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ABSTRACT

Poly(arylene ether)s (PAEs) were synthesized via the silyl ether displacement route.
Both AA, BB, and AB silylated monomers were prepared by partial or complete
hydrolysis of the dihalide using potassium hydroxide in aqueous dimethyl sulfoxide
followed by silylation with hexamethyl disilazane. Both linear and star-branched
structures of PAEs were synthesized and this polymerization route allowed both random
and block copolymers to be prepared. Triaryl phosphine oxide containing homo-& co-
PAEs exhibited very high char yields, which suggested that these polymers were
potentially flame-resistant materials. The AB type halogenophenols were also
polymerized in the presence of diphenylsulfone as a diluent and potassium carbonate as a
base at elevated temperatures.

Poly(e-caprolactam) (Nylon 6) copolymers were prepared by the incorporation of
controlled molecular weight poly(arylene ether sulfone) (PES) oligomer segments into
the polymer backbone which were functionalized with carboxyl end groups. A hydrolytic
melt polymerization process was used to copolymerize the oligomers with €-caprolactam.
Two series of the copolymers, with varying weight ratios and PES segment lengths, were
investigated. [Extensive characterization experiments including thermal analysis,

mechanical property measurement, wide angle x-ray diffraction and dynamic mechanical



analysis were performed to illustrate that the copolymers displayed a good balance of
properties.

Hydrolytically stable triaryl phosphine oxide containing dicarboxylic acid monomers
were synthesized and were chemically incorporated into the poly(hexamethylene
adipamide) backbone to produce improved flame-resistant copolymers. The content of
triaryl phosphine oxide comonomer in the melt synthesized copolymers was controlled
from 0-30 mole%. The copolymers were melt crystallizable only at 10 and 20 mole%
incorporation of the phosphine oxide comonomer. Cone calorimetric tests were
employed to investigate the fundamental flame retardancy behavior of the copolymers.
The tests were conducted in a constant heat environment (40 kW/m2). Significantly
depressed heat release rates were observed for the copolymers containing phosphine
oxide moiety. The results of the cone calorimetric tests and TGA data suggested that the
triaryl phosphine oxide containing nylon 6,6 copolymers had improved flame resistance
properties.

The triaryl phosphine oxide dicarboxylic methyl ester was also introduced into
poly(ethylene terephthalate) via melt transesterification to produce copolymers which had
increased char yields as the P(O) content increased. However, crystallinity was totally
disrupted at 20 mole percent P(O) incorporation in compression molded specimen.

Novel star-branched liquid crystalline polyarylates (LCP) were made via melt
acidolysis which were subsequently transformed to liquid crystalline foams by
supersaturation of carbon dioxide followed by thermal blowing. It was found that the AB
type monomers were essential to generate star shaped LCPs without crosslinking. The
branching agents were necessary to control the molecular weights, disrupt crystallinity

and to allow for higher gas uptake by the polymer matrix.
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1. INTRODUCTION

Poly(arylene ether)s (PAEs) such as poly(arylene ether ketone)s (PEK),
poly(arylene ether sulfone)s (PES), and poly(arylene ether phosphine oxide)s (PEPO) are
a desirable class of high performance engineering thermoplastics. Their excellent
hydrolytic, thermal and dimensional stability along with good mechanical properties are
receiving increasing interest. The generalized synthesis of PAEs involves the
nucleophilic aromatic substitution of activated halides by alkali metal phenates in an
aprotic dipolar solvent. Electrophilic processes are also very common methods to prepare
PAEs. Kricheldorf and co-workers[24, 25] introduced a variation to the nucleophilic
process by condensing activated dihalides with trimethylsilyl derivatives of bisphenols.
The authors believe that this route has advantages because no transetherification occurs
during polymerization and the polymers can be directly used after polymerization. An
important feature of this route is that block copolymers can be made. In this thesis,
several new polymers have been synthesized by using this silylated phenol process.

The PAE:s offer a wide range of glass transition temperatures(Tg) depending upon
the structure of the backbone[S, 102]. Incorporation of the ether linkage along the
polymer backbone will lower the Tg of the polymer by increasing the flexibility. PEKs
are often semicrystalline polymers and their ordered morphology enables them to be
continuously used in the presence of organic liquids, even at high temperatures.
However, some PEKs have very high crystalline melting transitions(Tm), which can
make synthesis and melt processability difficult. In this study, the Tg of the PAEs was
increased by reducing the number of ether linkages and to depress the Tm to an
acceptable range by synthesizing random or statistical copolymers. To accomplish this,

several activated dihalides were partially or fully hydrolyzed by potassium hydroxide in
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aqueous dimethyl sulfoxide. The synthesized halogenophenols and bisphenols were then
converted to the corresponding silylated monomers by the use of hexamethyldisilazane.
The silylated AB monomers can self polymerize or copolymerize with other AB
monomers via release of trimethylsilyl fluoride. Several multi-functional monomers were
synthesized and used as branching agents for the AB monomer systems. A series of PAE
copolymers containing the ether phosphine oxide and ether ketone ketone linkages were
prepared by using silylated bisphenols with activated dihalides. Block copolymers were
also prepared via this route. The prepared halogenophenols were optionally polymerized
at elevated temperatures in the presence of diphenyl sulfone as a diluent and potassium

bicarbonate as a base.

Polyamides (nylons) are also known to be high volume engineering
thermoplastics as well as synthetic fibers. Many advances have been made to improve
the performance and usefulness of these products by various engineering innovations as
well as by polymer modification. This includes the introduction of reinforcing fillers,
toughening agents, heat stabilizers etc. These modifications attempt to provide new
levels of strength, modulus, and thermal stability to nylons. In this research, two of the
important polyamides, nylon 6 and nylon 66 were modified by different approaches and
for different purposes. Both copolymers were synthesized under melt conditions in a
pressure reactor[122-131].

In the first approach, segmented nylon 6/PES copolymers were synthesized in
order to enhance the solvent resistance of the PES and the mechanical properties of the
nylon 6. The synthetic processes employed include the preparation of carboxy
functionalized PES which was subsequently used to copolymerize with €-caprolactam by

a hydrolytic melt polymerization technique. The semi-crystalline, segmented or block
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copolymers could be of interest in a number of areas, including interleaf materials for
composites and/or materials for polymeric adhesive components.

For the second approach, the triaryl phosphine oxide containing monomers were
chemically incorporated into nylon 6,6 to improve the flame retardancy. In general, the
triaryl phosphine oxide moiety affords thermal and oxidative stability coupled with high
glass transition temperatures. Amorphous morphological structures are normally
produced from triaryl phosphine oxide containing homopolymers. However,
semicrystalline copolymers can also be prepared by controlled incorporation of the non-
coplanar triaryl phosphine oxide comonomer. This strategy has been extended to
synthesize crystallizable high volume copolymers based on nylon 6,6. This approach has
some promise of affording new high performance flame-resistant materials in numerous

potential textile and engineering applications.
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2. LITERATURE REVIEW

2.1 INTRODUCTION

Plastics manufacturers today are expanding applications into areas associated with
ceramics and specialty metals. Electronic and auto applications especially have spurred
the development of these high performance plastics [1], which are also called engineering
thermoplastics. Poly(arylene ether)s (PAEs), (O-Ar-O-Ar')-, are important members
of this class of materials. They can be tailored to be amorphous or semicrystalline
materials. In many cases PAEs offer outstanding chemical resistance, good mechanical
properties and weather resistance. Some PAEs offer unusually good flame-retardency,
solvent resistance, and excellent electrical properties[2-4].

PAEs are phenylene rings linked together by an ether group (—-O-) with other groups
like sulfone (—SO2-), ketone (—CO-), arylphosphine oxide (-P(O)(Ph)-), or imide. The
ether linkage of PAEs provides chain flexibility, thereby imparting good impact strength
and toughness. The inert nature of the ether linkage arises from the resonance of the aryl
ether bond. The sulfone or ketone groups para to oxygen atoms tend to attract electrons

from the phenyl rings and to enhance the resonance of the ether bond. This results in
enhanced bond strengths and contributes to the polymers good thermal stability and
rigidity at high temperatures.

Several synthesis methods have been developed for the synthesis of PAEs and a large
number of research results have been published. Among these methods, nucleophilic
aromatic substitution and electrophilic aromatic substitution are the two major synthetic
routes employed[3-6]. Other methods like oxidative coupling, Ni, Pd or Cu coupling[7-
9], ring-opening polymerization[10-16] and silyl ether displacement[17-25] have also

received certain attention. In this research, nucleophilic aromatic substitution and silyl
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ether displacement routes were used to prepare various homo- & co-polymers of PAEs.
Carboxyl terminated poly(arylene ether sulfone) oligomers with different chain lengths
were synthesized by the nucleophilic substitution reaction using m-hydroxybenzoic acid

as the end capper.

2.1.1 Synthesis of poly(arylene ether sulfone)s

In general, poly(arylene ether sulfone)s (PAEs) are amorphous materials, which can
be synthesized by either polysulfonylation or polyetherification (i.e. electrophilic or
nucleophilic aromatic substitution). However, the polyetherification route is a prefered
process in commercial applications. The first patents on polysulfone synthesis were
disclosed in the early 1960's by Union Carbide, 3M and ICI [26]. Since then, extensive
research on PES has been conducted. Several review articles based on the preparation,
properties, processing and applications of PES are available in the literature[2a, 3, 6, 26-
30, 60, 61, 64]. In the next two sections, the synthesis of PES based on polysulfonylation
and polyetherification will be discussed.

§ Polysulfonylation
Polysulfonylation is an electrophilic aromatic substitution reaction in which the
aromatic substrate is attacked by some form of an arylsulfonylium cation and hydrogen is

displaced as a proton (Scheme 2.1).

H
O+ 300 — @Ry Orsow <
2

Scheme 2.1 Electrophilic aromatic substitution reaction for poly(arylene ether
sulfone)
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The general equations of polysulfonation are illustrated below:

MXm

n XO2SArSO2X + nHArH ——— —(ArSOpAr SO2)n— + 2n HX 1)
MXm

2n HArSO2X ———  —(ArSO2ArSO2)n— + 2nHX )

n HO3SArSO3H + nHArH —— —(ArSO2ArSO2)n— + 2nH20 €))

Here X is a halogen (commonly chlorine) and MXm is a Friedel-Crafts type metal-halide
catalyst. Equations (1) and (2) are representative of Friedel-Crafts sulfonylation reactions.
Lewis acid catalysts such as AICl3, FeCl3, SbCls, and BF3 can be used to facilitate the
reaction[31]. Since more than one site of aromatic hydrogens, which can be replaced by
electrophiles, is commonly present in the reacting molecules, different repeat-units can
arise from the same polycondensation. This structural irregularity is due to possible
sulfonylation at those various sites of the benzene ring, or disulfonylations on the same
benzene ring (result in branching or crosslinking) [33,34]. Some side reactions promoted
by the catalysts are also observed[32].

The equation (3) is a polycohdcnsation of di-arylsulfonic acid with aromatics(eg.
diphenylether)[35]. This route need to remove water between aromatic hydrogen and
sulfonic acid groups. It has been reported that this route is easily conducted in either

strongly acidic or dehydrating media[6].

§ Polyetherification

The synthetic method most commonly used to produce PAE is polyetherification,
which is a nucleophilic aromatic substitution reaction. In this route, an activated aromatic
dihalide is reacted with a phenate to generate the ether bond. This technique was

disclosed by Johnson in 1967[36]. Johnson, et al particularly emphasized the need for
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anhydrous reaction conditions. The disodium salt of bisphenol-A was reacted with 4,4'-
dichlorodiphenylsulfone(DCDPS) in a dipolar aprotic solvent such as dimethyl
sulfoxide(DMSO) or 1-methyl-2-pyrrolidone (NMP)(Scheme 2.2). The experimental
procedure description for this reaction[36] is a good example of the synthesis of PES

under laboratory or even industrial scale conditions.

I\llle
o O£ - OO0
Me

aprotic solvent / chlorobenzene

160°C

h.Ae
{O@—?—@—O—@—SOz@' + 2(n—1) NaCl
Me n

Scheme 2.2 Synthesis of polysulfone by polyetherification route [36]

The mechanism and kinetics of polyetherification have been investigated in detail for
the polymerization of AA/BB type monomers [36-38] and AB monomers [38-40]. The
polymer-forming reaction is via the nucleophilic displacement of a phenate and an
activated dihalide system in a two step addition-elimination reaction. The attacking
nucleophile first adds to the electron-deficient site of aryl halide, forming a negatively
charged Meisenheimer complex intermediate. The halide is then eliminated resulting in
the formation of an aryl-ether linkage(Scheme 2.3).

Aromatic halide reactivity and phenoxide basicity are strongly influenced by the
electron affinity, the position and other substituents in the aromatic ring, conjugation,
inductive and steric effects[40]. Electron-withdrawing groups (EWG) such as sulfone
group enhance the halide reactivity. The ease of displacement of the different halogens

by nucleophiles can be expressed as F(312) >> CI(1) 2 Br(0.74) 2 1(0.36). The numbers
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in parentheses are the relative reaction rates for the etherification[41]. The reactivity of

the activated halide can be measured by 1H, 13C and 19F NMR. Since the nucleophilic
O
-+ I
AN~ Ar—0O K + CIO?M’V‘
o)

W Ar-0 o) W Ar-0 fo)

il I
@SW = @:SJ\N\I‘ + ‘K
A W
Cl (") \ Cl (ll)
o)

1
NN—O—@-%W + KCi
0]

Scheme 2.3. Nucleophilic aromatic substitution mechanism for PES

substitution reaction only proceeds if the EWG substituent is located in the ortho or para
position to the halide, IH NMR chemical shift data for the protons ortho or para to the
EWG can be used to judge the reactivity of the monomer indirectly [42]. (The actual
reaction site is occupied by the halide). Both 13C and 19F NMR can be used to probe the
chemical shift at the actual site of nucleophilic reaction. In general, lower chemical shifts
correlate with lower monomer reactivity. It has been reported that if the 13C chemical

shift of an activated fluoride ranges from 164.5 to 166.2 ppm in CDCI3 the compound
may be an appropriate system for nucleophilic displacement[43]. An EWG depresses the
basicity of phenoxide by delocalization of the negative charge of the phenoxide anion and
results in lower nucleophilicity. Because the sulfone group is a powerful EWG, bis(4-

hydroxyphenyl) sulfone is recognized as one of the least reactive bisphenols, thus
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