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(Abstract)

Poly(arylene ether)s containing phosphorus, sulfur, and heterocyclic pendant
moieties were synthesized and their properties investigated. The preparation of monomers
containing phosphorus as well as monomers derived from phenolphthalein were
synthesized in high purity. These monomers were then successfully polymerized by a
nucleophilic displacement reaction to prepare poly(arylene ether)s of both high and
controlled molecular weight. The novel poly(arylene ether)s based on phenolphthalein had
glass transition temperatures ranging from 265 to 312 °C. Furthermore, the modulus of
these macromolecules was significantly higher than that of typical poly(arylene ether)s (e.g.
bisphenol A based systems), probably as a result of enhanced intermolecular forces.

Phenolphthalein in poly(arylene ether)s has been shown not only to improve the
thermal and mechanical properties, but also it provides a pendant functional group for
chemical modification of the polymer. As a result, a base polymer can be customized to a
variety of new materials using derivatization techniques. The possibility of metal
complexing in phenolphthalein poly(arylene ether)s was also investigated.

A variety of reactive and non-reactive end-capped poly(arylene ether)s of controlled
molecular weight were synthesized for use in reactive toughening modified epoxy and

cyanate ester networks and these results are briefly summarized.



Model studies using HPLC were also conducted to determine reaction kinetics in
nucleophilic poly(arylene ether) formation. The results demonstrate that potassium
carbonate mediated step polymerizations likely proceed with etherfication of one of the
phenolic groups, prior to difunctional coupling, which can achieve high molecular weight.
The formation of cyclooligomers in the step-growth polymerization of poly(arylene ether)s

was also studied.
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1.0 INTRODUCTION

Poly(arylene ether)s are a significant area of the field of engineering thermoplastics.
This specific area of macromolecules has been investigated for over thirty years, with much
of the pioneering research being done on poly(arylene ether) ketones and sulfones. These
materials have excellent thermal, oxidative, and hydrolytic stability. In addition, excellent
dimensional stability above 100 °C and below 0 °C allows these materials to be used in
many applications including automotive, electrical, aerospace, and toughening resins for
carbon fiber composites.

This research focuses on incorporating both phosphorus, sulfur, and
phenolphthalein into the poly(arylene ether) backbone. Phenolphthalein and its amide
derivatives are excellent bisphenols for the preparation of high Tg poly(arylene ether)s.
Due to its unique structure, the pendant heterocyclic lactone on phenolphthalein has a
significant contribution to the rigidity of the polymer backbone, as well as interchain
cohesive forces. This results in some of the highest thermal and mechanical properties
reported for poly(arylene ether)s. The lactone carbonyl also provides a functional group
for chemical modification of the polymer. Chemical modification allows, in principle, for
one polymer to be converted to many new materials. In addition, the incorporation of
phosphorus and sulfur into the backbone was expected to increase thermal properties,
while retaining the desirable properties as discussed above.

Section 2.0 will provide an overview of the chemistry and important factors in
synthesizing poly(arylene ether)s. This will be followed by an overview of the many
different types of poly(arylene ether)s, and a review of phenolphthalein and phosphorus-

containing polymers.
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The mechanism of poly(arylene ether) formation was investigated. The role of a
weak base, K2COs3, versus using a strong base, KOH was studied as well as the kinetics
of the reactions. An unexpectedly high yield of cyclooligomers (~17 wt. %) was also
observed using the typical polymerization techniques. Phenolphthalein ring-opens to a
purple quinone during polycondensation under basic conditions, and the mechanism of this
reaction was investigated.

In summary, phenolphthalein appears to offer many advantages as a functional
monomer which may be incorporated into the poly(arylene ether) backbone. First, both
thermal and mechanical properties were increased significantly as compared to the more
typical bisphenol A based materials. Next, the heterocyclic lactone on phenolphthalein
provides a unique functional site for chemical modification of the polymer backbone. Due
to ring-opening and crosslinking of this lactone at high temperatures, poly(arylene ethef)s
containing phenolphthalein had higher char yields. Lastly, due to the high electron density
of the lactone, there is indication that the phenolphthalein moiety may complex with metals

to afford novel polymer-metal hybrids.
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2.0 BACKGROUND

2.1 Poly(arylene ether)s
2.1.1 Poly(arylene ether) Synthesis

The preparation of poly(arylene ether)s (Figure 2.1.1.1) can be accomplished by a
number of different synthetic strategies. These include nucleophilic substitution,!-®
electrophilic substitution,?12 oxidative coupling,!3-20 metal (Pd, Ni, Cu) coupling,2!-43
silyl ether displacement,** ring opening of aryl cyclics,*>**6 and decarboxylation of
polycarbonates.*’*° Each of these synthetic strategies will be discussed briefly with a
special emphasis on the nucleophilic aromatic substitution (SNAR) mechanism as it is the

synthetic method utilized in this research.

Figure 2.1.1.1 Generic structure of a poly(arylene ether).

2.1.1.1 Nucleophilic Aromatic Substitution (SNAR)

The nucleophilic route to poly(arylene ether)s was first reported by >Farnham and
Johnson in 1963.50 Nucleophilic substitutions on aromatic electrophiles takes place by
four mechanisms: Sn1, SNAR, Aryne, and SRNI.SI'56 Metal catalysts can also be used to
assist in aromatic nucleophilic substitutions and will be discussed in Section 2.1.1.5.54-5
The reaction mechanism depends on four factors: the aromatic electrophile, the
nucleophile, the leaving group, and the reaction conditions.336-38 These factors will be

discussed in depth in Section 2.1.2. The halogens are the leaving groups that are most
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