It would thus signify the interaction between the preci-
pitation and the continuing polymerization at the solid-liquid interface
and its influence on the crystallite size and crystallite size distribution.
Once the polymer is heated beyond the melting point in the first scan,
the as-precipitated morphology is destroyed. The thermal parameters
derived from the subsequent cooling and heating scans would therefore

represent the effect of molecular weight and molecular weight distribution

14



of the polymer samples, as crystallized from melt.

The DSC thermograms of the polymer samples at different reaction
times are shown in Figures | to 9. The thermal behaviour of the samples
is discussed below with reference to the respective DSC scans. The DSC

scan of commercial sample Ryton V-1, is shown in Figure 5I.

(a) 1/2 hour sample

The DSC scan is shown in Figure 42. The initial melting peak
was sharp with high A Hm in the first heating cycle. In the subsequent
heating scans, the AHm was found to reduce significantly. The melting
peaks were also not as sharp compared to the first heating scan. This
indicates that the melt crystallized sample has considerably lower crysta-
llinity than the as-precipitated product. The cooling scans did not reveal
a sharp crystallization peaks. The average particle size was in the range

of 0.5 microns.

(b) 1 hour sample

The DSC scan is shown in Figure 43. In the first heating scan,
three multiple melting peaks were observed for this sample. The multiple
peaks, however disappear in the subsequent scans. This indicates that
the morphology of the as-precipitated polymer is different from the melt
crystallized sample. The as-precipitated sample appeared to have three
distinct crystallite size distributions. The average size of the particles
was 1.1 microns and the total number of particles were less than that
for 1/2 hour reaction. Unlike the 1/2 hour reaction product, the | hour

sample exhibited a clear crystallization peak in the cooling scans with

14!
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a broad shoulder. The crystallization occurred over a broad temperature
range of 56°C (256 °C to 240°C). This would lead to a broad crystallite

size distribution as reflected in the broad melting range of 66°C (from 210°C

to 2780).

(c) 2 hour sample

The DSC scan is shown in Figure44. This scan does not exhibit
multiple peaks in the first heating scan. However, the melting transition
in the first scan suggested of a different shape in the as-precipitated
sample. The second and third heating scans show a single peak for the
melting transition. This suggests the existence of different morphologies
before and after the polymer is heated through the melting range. The
cooling scans of the samples follow the same trend as for the 1 hour
sample including a sharp crystallization peak and a broad crystallization

range.

(d) 3 hour sample

The DSC scan shown in Figure 45 for this sample, exhibits two
multiple peaks during the first heating cycle. This indicates a bimodel
crystallite size distribution in the as-precipitated sample. The cooling
scan for this sample exhibits a crystallization behaviour similar to the

earlier sample.

(e) 4 hour sample

The DSC scan is shown in Figure#. This sample also exhibits
two melting peaks suggestive of a bimodel crystallite size distribution.
The melting transition peaks are however sharper in the as-precipitated

state. The second and third heating scans shows a single peak. In the
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cooling scans, the crystallization behaviour is identical to the 3 hour

sample.

(f) 5 hour sample

The DSC scan is shown in Figure 47 . The behaviour of this sample
is identical to that of & hour sample, both in the heating and cooling

cycles.

(g) 6 hour, 7 hour and 10 hour samples

The DSC scans of these samples are shown in Figures 43,49 and
50 respectively. The scans in the first heating cycle in the as-precipitated
state do not show clear multiple peaks. However, the melting peaks
exhibit a shoulder which disappears in the second heating cycle. This
is suggestive of a predominantly single crystallite size distribution unlike
the 3,4 and 5 hour samples. The particle size increases as a function
of reaction, but the total number of particles decreased with increase

in reaction time. The morphology details are discussed in section 5.

The cooling scans of these samples exhibit an identical crystalli-
zation behaviour. The crystallization range was also much narrower

as compared to the short reaction time products.

(h) Commercial polymer sample

The DSC scan of the commercial polymer, Ryton grade V-1 is
shown in Figure 5l. The scan shows no difference in the first, second
and third heating scans. This is due to a different morphology of the
polymer as the sample was not in the as-precipitated state. It also had

a different thermal history. The cooling scan exhibiting the crystallization

152
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behaviour was identical to that of the 6,7 and 10 hour samples.

The notable feature of the DSC scans (Figures42-51)is the presence
of multiple first order transitions in the first heating scan. These disappear
in the subsequent heating scans in the melt crystallized state. The polymer
was isolated after the preset reaction times by precipitation into methanol
followed by water washing to remove unreacted PDCB, sodium sulfide,
oligomers as well as the side product sodium chloride generated during
the reaction. Thus the thermogram from the first heating cycle corresponds
to the morphology of the as-precipitated polymer. The thermograms
of the subsequent scans are defined by the crystallization from the polymer
melt. However, the thermograms from the first, second and third cooling
cycles are identical since the morphology of the as-precipitated .polymer

is lost on melting.

In PPS synthesis, the polymer formed precipitates after a critical
molecular weight is attained. End group analyses results indicate that
the precipitated polymer continues to grow even after precipitation from
the reaction mediumz.l"5 The molecular weight of the polymer increases
with conversion unlike other heterogeneous polycondensation reactions.
As a result of the continuing polymerization after precipitation, a wide
particle and crystallite size distribution may be generated in this system.
The particle size was found to increase with increasing reaction time
while the total number of particles decreased with increase in reaction
time.z% This trend was noted in the melting behaviour of the polymers.

The melting endotherms were uniformly broad.

The thermal data based on the heating scans by DSC are summari-
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zed in Table 20. The peak temperature (Tm) may be used for comparison
of the results. For the first heating scan with multiple peaks, the Tm
corresponding to the large prominent peak was used for comparison.

The temperature of onset of melting and the melting peak temperature
were lower for the first heating cycle relative to the second and third
heating cycles. There was little change in the completion temperature
of melting in the three cycles. The peak width in the first heating scan

was wider as compared to the subsequent scans.

The thermograms of all the polymer samples synthesized show,
on the first heating cycle two first order transitions either distinctly
or as a shoulder. These merge into a single first order transition in the
subsequent heating cycles except for the 1/2 hour sample where the frac-
tional conversion was only 0.0474. This behaviour could be attributed
to the initial presence of a broad crystallite size distribution in the as-
precipitated state, which is destroyed on melting. The melting range
in the second and third heating cycles was still very broad. This may

be attributed to the broad molecular weight distribution in these samples.

The data on Tm and the number of peaks observed in the first
heating cycle are presented in Table 2l. The Tm-fractional conversion
data are presented in Figure 52 The Tm was found to increase rapidly
" till a conversion of about 50 percent. The increase in Tm with conversion
was gradual after this stage. Molecular weight determination by end
group analysis and morphology studies by scanning electron microscopy
indicated that this trend could be attributed to the increase in molecular

weight and particle size with conversion.



TABLE 20

DSC-DATA ON HEATING CYCLE
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Reaction  Fractional SCAN Transition temperature °C Melting
time, hr. conversion No. Onset Peak Terminal range °C
1 2 3 4 5 6 7

1 106 143 171 65
1/2 0.0474 11 111 140 159 48
11 111 140 159 48
1 204 262 270 66
1 0.2398 11 210 264 276 66
111 211 265 278 67
I 250 279 289 39
2 0.4774 11 249 283 289 40
11 248 283 288 40
I 256 289 291 35
3 0.7056 11 260 285 290 30
111 260 285 290 30
I 243 290 293 50
4 0.7911 11 250 286 291 4]
11 259 288 293 34
I 239 291 295 56
5 0.8373 Il 253 286 293 40
111 255 288 293 38
1 260 294 299 39
6 0.8809 1l 260 290 297 37
111 260 291 298 38



Table 2D contd...
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1 2 3 4 5 6 7
| 256 295 300 Ll
7 0.8867 11 263 290 295 32
111 269 290 295 26
I 248 295 300 52
10 0.9673 11 261 286 291 30
11 261 286 291 30
I 256 283 291 35
Ryton V-1 - 11 261 283 289 38
1l 261 283 289 38
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TABLE 21

FRACTIONAL CONVERSION - TTDATA (BASED ON DSC)

Reaction Fractional T No. of peaks in Ist
time, hr. conversion Ist heating m2nd heating heating
1/2 0.0474 143 140 1
1 0.2398 262 264 3
2 0.4774 279 283 1 and
broad shoulder
3 0.7056 289 285 2
4 0.7911 290 286 2
5 0.8373 291 286 2
6 0.8809 294 290 I and
shoulder
7 0.8867 295 290 d
10 0.9673 295 286 "

Ryton 283 283 1
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The DSC data based on the cooling cycles for the samples are
summarized in Table 22. The thermograms based on the first, second and
third cooling cycles are comparable. A single peak was observed in all
the cases. The crystallization temperature was broad for low conversion
sample. The range narrows as the molecular weight increases with conver-
sion. The data on the onset of crystallization with fractional conversion
is shown in Figure 53. After 2 hours reaction time or a conversion of
about 50% thereis little change in the temperature of onset of crystalli-
zation. Similarly the degree of supercooling also reaches a plateau value
at 0-5 f{ractional conversion. The degree of crystallinity was found to
decrease marginally from 71 to 66 percent with increasing reaction time
on the basis of XRD studies discussed in section 5.1 . These trends are
consistent with the analysis 't.hat the polymer molecular weight continues
to grow with conversion inspite of precipitation after a critical molecular

weight was attained.

The transition energy data based on the second heating cycle
are presented in Table 23. The transition energies were calculated per

monomer repeat unit. No clear trend was seen in the transition energies

either in melting or cooling.

The commercial PPS sample Ryton V-1, in comparison, showed
a single first order transition peak on the first heating cycle itself. The
thermal history of the commercial sample differed from the samples
in this investigation. The commercial sample had lower Tm but the degree
of super cooling was higher as compared to the samples synthesized.

The melting range of Ryton was also narrower. These observations indicate
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DSC DATA ON COOLING CYCLE

TABLE 22
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Reaction Fractional SCAN  Crystallisation temp.°C  Crystalli- Degree of
time, hr. conversion No. Onset Peak Terminal sation super-
range temp. cooling

1 2 3 L 5 6 7 8

1 125 No distinct 91 34 18
peaks, but

1/2 0.0474 11 125 only ; 91 34 15

111 125 broad 9l 34 15
shoulder

I 256 245 195 61 16

1 0.2398 11 256 248 200 56
111 256 249 199 57
| 271 264 238 33 8

2 0.4774 Il 270 263 235 35 13
111 268 263 235 33 15
I 270 264 24] 31 19

3 0.7056 11 270 264 238 32 19
11 270 264 237 33 15
I 270 263 235 35 20

4 0.7911 1l 270 264 231 39 16
11 270 264 236 36 16
1 270 263 234 36 28

5 0.8373 I 270 263 238 32 16
111 271 264 238 33 17
1 278 268 238 40 16

6 0.8889 1l 278 268 239 39 12
11 277 269 244 37 14

..........
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Table 22 contd...
1 2 3 4 5 6 7 8
[ 274 263 246 28 21
7 0.8867 11 274 264 245 29 16
111 274 264 245 29 16
1 263 255 230 33 32
10 0.9673 11 264 299 239 25 22
111 264 256 237 27 22
I 260 250 239 21 23
Ryton - 11 258 250 238 20 25
111 258 250 239 19 25
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TABLE 23

TRANSITION ENERGY DATA BY DSC

Reaction Fractior}al Hf HC
time conversion kcal/mru kealfien
60 0.2398 1.23 2.28
120 0.4774 1.32 2.38
180 0.7066 1.67 3.03
240 0.7911 1.67 3.03
300 0.8373 1.54 2.81
360 0.8809 1.25 2.27
420 0.8867 1.57 2.81
600 0.9673 1.67 3.03
Ryton 1.31 2.38

mru = monomer repeat unit
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the presence of a narrower molecular weight distribution in the commercial

sample.

Thermogravimetric analysis (TGA)

The changes in the physical structure of the polymer with reaction
time were studied by DSC. The TGA studies were carried out to eluci-
date the changes in the chemical structure with reaction time. The high
temperature behaviour of the polymer samples is relevant to the curing
process. The PPS powder transforms into a thermoset on curing in the
temperature range of 375 to 425°C for extended period. It is therefore
necessary that the polymer should be stable atleast upto this temperature

for the material to be useful as a coating grade polymer.

The curing reaction of PPS is not completely understood. The
initial thermal studies were directed towards the stability of the material
at high temperatures. Both chain extension and some degree of crosslin-
king are known to take place during this step. The notable contribution

24

in this aspect has been made by Hawkins! 7 His proposed scheme involves

the following steps:

2ArS—©— —3 > ArSAr + @—S—@

Disproportional reaction for chain extension
.@S —
-
S ~~
Oxidative crosslinking

or
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where Y = S or Ar

, Thermal crosslinking

Volatiles and low molecular weight products are formed during
the curing reaction of PPS in air. In the present investigation the TGA
of PPS samples were done in air. The experimental details are given

in section 2

In PPS, the polymer chain is interlinked by carbon-carbon, carbon-
sulfur and carbon-hydrogen bonds. These bonds are thermally stable

resulting in the overall excellent thermal stability of the polymer.

The thermal behaviour and decomposition profile of the polymers
synthesized were determined by thermogravimetric analysis (TGA) and
differential thermogravimetry (DTG). A typical output from the NETZCH
thermal analyser model STA 409 used in the investigation is shown in
Figure 54. The dependance and variation if any, in the mode of thermal
decomposition in air with molecular weight were evaluated. The thermal
stability parameters derived from the TGA/DTG scans are presented in
Table 24. The- decomposition profiles of the selected polymer samples
collected at reaction times of 1/2, 1,2,3 and 6 hours are shown in Figure
55. The corresponding DTG curves are illustrated in Figure 56. Referring
to these figures, it is clear that different decomposition mechanisms
are operational depending on the structure of the polymer formed at

that particular conversion level. The changes in TGA indicated that the
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TABLE 24

TRANSITION ENERGY DATA BY DSC

Reaction Fractional H H

time,hr. conversion kcagl kca{J:
mru mru
1 0.2398 1.23 2.28
2 0.4774 1.32 2.38
3 0.7066 1.67 3.03
4y 0.7911 1.67 3.03
5 0.8373 1.54 2.81
6 0.8809 1.25 2.27
7 0.8867 1.57 2.81
10 0.9673 1.67 3.03
Ryton - 1.31 2.38

mru = monomer repeat unit
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chemical structure of the polymer was also changing with reaction time.
While it is difficult to present their exact nature in the absence of post-
decomposition product analysis, some general trends can be noted and
these related to the differences in the molecular weight, molecular weight
distribution, difference in the end group populations, and possibly to the
varying levels of cyclic moieties in the polymer samples collected at

different reaction times.

The polymers differ in the concentration of end groups. The
polymers formed initially were of a low molecular weight and have a

high concentration of SNa end groups.Z% This concentration decreases

173

with increasing polymerization time and degree of polymerization. Clear .

trends are noted in the comparative study of the TGA curves. Polymer
samples generated at low conversions were thermally less stable as indica-
ted by the lower temperatures of onset of degradation. The thermal
stability increases with molecular weight. The initial decomposition occurs
probably close to the end group. A polyn;er with thermal stability compara-
ble to that of commercial polymer Ryton was attained after a polymeri-

zation time of 6 hours.

The data on percent decomposition and the temperature are
summarized in Tables 25,26.After 20-41 percent decomposition (temperature
range 304 to 544°C), the decomposition mechanism shifts and probably involves
random positions along the polymer chain. The synthesized polymer samples
are more stable to oxidative degradation than the commercial Ryton after

40 percent decomposition. This is reflected in the broad shoulder in the

TGA curves shown in Figure 55



TABLE 25

DEGRADATION DATA BY DTG

Reaction Fractional Degradation °C Range
time, hr. conversion Onset  Peak Completion °C

1/2 0.0474 304 450/541 635 331

1 0.2398 331 5S4y 902 571

2 0.4774 323 541 899 576

3 0.7056 329 559 664 335

6 0.8809 477 544 618 141

Ryton V-1 - 440 554 827 387
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TABLE 26

DECOMPOSITION-TEMPERATURE RANGE DATA

Reaction Fractional Decomposition Temperature
time, hr. conversion % range
°C

12 0.0474 16 to 48 304 to 450
1 0.2398 10 to 37 33] to 544
2 0.4774 8 to 34 323 to 541
3 0.7056 38 to 45 329 to 559
6 0.8809 477 to 544

Ryton - 3 to 31 440 to 554
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The DTG curves of the reference set samples are shown in Figure 56.
It could be noted that a polymer of comparaple thermal stability is obtained
after a reaction time of 3 hours. The data on percent residue and frac-
tional conversion are summarized in Table 2. After decomposition was
complete, the residue left was much higher in the low conversion samples
“than that noted in other polymer samples. The data are plotted in Figure 57.
This probably consisted extensively inorganics such as sodium chloride
and sodium sulfide generated from end groups or from cyclic moieties
formed. The high thermal stability of even oligomeric PPS was uniformly

brought out in this investigation.

To summarize, the thermal transitions of the reference set samples
were studied using a DSC. The notable feature of the thermograms was
the presence of multiple first order transitions in the first heating cycle,
which disappeared in the subsequent heating cycles. The thermograms
from the first heating cycle corresponds to the morphology of the as-
precipited state versus the morphology in the melt crystallized state in

the subsequent scans. The crystallization peaks were however identical.

The thermogravimetric analysis of the samples were evaluated
in air. While polymers formed at low conversions had high concentration
of -SNa end groups, those formed at higher conversions would be relatively
richer in -Cl end groups. This was reflected in the residue formed as
a function of reaction time. The polymer samples formed at lower conver-
sions were thermally less stable as compared to Ryton. A polymer of
comparable thermal stability with Ryton V-1 was obtained after a reaction
time of 3 hours. The kinetic studies revealed a change in the rate after

a reaction time of 3 hours.

{
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TABLE 27

RESIDUE-FRACTIONAL CONVERSION DATA

Reaction Fractional Residue
time, hr. conversion %
1/2 0.0474 12
1 0.2398 8.76
2 0.4774 6.98
3 0.7056 7.2
6 0.8809 7.1

Ryton = 4.5
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CHAPTER 5
MORPHOLOGICAL STUDIES
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5. MORPHOLOGICAL STUDIES

Most high temperature polymers are based on aromatic units.
Amongst these, those based on para phenylene type such as polyphenylene
oxide (PPQ), polyphenylene sulfide (PPS), polyether ether ketone (PEEK)
and polyether sulfone (PES) have attracted much attention in the recent
years due to their excellent thermal/chemical stability and resistance
to corrosive materials. 248 The unique feature of PPS is its thermal
stability in air upto 400°C and the ability to be transformed into fine
insoluble, chemical resistant coating by thermal curing process. The adhe-
sive properties of PPS towards various metal substrates are excellent

and is an extremely useful material in high temperature coatings.

It is well known that growth, structure and morphology of the
polymer play an important role in governing the various properties for
end use application of the processed articles. In particular, the size,
shape and structure of the polymeric powders are critical factors influencing
their processibility in solid state compaction and sintering processes and
also the coating properties. These powder metallurgical processing techni-

ques are used extensively for PPS f:r.)atings.zl"9

The studies on growth
and morphology of PPS samples polymerized under different conditions
would be useful in a better understandi;*lg of its behaviour in subsequent
processing steps. The crystallinity, particle size and morphology of PPS

synthesized under varying conditions have been investigated by x-ray

diffraction and scanning electron microscopy.
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5.1 X-RAY DIFFRACTION STUDIES

The experimental details for obtaining the XRD-scans are
described in Section 2.9. The polymer samples collected at different
reaction times in the reference set were chosen for the investigation.

The dried powder samples were used for these investigations.

Figures 58, 59 and 60 show the wide angle diffraction scans
(WAXS) for PPS samples collected at 1/2 hr, 1 hr, 2 hr, 3 hr, 6 hr
and 10 hr reaction product samples in that order. It is seen that
the region of diffraction angle (28) indicated, there are four major
peaks occurring at 18.8, 20.5, 25.5 and 27.4 degrees which correspond
to crystalline form of PPS. There arc; two additional reflections seen
in the WAXS of samples collected at low reaction time (1/2 hr and
I hr). However, the intensity of these peaks decreases rapidly with

increase of reaction time and for reaction times higher than 2 hr,

these additional peaks are totally absent in the WAXS data.

It is well known that PPS would crystallize in orthorhombic
conﬁgt.lraticmzj0 with unit cell dimensions of a = 8.67A° = 5.61A°
and ¢ = 10.26A°, The analysis of the WAXS data showed that most
of the reflections could be assigned according to this crystalline struc-
ture. For example, the four major peaks shown in Figures 58-60 were

assigned as reflections from the planes corresponding to Miller indices
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110, 110/200, 112/003 and 211 respectively. This was found to be
the case for all the samples investigated, irrespective of the diffe-
rences in reaction conditions such as reaction time, variation in stirring

speed and dilution of the reactants.

The crystallinity, on the other hand, was dependant on the
reaction time to some extent. The crystallinity was determined from

251

the regression curve analysis of the diffractometer scans as per

the following relation:

ol
O o= [1+o.7(¢a+¢c) ]

1

where, C.l is the crystallinity index, Cba and ¢‘c are the areas under

the amorphous halo and crystalline peaks.

The data on the variation of Ci with reaction time, evaluated from
the four prominent peaks corresponding to 110, 200, 1l1 and 211 reflec-
tions in the 26 range 10-30 degrees are illustrated in Figure 61. It
is seen from the figure that as the reaction time is increased, the

crystallinity decreases slightly from 74 % to a value of 68 % upto

186
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a reaction time of 6 hours. There is no significant change in C, beyond
6 hours reaction time. The low molecular weight fractions are known
to have higher crystallization rate and hence crystallinity as compared
to high molecular weight polymers. The PPS samples synthesized have
a wide molecular weight distribution. The crystallinity values noted for

low reaction times could be due to these species in the polymers isolated.

5.2 SCANNING ELECTRON MICROSCOPE STUDIES

The particle size distribution and average particle size were
evaluated using a scanning electron microscope. The instrumental details
are described in Section 2.10. Counts were taken for the existing particles
of various sizes in the electron beam scanned area (0.5 mmz) and the
spot was shifted to various locations of the sample. Percentage average
values for each size was then determined from these. The average particle
size was taken as the weighted mean value. The data on the average
particle size growth variation with reaction time are presented in Table 28.
The data in particle size-polymer yield and reaction time are shown in
Figure 62. It is seen that the particle size, which is initially less than
a micron, increases rapidly upto 3 hours and more gradually for higher
reaction times,tending to the asymptotic limit of 11 microns for very large

reaction time. The polymer yield data also follows a similar trend.

Figure 63 shows the actual distribution of particle size obtained
after polymer isolation at different reaction times. In the early stages
of the reaction, the distribution curve is sharp and shows a maximum

at about | micron particle size. As the reaction time is increased, the
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TABLE 28

GROWTH BEHAVIOUR OF POLYPHENYLENE SULFIDE

Reaction time, Average particle Yield, Total number of
(t_hrs) size, (Y, gms) particles,
r 3 1t
(St microns) (Nt)
0.5 0.5 0.59 8.13 x 10!!
1.0 1.1 4.33 7.46 x 10!
10
2.0 3.0 6.2 3.95 x 10
3.0 .75 13.2 2.1 x 10%0
4.0 6.0 16.63 1.32 x 1010
5.0 6.8 17.25 9.4 x 10°
6.0 7.5 19.05 7.7 x 10°
7.0 8.2 19.3 6.0 x 10°

10.0 10.0 20.9 3.6 x 107
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distribution curve becomes increasingly broader and the maximum peak
value shifts towards higher particle size region. Figure 71 shows the typical
SEM of particles obtained at t_ of 6 hours. It is seen that there are a
large number of particles with varying sizes ranging from 3 to 10 microns.
At reaction times beyond 6 hours, however, the curve again tends to become
sharp centering about 11 microns though it is asymmetric in the higher
particle region indicative of upper limit of the size can be achieved under
the reaction conditions investigated.

In order to investigate the exact time dependance of the growth
phenomena, a plot of log (St—Sf) with reaction time was made where S, is
the saturation limit of the particle size and Sf, the average particle
size at time 't'. The data are shown in Figure 64. [t could be seen that
the plot is a linear one with a negative slope suggesting that the growth

equation is of the type,

-at

5 :Sf(l—e )

t

where, the slope QL has a value of 2.6 x 107 /sec. Figure 64 also shows

the plot of log (mf - mt) with reaction time where m, and m_ represent

t
the mass of polymer obtained at asymptotic limit (reaction time o )
and reaction time 't' respectively. This graph interestingly is also a linear

one with a slope of 3.8 x lﬁ'sfsec. The build up of the total mass also

follows a similar time dependance as shown below.

. -t
mt-mf(i e )

where, QL has a value 3.8 x 10'5/sec.

It thus seems that the build up of the polymer mass is accompanied by

growth of the original particles rather than reaction of new number
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of particles. This may be further confirmed by estimating the total
number of particles in polymer mass obtained at different reaction times.
The total number of particles can be estimated by calculating the mass
of the particle from average particle size giving volume and crystallinity
giving effective density (crystalline + amorphous) and dividing the total
mass by it. These calculations are summarized in Table 28. The total

number of particles are found to decrease with increase in reaction time.

Figures 65, 66 and 67 show the scanning electron microscopes
of PPS obtained under identical rection conditions but at different reaction
times of 1,3 and 10 hours respectively. It could be noted that the particles
at reaction time of 1 hour are small, well defined and having (crystal-
like) sharp boundaries indicative of high crystallinity. As the reaction
time is increased, the particles not only grow in size but also develop
complex structure as seen from Figures 67 and 68. It may be noted from
these figures that as the reaction proceeds, the polymer mass develops
on top of the existing particles from all directions giving rise to generally
spherical shape but containing ‘'sheaf-like' structure (opened cabbage
analogy). The most interesting feature of these observations is that the

sheaf-like structure continues to grow even at large reaction times.

The growth behaviour of the polymer amongst the various possibi-

lities, under a given set of reaction conditions, depends upon the nucleation
i 252 2 o 253

and termination rates, the type of polymerization reaction (con-

. . 254 . —

densation, addition etc.) and the phase of the monomers (solid, liquid

or vapour). For example, if the nucleation rate remains steady for a

given time period but the termination rate is high, then one would expect

the polymer mass to contain small particles with sharp distribution curve.



FIG.65

FIG.67

SEM OF PPS PARTICLES 1hr, 3hr AND 10hr
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The rate of growth of the polymer mass depends upon the reaction kinetics
or the type of reaction such as whether the type is condensation or addition.
The crystallinity, orientation etc. depend upon the form of the monomers
used, as for example in the solid phase one can expect high crystallinity
and even epitaxy to develop. Extensive studies on the particle formation
for polyvinyl chloride have revealedﬁj’zythat the particle size and shape
not only depend upon the mode of reaction such as suspension, emulsion
or bulk polymerization but also the process variables like the reaction
temperature, stirring speed, suspension medium etc. However, such studies
have not been reported for other polymers. In particular, no data are avai-
lable on PPS. Nevertheless, one may well understand that the various
parameters are bound to play an important role in the type of polymer

particles produced.

As already indicated in Section 3.1, sodium sulfide is not comple-
tely soluble in the solvent used for the reaction. The state of sodium
sulfide at the reaction temperature in NMP, is as tiny particles of less
than 1 micron floating in the medium representing a suspension system
in a solution of the other reactant PDCB. As the polycondensation reaction
progresses, the growth takes place mainly on the solid-liquid interface
with the solid particles acting as nuclei, the concentration of which is
very high in the initial stages but drops at the latter stages of the reaction.
However, it was noted that the total number of particles decreased with
an in.crease in reaction time, indicating the possibility of considerable
amount of coalescence taking place internally. This process seems to

be present at the microscopic level rather than macroscopic one since

the particle morphology did not give any indications of agglomerate formation.

139
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5.3 EFFECT OF STIRRING SPEED ON POLYMER MORPHOLOGY

The polymer samples collected at the same reaction time of 6 hours
but with different stirring speeds of 0, 400 and 660 RPM were analysed for
their morphology. The particle size distribution is shown in Figure 68
for samples obtained at varying stirring speeds represented by curve nos. I,
Il and lll. A comparison of these curves indicates that as the stirring
speed is increased, the average particle size decreases and the distribution
becomes progressively sharp. This seems to suggest that the coalescence
process which has been outlined earlier is greatly affected by the agitation
created in the medium. However, since the polymerization processes
are also dep‘endant on the stirring speeds, their correlation is not a simple

one.

Figures 69, 70 and 71 show the scanning electron micrographs on
the particles obtained in the polymer samples at 0,400 and 660 rpm respec-
tively. It is seen that large amount of polymer can build up as a single
particle ( > 12 microns) with very complex internal structure, as revealed
in Figure 70, at low stirring speeds (small amount of internal convectional
currents exist in the case where no mechanical stirring was used). With
the increase in stirring speed, the particles seem to develop more and
more sheaf-like structure. There was practically no change in the crystalli-
nity (~ 66 percent) with increase in stirring speed suggesting that crysta-
llization rates were quite high. On the other hand, the particles obtained

at high speeds (660 rpm), seem to have less porosity.

5.4 EFFECT OF DILUTION ON POLYMER MORPHOLOGY

In this set of experiments, the reaction time was set at 6 hours,

but the concentration of the reactants were varied, keeping the stoichiometric



FIG.70

SEM OF PPS PARTICLES WITH DIFFERING STIRRING SPEEDS



and reaction parameters identical. Some remarkable changes were noted
in the morphology of PPS samples taken for analysis. Figures 73, 7&
and 75 show the particle morphology, as revealed by SEM, when the initial
concentration was decreased from 100 to 50 and 25 percent respectively
representing a dilution factor of 1,2 and 4. In the normal case (dilution
factor 1), the particles have more or less spherical boundaries but with
internal sheaf-like structure, those for diluted reactants have an entirely
different morphology and particle size. In the case where the dilution
factor is 4 (Figure 75), the particle growth is very much restricted and
their shape is oblong platelet like giving almost two dimensional appearance.
It is interesting to note that this morphology is entirely different from
that observed at low reaction time. This suggests that the neighbouring
nuclei have a strong influence on the growth pattern of the polymer in
the particular state. Further, the shape of the particles obtained under
dilute conditions is almost two dimensional one while that for high concen-
trations of the reactants is a three dimensional one. The particle size
distribution is also extremely sharp in the former case than in the latter,
suggesting that the termination of the particle growth i.e. the upper limit
of the size (St) is mainly set by concentration of the reactants rather

than other parameters.
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FIG.75

SFM NF PPS PARTICLES WITH INCREASING DILUTION



5.5 CHARACTERIZATION OF STRUCTURE, CRYSTALLINITY AND MOR-
PHOLOGY OF PPS FROM PDBB

The PPS polymer synthesized using PDBB as the reactant in
place of PDCB was characterized for structure, crystallinity and morpho-
logy by means of x-ray diffraction and scanning electron microscopy in

the same way as described earlier.

Figures 76 to 78 show the WAXS scan for the polymer obtained
after the reaction time of 2.1/2, 7, 22, 45 and 180 minutes respectively.
By comparing these curves, it is seen that the intensities of reflections
occurring at 26  18.6, 22.5, 25 and 28 degrees progressively decrease
while those for the reflections at 19.2, 21 and 26 degrees increase with
the increase in the reaction time (tr). These findings suggest that there
is a reordering of the crystalline structure for the polymer with the increase

in reaction time. These results are discussed later in the chapter.

The crystallinity (Ci) was determined from the WAXS data in
the same manner as for PPS synthesized ‘'rom PDCB. The variation of
crystallinity with the reaction time for the same concentration of reactants
and stirring speed is shown in Figure 79 (curve 1). It is seen that C, increa-
ses slightly first from 62 percent to 68 percent with increase of . upto
45 minutes but with the further increase of reaction time, the crystalli-
nity decreases gradually. This is in contrast to the findings in the case
of PPS synthesized from PDCB where the crystallinity from the high
value (74 percent) was found to decrease continuously with the increase

of reaction time.

The growth of the particles was studied by means of SEM as
betore and curve II of Figure 79 shows increase of average particle size

as a function of reaction time. It is seen that the particle size (Sy) increases
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rapidly with increase of reaction time upto a t of 60 minutes above which
the particle size increases slowly to obtain a limiting value (S®). This
behaviour is very similar to that noted for PPS synthesized from PDCB
only with a difference that the time scales in the present case are very
small (minutes) as compared to the former case (hours). Curve III in
Figure 79 shows the variation of total polymeric mass obtained as a function
of reaction time, other reaction parameters being maintained the same. In
this case too, it is seen that the polymer yield (M) increases rapidly with
increase in t. upto a reaction time of 45 minutes above which it gradually
tends to a constant value (18 grams). These observations clearly indicate
the polymerization reaction proceeds at a very rapid rate in the case
of PDBB giving a large polymeric yield. However, the particle growth
takes place at a slower rate and proceeds more or less uniformly over

the reaction period studied.

In order to study the time dependance of the growth phenomena
for both particle size as well as polymer yield, a plot was made as before
of In (AS/ A S{) and In (AM/AMf) versus t_on a semilog scale as shown

in Figure 80. AS and AM are defined as,

AS = (5,-5S)

f T

and AM = Mi - Mt respectively.
Curve I is for the particle size growth while curve Il is for the polymer
yield. It is seen that the graph for the particle size growth is a linear

one with a single slope suggesting that the time dependance for the particle

size follows the equation,

~ -t
S, = Sj(l—e )
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where @, is constant with a value of 8.8x10°2 sec™!.

The graph for the time dependance of the yield (curve 1) on
the other hand, does not appear to be a simple linear one. However,
one may represent the graph in terms of two straight lines having different
slopes as shown in the Figure 80. The slope in the initial region is esti-
mated 1o be 3.5 x 10°* sec”' while that in the high 1 region is seen
to be 4.7x107 sec™’. Thus the reaction is seen to proceed at two distinct
rates giving different yields with increase in reaction time. The time
dependance of the yield nevertheless can be represented by the equation,

_ -Bt
M, = My (1 -e )

with B = 3.5x107 sec™ for t <t

5

and P = 4.7 x 10° sec”! for v'> !

where 1' is the delineating time (35 minutes) between the fast and slow

processes.

The particle size distribution for PPS synthesized PDBB for various
reaction times is shown in Figure 81. Curves I, Il and Il correspond to
reaction time of 15, 30 and 180 minutes respectively. It is seen that
the distribution of particles is quite sharp in all cases - namely the initial,
intermediate and the final stages of the reaction (large tr)' The peak
position however is seen to shift to higher values of partic.le size with
increase in reaction time. Figure(Zla) shows the typical SEM of PPS particles
obtained at a reaction time of 30 min. and it is clearly seen that most
of the particles have similar shape and size indicative of very sharp particle
size distribution. In the case of PPS synthesized from PDCB (pagelf6),

it was found that the particle size distribution was sharp at small reaction
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FiG.81(a)

SEM OF PPS FROM PDBB
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times as well as for very large g while for the intermediate stages (3-6
hours), the particle size distribution was a broad one. In the present
case, it has already been shown that the reaction is faster by an order
of magnitude (see Chapter 3) and hence the growth is expected to be
much faster than in the case of PPS synthesized from PDCB. However,
since the particle size distribution is also sharp, it appears .that either
the termination rate is fast or the number of nucleating centers is large.
Since the particles continue to grow even at large reaction times at which
the maximum yield of polymer is obtained, the form=: possibility seems
to be unlikely. On the other hand, the second possibility of large number
of nucleating centers with high growth rate can give not only sharp distri-
bution in particle size but also large number of particles in the total
polymer mass. This has been confirmed during the SEM studies on the

morphology of these particles.

Figure 82 shows the morphology of the PPS particles obtained
at various reaction times. The photographs (a), (b) and (c) are for reaction
times of 15, 30 and 180 minutes respectively. It can be clearly seen
that the particles in all cases have more or less similar morphology consis-
ting of flat, round disc shaped platelets with practically no variation in
their shape but only in size. Further these morphological features were
observed even for very large reaction times. By comparing these figur.es
with Figures 65-68, it is seen that there is a remarkable change in morpho-
logy by the use of PDBB for the synthesis of PPS. While in the former
case (PPS synthesized from PDCB) very intricate morphology of lettuce
type, sheaf like or even pealed onion type was noted, that in the later
case it was more or less uniform disc type. It is interesting to note that

morphological features observed in the present case are somewhat similar

9

-



FIG.82(a)

F1G.82(c)

SEM OF PPS FROM PDBB

213



to those seen in very dilute conditions of PPS synthesized from PDCB.
(Figure 73-74), wherein the particles were also platelet shaped. However,
the particle size noted there was very much smaller ( <2um) than in the

present case.

Now, the growth and morphology of the polymer depend upon
the nucleation and termination rate, type of polymerization, kinetics
of reaction, the phase of the monomer and also on factors such as the
presence of ionic impurities, aggregation, clustering or coalescence of
polymer molecules/particles etc. Amongst these various factors, the
dominating ones for the present studies seem to be related to the rate
of reaction and presence of ionic species. Since these parameters are
essentially varied by using PDBB instead of PDCB for the PPS synthesis.
In the early stages (tr< 15 min.) of the reaction with PDBB, the rate being
high, one would expect a large number of end groups to be present. These
end groups would have to be incorporated in the subsequent growth of
crystals. In order to accommodate such groups, the polymer crystal lattice
would be distorted/modified. Such a modified lattice would give rise
to additional peaks in the WAXS data which indeed have been observed
by us (see Figure 76 ). As the polymerization reaction proceeds and the
molecular weight builds up, the defects in the crystalline structure gradua-
lly reduce and more perfect crystals are available giving rise to increase

in crystallinity and sharp diffraction peaks corresponding to the single

orthorhombic type crystal structure of PPS described earlier (page 180).

With further increase of reaction time, there would be corresponding
increase of molecular weight and same processes which lead to the decrease
of crystallinity as mentioned earlier would operate. Thus one finds the
increase in Ci upto a reaction time of 35 minutes but a decrease in Ci

for higher reaction times.

214



The time dependance of growth of polymer particle was found

to be essentially similar to that for PPS synthesized from PDCB excepting'

for the fact that the constant Q. had much higher value (four times) in
the present case. On the other hand, increase of the polymer yield with
reaction time showed two regions; one where the rate was very high having

an order of magnitude higher than the PDCB case and the second region
where the rate was comparable to that of the PDCB case. These findings
correlate well with the reaction kinetics for the polymerization process
of PPS synthesized from PDBB (see Chapter 3). It has been shown in
that chapter, that the polymerization reaction with PDBB follows a two

step process with rate constants of 3.21x10°* 1 m™} 5! and 3.87x107°

I m! s for two regions. By comparing these values with that the
values of the constant B in the two regions, it is seen that there is a

good correlation between these values.

In addition to the polymerization process, the growth of the
PPS particle also depends upon the termination rate as well as coalescence
and other such phenomena. It was seen earlier that there was a consi-
derable amount of coalescence taking place in the particle growth of
PPS synthesized from PDCB. This was evidensed by the fall in the total
number of particles with the increase of reaction time. In the present
case the total number of particles (Mt) in the polymer mass was estimated
by taking into account the disc shaped morphology (cylinder shape) with
known dimensions (from SEM), density of the polymer and vield for each
reaction time. Table 29 shows the various values of Mt' St and Mt for
the various reaction time t. It can be seen from the table that the total
number of particles decreases slightly with increase of reaction time

but still remains within the same order of magnitude. It is interesting
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TABLE 29

GROWTH BEHAVIOR OF PPS FROM PDBB

tr Size Yield Total No. of
{min) S4 M, (gms) particles
! N
( m) 1
1
15 4 9 9.8 x 10
30 6 14 9.7 % 10“
60 8.0 15.5 4.5x 10"
90 8.5 16.4 4.0 x 10“

180 10.5 17.8 3.0 x 10"




to note here that for PPS synthesized from PDCB on the other hand
N, decreased considerably (for same tr). much more than an order
of magnitude (see Table 28). This clearly suggests that in the present
case the polymer mass builds up by continuous nucleation of fresh particles
and their growth as the reaction time is increased rather than the growth
of the already nucleated particles as observed for PPS synthesized from
PDCB. These observations together with the sharp well defined boundaries
of the PPS particles noted in the SEM photographs reveal the important

role played by the ionic species and the type of the group in governing

the morphology of PPS.

Summary

To summarize, the structure, growth and morphology of PPS
samples synthesized under various conditions were investigated by using
x-ray diffraction and scanning electron microscopic  techniques.
The studies revealed that although the crystal structure remained the
same, there is a slight variation in the crystallinity. The crystallinity
was found to decrease from 71 percent to 66 percent with increase
in reaction time. The growth of the particle size as well as the total

polymer mass formed (yield in gms) follow the dependance represented

21
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by an equation of the form,

X, = X_(1-e%Yh
t o
where, Xt represents the particle size or polymer mass at time 't' and
Xo represents the value of these parameters at very large reaction times
(tr > |0 hours). On the other hand, the total number of particles decreases

with increase in reaction time.

The particle size distribution has been found to be dependant
on the reaction time, stirring speed and the concentration of reactants
in the feed. The distribution curve was noted to be sharp and centering
at small particle size for short time, high speed and low concentration
of the reactants. This was also the case for very large reaction times
when the upper limit of the particle size was reacted, but there was

asymmetry in the curve.

The particle size morphology showed a very strong dependance
on various reaction parameters. In the initial stages, the particles have
sharp well defined shapes reminescent of crystalline materials but with
increase of reaction time these develop into complex morphologies with
sheaf-like structure. This is found to be true even for the polymers grown
at different stirring speeds. In fact, the most intricate morphology was
noticed in the PPS grown at very low rpm. The dilution of the reactants
in the feed cause the particles to decrease in size and also to devleop

an oblong platelet type two dimensional morphology.

These results have been explained on the basis of the formation
of nuclei for the growth of polymer and their subsequent growth and also

to some extent coalescence with the neighbouring ones. Sodium sulfide
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seems to give rise to the initial nucleating centres and the polymer growth
phenomena are not yet well understood due to the complexities of the

morphological features.

PPS as obtained from the reaction, is usually heat treated in
air (oxygen atmosphere) below the melting point of the polymer for various
end applications.258 It is also treated with vapour of AsFg for producing
conducting grade compounds. AR In these processes, the diffusion of
gases into the polymer will be of great importance in deciding not only
the various parameters such as temperature, partial pressure, time etc.
used during the process, but also the ultimate properties that can be obtained
after such treatment. On the other hand, in powder processing steps
of PPS such as free sintering or coating, where powder compaction beha-
viour is involved, the particle size and shape will play an important role.
Thus, it could be concluded that the control of the reaction time, stirring
speed and the concentration of the reactants are essential to produce

a proper polymer mass suitable for specific applications.

The results obtained above are consistent with the data obtained
in the kinetic studies and thermal characterization. The change in rate
observed after 3 hours of reaction, the optimum thermal properties attained
after 3 hours of reaction time and the steady increase in viscosity upto
6 hours are consistent with the particle size growth upto 6 hours reaction
time. It was also noted that optimum properties are obtained with a
reaction time of 6 hours using the reference set conditions. The other
notable observation that the dilution of the reactants has an important
bearing on the PPS formed, rather than the change in stirring speeds,

is clearly brought out in the morphological studies.

218



220

In the case of PPS synthesized using PDBB, it was noted that
there was a reordering of crystalline structure with increase in reaction
time. An initial increase in crystallinity from 62 to 68 percent upto a
reaction time of 45 minutes is followed by a decrease in crystallinity

with further increase in reaction time.

The particle size attained a limiting value after a reaction time
of 60 minutes similar to PPS from PDCB except that the reaction times

are very small. The particle size growth was linear following the equation:

CL'E) 1

St = S (1-e , where@, = S.leo_j §

The distribution of particles was very sharp. SEM photographs show the
morphology to be consisting of flat round disc shaped platelets while PPS
synthesized from PDCB had intricate morphology like lattice type, sheaf
like or pealed onion type. Other notable difference observed was that
the total number of particles remained of the same order while that in
the case of PPS from PDCB, there was a decrease in increasing reaction

time by an order of magnitude.

The time dependance on yield followed an equation of the form,

_ - pt
Mt-Mf(l—e )

where B = 3.5x107% 571 upto 35 minutes

and P = 4.7x107 s”' beyond 35 minutes

The time dependance on yield exhibited two regions as a function of reac-
tion. This was noticed in the kinetics also where two regions with different

rates were observed.
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6.1

MECHANISTIC STUDIES

Polycondensation reactions leading to the formation of PPS have
not been studied in detail. The different synthetic routes include the

Macallum polymerization involving melt reaction of PDCB, sulfur and

sodium carbonate;s0

solution polymerization of parahalothiophenoxide
in pyridine at 250°C;54 the homopolycondensation reaction of thiophenol
in sulfuric acid at ambient temperature; = and the commercial route
which involves the reaction of P’DCB with sodium sulfide in NMP at high
temperature and [:)re_-ssure.s6 In the present investigation PPS has been
synthesized with PDCB-sodium sulfide reaction in NMP at 195°C. The
substitution at the halide group, in unactivated aryl halides like PDCB
is very difficult and the reaction conditions required are vigorous including

high temperature and use of a polar solvent. It is therefore probable

that the reaction takes place by aromatic nucleophilic substitution.

Published literature concerning the mechanism of the reactions
for PPS synthesis is very limited. The reaction conditions in the various
reported studies have not been identical and the mechanisms postulated

are thus different. These are briefly discussed below.

53
The Macallum polymerization was postulated to follow a
free radical initiation {as the mechanism for the melt reaction of PDCB,
sulfur and sodium carbonate) followed by nucleophilic substitution of aryl

halide. ~The initiation and propagation reactions are represented below.

Initiation

: Sx
ot + s —= -l sk or i Hcene

+Cl

CL@—S,:#— Na, CO3 —» cn.—@—suu+Noosx., + €O,



2
Nozs+a—©—s~Pn—-ﬁos—@—s—Pn+Nac1 2ec
ct~< -ct + Na§ ~{ -s-pn —= Lt H-5-Pas + NoCt

Sodium carbonate and sulfur react in the melt to form sodium sulfide during

the course of the reaction.

Hortling and Lindberg £60 postulated an electrophilic radical

reaction as the initial step in the reaction for the formation of PPS.
The reactions were carried out by reacting substituted chlorobenzenes,
sulfur and sodium carbonate in ampules sealed under nitrogen at 300°C.
The sulfur diradicals are not selective in their substitution reactions.
The weaker bond C-Cl, in the benzene nucleus is attacked first followed
by the C-H bonds leading to branched structures. The reactions are

represented below.

Initiation
R R R
@ + Sy — e —r@ + Cle
Ccl 'Sx Cl S;;

Propagation

5w w5~ Oe s

1< y<X

R@Ct P T —" R—@S; + Cle
R )-SR + 58 — RQS,-@-R + He
R sy~ YR+t )R —R s,—@-ﬁ
+iCLs

Sz

& sy—{ Yr+ R -5, H-r —> R-@S,-@-R
O

+ He
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261 ; g
Aleksander Zuk and coworkers proposed a free radical mechanism
for the homopolycondensation reaction of thiophenol in sulfuric acid to

generate PPS. The reaction scheme is as follows.

In the first stage diphenyl disulfide was formed, which heteroly-
tically dissociated to generate sulphenyl ion and mercaptan. The latter
steps involved p or o-substitution by elimination of a proton in each and

thiantrene was formed as a by-product.

ConHSO
+
H +
Oys-s -0y e Qs+ O

Cole + ColleS —— CyhigS Cobiy® + M

7 O\,

"'-.. +
C6H58C6H4SC6 H4S +H C5H4 CGH4‘|‘H
~g~

Birchall and coworkerszel postulated an intermediate complex
formation as the initial step in reactions involving fluorobenzenes. The
reactions were reported to follow nucleophilic substitution reaction mecha-
nism to yield polyfluoroarenes. With PhS™ as the nucleophile, the initial

reaction could be represented as,

F PhS_ _F SPh
F F T F F F
PHS g
F F F F F F F



[t was noted that the nucleophile attacked only the para position.
It was suggested that compounds of the type C F H C F .SMe and C F SH
react with thiophenoxides by an addition - elimination type of mechanism
and that nucleophilic substitution reactions of polyfluorinated aromatic

compounds follow SN2 mechanism.

Although the commercial route for producing PPS involves the
reaction of PDCB with sodium sulfide in a polar organic solvent, there

is little published information on the chemical mechanism of the process.

. 2B3 ;
Recently Koch and Heitz reported that PPS formation does
not follow the conventional polycondensation process. They proposed
a one-electron-transfer with radical-cations as the reactive intermediates.

The initiation and propagation reactions were represented as follows:

Cl
HS —e——Hs-——_@;- cl “-"cT’ Cl—@SH-—*Cl—@-S

Propagation

c-yct vt D — cn—@-s@m_m e Hs¢ )
v
m—@s—@-m -—--Ct—@§=©—m L
m
-5 OX, D s sn e DO
v

m{—@vs )—@-s- =— m{@s)@s-s-@és—@)—m

. x X X
l%@—s%—@—m +HS —» CL{—@—S)—@-CHHS-

¥ y
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Thus five types of reactive intermediates [-V are formed and
the presence of any of these species propagates the chain growth. It
was also noted that the usual order of nucleophilic substitution namely
Aryl F >> Aryl CI = Aryl Br > Aryl 1 is not followed. This contradictory

: . 54
results were also observed in the studies by Lenz and coworkers.

In the present investigation when PDCB was replaced by the
bromo derivative PDBB, the order of the reaction was an order of magnitude
faster as compared to PDCB. The studies also revealed that the reaction
does not conform to the features of a conventional polycondensation and
exhibits polymer formation at low conversion and presence of unreacted

monomers at high conversions.

Aromatic nucleophilic substitution reactions may be categorized
into three types from mechanistic considerations. These include SnAr,

SNl and the Benzyne mechanisms and are discussed below.

(@) The SnAr mechanism

Most aromatic nucleophilic substitution reactions follow this
mechanism, also referred to as the addition - elimination, SN2 and the

intermediate complex mechanism. This reaction involves two steps.

Step-1
X Y X Y X Y
Step-2

X Y

Y
D — O



The first step generally, though not always, is the slower and
hence the rate determining step. The second step becomes rate determining
in only isolated cases where the aromatic nucleus is deactivated as in
the case of trinitro ethoxy benzene with the ethoxy group as the leaving
group. The rate of the reaction is only marginally affected by the nature
of the leaving group. o A factor of about 5 was found in the reaction

between the fastest and the slowest reactions shown below.

X "
O2N N -
O =l
NO2 NO2
with X as F, Cl, Br, I, SOPh, SOZPh

The reaction was the fastest with fluoride as the leaving group.

This type of reaction is catalysed by bases, only when a poor leaving group

is present and the attacking nucleophiles are bulky almims:s..""‘e5

(b) SN, mechanism

This type of mechanism has not been observed for aromatic halides

and is important only to diazonium salts.

The rate is first order with respect to the diazonium salt and
independent of the concentration of the attacking nucleophile. The effect
of ring substituents is also consistent with unimolecular rate determining
clevage. These reactions are not influenced by the presence of added
species for catalytic activity. However, the nature of the leaving group
markedly influences the rate of reaction, F being the poorest leaving
group. The rate of the reaction with the most labile leaving group is

3300 times higher as compared with the least labile group.
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(b) Benzyne mechanism

This mechanism operates in reactions of aryl halides in the absence
of activating groups. Generally, strong bases act as catalysts and the
incoming group does not always take the place vacated by the leaving
group. By labelling techniques it was shown that in the reaction of chloro-

266-67 ; . ;
benzene with sodium amide, the product consisted of equal amounts

of aniline with substitution at the position vacated by the chloro group

and ortho to it.

cl NH,
* ) * NH2
+ NH; —» + ©/

Thus ortho substituted aryl halides cannot be substituted and with electron

donating groups, the substituting group is directed to the meta position.

In the present investigation, the following reactions were conducted

to postulate a possible mechanism for the polycondensation reaction to

form PPS.

(i) Reaction of PDCB with sodium sulfide at a molar ratio

of PDCB to NaZS at 1.06l4:1.

(ii) Use of sodium parachloro thiophenoxide as a possible

initiating species to catalyse the reaction.

(iii) Effect of base catalyst such as sodium hydroxide.
(iv) Use of excess PDCB at a molar ratio of 2.122:1.
(v) Reaction of PDBB in place of PDCB with sodium sulfide

at identical molar concentration and reaction conditions.



The variation in the concentration of the reactants especially
the nucleophile, in this case sodium sulfide, did influence the rate. In
reactions where excess PDCB was used, the initial rate was faster while
no change should have been observed for SN, reaction (Section 3.4).
Also, if SNl mechanism were to be operative, the reaction should be first
order and independent of the nucleophile concentration. A considerable
enhancement in the rate should be observable with the use of bromo deriva-
tive in place of the chloro derivative. The rate enhancement with PDBB
was only an order of magnitude faster as compared to the PDCB reaction
(Section 3.%4.2.). Also the reactions were second order in nature in all
the experimental variations studied. These observations rule out the SNI

mechanism being operative.

It is highly improbable that the benzyne mechanism operates
in the reaction conditions specified for this investigation. The polymer
formed has been found to have all para substituted backbone based on
IR spectra. If benzyne mechanism were to be the only preferred route,
meta linkages and to a small extent, ortho linkages should be observed
in addition to the para substitution. These substitutions would lead to
a non-linear chain structure adversely affecting the crystallizing ability
of the polymer. In the present investigation the polymer formed has
been found to crystallize readily. The observed thermal properties also

point towards a para configuration.

In technical literature, catalysis by added nucleophiles have been
reported. Addition of sodium hydroxide to the reference set of PDCB-
sodium sulfide system did not show any significant influence on the reaction

rate. The concentration of sodium hydroxide used was 1.25 mole. The
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yield and viscosity data were within experimental limitations as compared
to the system without the addition of sodium hydroxide. The above observa-

tions rule out the possibility of benzyne mechanism being operative.

In the system investigated as the reference set, where the molar
concentrations of sodium sulfide and PDCB were 0.1923 and 0.2041 respe-
ctively, the concept of equal reactivity (proposed by Flory) is not valid.
It is highly probable that the substitution of one functional group alters
the reactivity of the second functional group of the same type, as observed
in the case of reactions with diisocyanates. Published information on
unequal reactivities due to functional variation in the course of reaction

268-69
are available.

It is very plausible that the following reaction sequences postulated .
to occur in the polycondensation reaction of PDCB and sodium sulfide
have differing reactivities/rates. The overall rate is controlled by the

slowest step. The reaction scheme could be represented as follows:

k
c1—©—cn +Na,S — Na$ —@-cumcn 1
I
k
Nas~/_D-Cl + Nops 2+ Nas—~/ H-sNa + Nacl 2
it

(6]

NaS—@—CL + m@—m L T CL-@—S —@cwwaa
i
Nos ~/_H—sNa + Cl—@-CL e Nus—@s@cuma 4
s
NoS@-S-@-Cl + c1—@-m EI'CL‘@-S-@S-@—CHNGCL 5
Y
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After the first step, the subsequent reactions may occur simul-
taneously.  The first step to form sodium 4-chloro thiophenoxide could
itself be represented as a combination of two steps. The exact nature
of these two steps would be governed by the mechanistic considerations
of the reactions. If the reaction occurs by SNAr (also called SNZ) mechanism,

the initial steps could be represented as,

Gl NaS_ Cl  NaS_ _Cl
+ NagS — -Q i ©—
ct cL cL
I
NaS_ ~.Cl SNa
liiil _— + CLU 6
ct cl

The generation of the transition state complex (VI) will be the

rate determining step.

In the system investigated as the reference set, the initial product,
sodium &4-chloro thiophenoxide (I) could either react with PDCB or sodium
sulfide to generate compounds II and llI. Compound (II) could add succe-
ssively to two moles of PDCB to form compound (IV) and (V) respectively.
These steps will have different rates since the end groups of the reacting
species are - SNa in the case of step 4, whereas they are - Cl and - SNa
in step 5. The reaction sequences to form higher oligomers could be envi-

saged to be kinetically identical to steps 2 and 5.



The kinetic observations for the system indicate the occurrence
of two regions wherein the rate determining steps are different. In the
initial region upto 50 percent conversion, the overall rate was slower
than that in the second region beyond 50 percent conversion. In the reaction
system, PDCB is totally soluble in NMP, while sodium sulfide is only par-
tially soluble at the reaction temperature of 195°C. When observed under
an optical microscope at the reaction temperature of 195°C, finely dispersed
sodium sulfide particles were found to be floating in NMP. The particles
were less than one micron in size. As polycondensation proceeds, the
concentration of dissolved sodium sulfide in NMP {falls below its saturated
limitation allowing solid sodium sulfide to be solvated in NMP to maintain
a saturated solution. The solubility constraints limit the possibilities
of conclusively elucidating the reaction mechanism. However, logical
conclusions can be drawn from the observations of the reactions investi-

gated.

In the reference set of PDCB - sodium sulfide system, the initial
slower rate was followed by a faster rate beyond 50 percent conversion.
However, in the system where PDCB was replaced by the bromo derivative.
PDBB, an initial faster rate was observed. It was followed by a slower
rate identical to that observed in the PDCB- sodium sulfide system beyond
50% conversion. Bromine is a better leaving group and a significant inc-
rease in the reaction rate could be expected. However, on a comparitive
evaluation of the two systems, the initial rate in the case of PDBB-sodium
sulfide system was only an order of magnitude faster than that observed
in the reference set of PDCB-sodium sulfide. The two rates after 50

percent conversion however, were identical. This is an important observation.
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In the absence of an exhaustive characterization, the relative
amounts of different species present at various conversions cannot be
evaluated. However, it can be said that on a statistical average, the
predominant species present at 50 percent conversion in the two systems
are sodium &4-chloro thiophenoxide and sodium &4-bromo thiophenoxide respe-
ctively. The two rate regimes observed for these two systems can be

globally related to the generation and the relative rates of consumption

of these two species.

The initial reaction in the case of PDBB-sodium sulfide could

SNa
k
+Nap,S —» @ + NaBr 7
Br

As per earlier discussion, assuming SN  mechanism, the rate

be represented as,

Br

Br

of formation of the transition complex would be faster with PDBB relative
to PDCB. This could explain the faster rate observed with PDBB upto
50 percent conversion. The respective thiophenoxides could react towards
product formation. Kinetically, it can be said that k6 > k2 and k3
= k7 > k1 , where l-<7 represents the product formation from bromothio-

phenoxide on reaction with PDBB. In essence there is no difference in

the rates of substitution involving the species,

ﬁms@m And NuS-@—Br 8

The rate determining step in the latter half of the reaction could

be the condensation of the halothiophenoxide either with the aromatic
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dihalide or with sodium sulfide. The reaction steps for PDBB corresponding

to steps 2 and 3 for PDCB may be represented as,

NaS-@—Br + Na, S —*NuS—@—SNo + NaBr 9
Br —@—SNG + Br@Br —> Br-@—S@ Br +NaBr

Since the overall reaction rates were comparable for both PDCB
and PDBB reactions at conversions beyond 50 percent, it may be concluded
that the rate determining step in this region is the reaction of the thio-
phenoxide with sodium sulfide (steps 2 and 9). The reaction rate in both

the regions of conversions exhibited a second order kinetics.

The influence of the addition of sodium &4-chloro thiophenoxide
on the reaction rate was investigated under reaction conditions identical
to that for the reference set. The objective was to evaluate whether
the addition of sodium U4-chloro thiophenoxide, the product of the first
step in the reaction scheme, to the reaction mixture enhances the initial
rate of reaction in comparison to the reference set. This is highly logical
as the growth mechanism observable after 50 percent conversion can be
brought into play at the start of the reaction itself. Also, it would have
conclusively proved that the first rate determining step was the generation
of sodium &4-chloro thiophenoxide. The mole ratio of sodium &4-chloro
thiophenoxide used in the investigations, relative to the PDCB concentration
was 0.0156. In this concentration range, no perceptible rate enhancement
was observed. Rather, the rate enhancement was within experimental
errors of observations. In order to be able to investigate this aspect,

the homopolymerization behaviour of sodium 4-chloro thiophenoxide with
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the same reaction conditions will have to be evaluated.

6.2 INFRARED SPECTROSCOPY

General structural features in polymers can be identified by
Infrared (IR) spectroscopic studies. The IR absorptions are in the form
of sharp, well defined vibrational absorptions in the infrared region and
can be related to the various modes of stretching, bending and rotation
related to the functional groups present in the polymer. It is expected
that the long chain character of polymers will present a very complex
absorption spectrum. However, it is observed that the absorptions corres-
pond to only the functional groups as well as the configuration, conforma-
tions involved. IR spectra of commercial PPS sample (Ryton) have been
catalogued. A comparison of the spectra obtained for the PPS samples
investigated (reference set) with that reported for Ryton enables easy
relative evaluations as compared to the tedious work of peak identification

for new polymers.

(a) The polymer samples investigated in this study are soluble
only in l-chloronaphthalene above 160°C and form a swollen gel at room
temperature. Attempts to form films for the IR studies were unsuccessful.

The IR spectra were taken of the powder samples in Nujol.

The IR peak locations and intensities for the samples prepared
in the investigation were in good agreement with the data reported for

270
linear PPS. The IR spectra are shown in Figure $3.

(b) Extractions with methylene chloride : Methylene chloride
extraction of PPS is known to isolate 4 and 5 membered ring compounds.‘z'?o
The samples synthesised in the present investigation (reference set) gavebuff

coloured powder in the range of 3 to 4.5 percent on methylene chloride

extraction. In comparison, the commercial sample had over 9 percent
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as methylene chloride extractables. The IR spectra of methylene chloride
extractables from the present investigation are shown in Figure(g84. The spe-

ctra compares well with the reported extractions.

In summary, it is postulated that the formation of PPS by
polycondensation of PDCB with sodium sulfide in NMP at 195°C operates

with SN2 mechanism.

The experiments in the present investigation were conducted
at the temperature of 195°C versus the commercial process at 265°C.
A lower percent of 4 and 5 membered cyclic structures are likely to be
formed at lower temperatures and is reflected in the results. Therefore,
it is concluded that the polymer formed at 195°C has essentially a linear

structure with low percentage of cyclic moieties.
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SUMMARY AND CONCLUSIONS

The polycondensation reaction to generate PPS involves the reaction
of 1,4-dichlorobenzene (PDCB) and sodium sulfide in a highly polar solvent

like N-methyl pyrrolidone (NMP). The reaction could be represented as,

heat
n ClI Cl + n NaZS SONERE }- + (2n-1) NacCl

In the actual commercial process of Phillips Petroleum, the reaction

temperature is set at 265°C which generates a pressure of > 160 psi.

In the present investigation, the reactions were conducted at 195°C
and a pressure of about 35 psi. The following aspects concerning the

polycondensation reaction were investigated.

(1) Kinetics of polycondensation with concurrent characterization
of the degree of polymerization with reaction time by microanalysis and

dilute solution viscosity measurements.

(2) The effects of physical reaction parameters such as stirring

speed and dilution on the yield and degree of polymerization.

(3) Thermal characterization by differential scanning calorimetry
and thermogravimetric analysis to elucidate structure development In

polymerization.

(4) Morphological characterization by x-ray diffractometry
and scanning electron microscopy to illustrate interaction between kinetics

and structure development.

(5) Mechanistic studies involving the variation of reactants

to postulate a possible mechanism for the reaction.
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The polycondensation Kinetics were studied with the reaction of
PDCB with sodium sulfide at a molar concentration of 1.0641:1. This
was used as the reference set. The synthesis of PPS was found to differ

from the conventional polycondensation reactions in the following aspects.
(i) The polymer yield was significant even at very low conversions.

(i1) The presence of unreacted monomers was noted even at

conversions as high as 97 percent.

(iii) The polymer precipitated during the course of the reaction.
However, the molecular weight of the polymer was found to increase
continuously with reaction time indicating that the polymerization continued

even after precipitation of the low molecular weight oligomer.

(iv) The kinetic data showed a second order dependance with
two distinct regions of reaction rates. The initial reaction rate was slower
upto 50 percent conversion. This was followed by a faster rate from

50 to 97 percent conversion.

The effect of physical and chemical parameters on the kinetics

and molecular weight development was studied by conducting the following

experiments.

(a) Variation in reactor geometry . Teflon versus stainless

steel reactor.

(b) Variation in the speed of agitation and extent of dilution

under the standard set of conditions.

(c) Use of sodium parachloro thiophenoxide (SPCTP) as initiating
species.
(d) Use of large excess of PDCB.

(e) Use of paradibromobenzene (PDBB) in place of PDCB.



The kinetic data obtained in the stainless steel and Teflon reactor
were comparable. In experimentations to evaluate the effect of stirring
and extent of dilution, the reaction time was fixed at 6 hours while the
other parameters were unaltered from those in the reference set. The
polycondensation reaction was found to be extremely sensitive to the
extent of dilution. Variance in stirring affected the reaction, in comparison,
only marginally. The yield and degree of polymerization dropped signifi-

cantly with increasing dilution.

In the case of the experiments where SPCTP was used, no signi-
ficant change in the rate was observed. The variation in rate was within
experimental limitation. However, the regimes over which two different
rates were observed did vary. The initial slow rate was observed upto
36 percent conversion when SPCTP was used versus 50 percent for the

reference set.

In reactions wherein a large excess of PDCB was used, the rate
was evaluated by using the valid non-stoichiometric equation. The notable
feature in this system was the observation that the rate in the later part
of the reaction was an order of magnitude slower as compared to the
initial rate. The observed trend was thus reversed as compared to the
reference set where an initial slower rate was followed by a faster rate

in the later stages of the reaction.

In the experiments wherein PDBB replaced PDCB, a conversion
of about 50 percent was achieved after a short reaction time of only
10 minutes, whereas in the reference set with PDCB, the half-way point
was reached after 2 1/2 hours. The initial reaction rate in this system
was an order of magnitude faster as compared to the reference set.
The rate in the later part of the reaction was however identical to that

observed for the reference set.
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The reference set samples were characterized for the number
average molecular weight by microanalysis for estimation of chlorine
end groups. It was noted that the polymer molecular weight increased
with reaction time inspite of polymer precipitation during the reaction
once a critical molecular weight was attained. The intrinsic viscosity
measurements in l-chloronaphthalene were made by a single point relative
viscosity determination. The intrinsic viscosity levelled off after a reaction
time of 6 hours, but the molecular weight as estimated by microanalysis
continued to increase further with reaction time. The polymer thus has

a wide molecular weight distribution.

The thermal transitions of the reference set were studied using
differential scanning calorimetry. The notable feature of the thermograms
was the presence of multiple first order transitions in the first heating
cycle, which disappeared in the subsequent heating cycle (from the melt
crystallized state). The crystallization peaks were however identical.
The thermogram from the first heating cycle corresponds to the morphology
of the as-precipitated state versus the morphology in the melt crystallized
state in the subsequent scans. The differences due to the change in morpho-

L]
logy with thermal conditioning were thus brought out in these studies.

The thermogravimetric analysis of the samples were evaluated
in air. The polymer samples differed in the concentration of -SNa end
groups. While the polymers formed at low conversions had high concentration
of -SNa end groups, those formed at higher conversions would be relatively
richer in -Cl end grou;s. This was reflected in the residue formed as
a function of reaction time. The polymer samples formed at lower conver-
sions were thermally less stable. A polymer of thermal stability comparable

to commercial sample Ryton V-1 was obtained after a reaction time of
6 hours.

241



The structure, growth and morphology of the polymers synthesized
were investigated by x-ray diffractometry and scanning electron microscopy.
[t was found that the crystal structure was unaffected while the percent
crystallinity decreased marginally with increase in reaction time. The
growth of the particle size as well as the total polymer mass formed

was found to follow a time dependance of the form,

-t
X, = Xo(l-e )

where, Xt represents particle size or mass at time 't', and Xo , the

value of the parameter at large reaction times.

The total number of particles however decreased as the reaction
time was increased. The particle size distribution was found to be depen-
dant on the reaction time, stirring speed and also the concentration of
the reactants in the feed. The distribution curve was noted to be sharp,
containing at small particle size for short reaction time, high speed and

low concentration of the reactants.

The particle morphology showed very strong dependance on reaction
parameters. The polymer particles obtained initially have sharp, well
defined shapes reminescent of crystalline materials. With increasing reaction
time, these develop complex morphologies with sheaf-like structure.
This was found to be true for polymer formed at different stirring speeds.
Most intricate morphology was noticed in the samples synthesized at
very low rpm. The dilution of the reactants in the feed, caused the particles
to decreasein size and also to develop an oblong platelet type two dimen-
sional morphology. The results lead to the conclusions that control over

reaction time, speed of stirring and concentration of the reactants in

the feed are necessary to produce a polymer suitable for specific applications.
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RECOMMENDATIONS FOR FUTURE WORK

(n The effect of halide substituent on the benzene ring could
be studied by reacting sodium sulfide with PDCB, PDBB and para diiodo-
benzene (PDIB). The trend studied with PDBB and PDCB predict a faster

rate at least in the initial stages for the PDIB reaction.

(2) The role of the group at para position to the substitution
center could be revealed by the reaction of sodium sulfide with l-chloro,
4-bromo benzene. The determination of the relative rates of formation
of sodium chloride and sodium bromide will be a valuable pointer. Reactions
with PDBB indicated a faster rate in the initial stages of the reaction.
If this is primarily governed by the bromo group para to the substitution
center rather than the leaving group itself, similar trend should be noted

for the generation of sodium chloride in this system as well.

(3) Homopolycondensation reactions of sodium parachloro thio-
phenoxide and sodium para bromothiophenoxide would also help, in deducing
the effect of halide centre at the para position. Reactions with PDCB
and PDBB indicate that the reaction rates might be comparable. This
system would also confirm whether the rate of the reaction is uniform

or bimodal.

(%) Molecular weight build up by using a comonomer like dichloro
diphenyl sulfone can be studied to prepare copolymers that could be used
directly for various end applications. PPS synthesized with PDCB and
sodium sulfide requires molecular weight enhancement for molding grade

applications.

(5) Addition of reagents like pyridine to the reactants, that

would increase the electron density around the halogen atom that is to
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be eliminated could be explored. This step would assist the escape of

the halogen as an ion from the aromatic nucleus.

(6) ESR studies to evaluate conclusively whether the mechanism

is SNAr or has free radical characteristics as recently reported.

(7) Systematic evaluation of molecular weight build up and
molecular weight distribution as a function of reaction time for the system

PDCB-sodium sulfide.
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