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(ABSTRACT)

The overall goal of this research project was to synthesize poly(arylene ether)s with
electron rich functional groups for use as tougheners in epoxy thermosets followed by
evaluation of the miscibility of the poly(arylene ether) materials in cured epoxy thermosets.
Poly(arylene ether)s were synthesized by reaction of bisphenol A with a variety of dihalo
monomers including 4,4’ -difluorodiphenylsulfoxide, 4,4’-
difluorodiphenylphenylphosphine oxide, 2,6-dichloropyridine, and 4,4’-
dichlorodiphenylsulfone. A novel monomer, 2,3-bis(4-fluorophenyl)quinoxaline was also
synthesized and utilized to make quinoxaline-containing homopolymers and copolymers.
The bisphenol A based poly(arylene ether)s: poly(arylene ether sulfoxide), poly(arylene
ether pyridine) and poly(arylene ether phosphine oxide) were found to be miscible with the
amine cured epoxy thermosets. Poly(arylene ether sulfone) and poly(arylene ether
quinoxaline) were immiscible with the epoxy thermosets.

Polymer-polymer miscibility is governed in large part by intermolecular attractive

forces. To evaluate better the role that hydrogen bonding plays in the miscibility of the



poly(arylene ether)/epoxy blends, a fundamental investigation of hydrogen bonding
between model compounds possessing functional groups of interest (e. g. diphenylsulfone,
diphenylsulfoxide, pyridine, triphenylphosphine oxide, and diphenylmethylphosphine
oxide) and water was undertaken. 1H NMR spectroscopy of model compounds in DMSO-
de/water (97/3) solutions was performed to ascertain the effect of the mole fraction of
model compound in solution on the shift of the water peak in the 1H NMR spectrum. In all
cases, increasing mole fractions of the electron rich model compound caused the water
resonance to move downfield, revealing the existence of hydrogen bonding interactions
between the model compound and water.

The 1H NMR shift data were used to calculate the equilibrium constants of
formation of the water-model compound hydrogen bonded complex and the shift of the
proton hydrogen bonded to the model compound. The phosphine oxide containing model
compounds followed no trend; however, the other model compounds were ranked as:
pyridine > diphenylsulfoxide > diphenylsulfone in hydrogen bonding strength. This
supports the thermal analysis data which showed that the poly(arylene ether sulfone) was
immiscible with the epoxy thermoset while the poly(arylene ether sulfoxide)/epoxy system

was miscible.
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CHAPTER 1

Introduction

Epoxy-graphite fiber composites are currently of great interest in advanced
technology fields such as aerospace engineering (1-3). Composite materials possess high
strength to weight ratios; incorporation of composite technology in aircraft manufacturing
processes could lead to improved structural strength coupled with decreased fuel
consumption. There are drawbacks, however, to current epoxy-graphite fiber composite
manufacturing processes. Construction of composite pieces is labor intensive; the entire
preform must be laid up by hand and thereafter cured in an oven the size of the preform
piece. Furthermore, the epoxy-graphite fiber composites can be brittle and can experience
catastrophic failure under certain conditions.

In an effort to improve the mechanical properties of epoxy-graphite fiber
composites, the effect of using different sizing materials to coat the graphite fibers before
prepregging with the epoxy resin will be investigated. It is anticipated that this interlayer
material should act as a toughener for the epoxy and also improve adhesion between the
epoxy matrix and the graphite fiber. The optimum interlayer sizing should be miscible (or
reactive) with the epoxy resin and also will have good adhesion to the normally acidic
surface of the graphite fiber. This is accomplished by using a sizing with basic groups that
will not only hydrogen bond to the pendant hydroxyl groups on the epoxy backbone but
also to the graphite fiber. Possible functional group candidates are shown in Figure 1-1.
All of these functional groups possess lone pairs of electrons and s bonds which are
available for hydrogen bond formation.

Initial work by Lesko et al. (4, 5) demonstrated that poly(vinylpyrrolidinone) or
PVP, an amorphous polymer possessing pendant electron rich polyamide groups, could be

used as a sizing maternial for graphite fibers. It was found that the mechanical properties of



the composites made with PVP sized graphite fibers were superior to the mechanical
properties of composites made with unsized fibers. Use of PVP sized fibers in carbon
fiber-epoxy composites improved the static compressive strength by 51 % and increased
the notched cross ply R = -1 fatigue by two orders of magnitude over epoxy/bisphenol A
sizings (4, 5). Although the PVP was both miscible with the epoxy resin and adhered
well to the graphite fiber, composites made using this method would have compromised
thermal stability due to the aliphatic nature of the poly(vinylpyrrolidinone) backbone.

Aromatic, thermally stable polymers with analogous electron rich functional groups
(Figure 1-1) are now being evaluated as interlayer materials. Because the sizings must be
stable at the elevated epoxy cure temperatures, candidates in this research include

amorphous poly(arylene ether)s with basic functional groups, such as poly(arylene ether
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Figure 1-1: Functional group candidates for interlayer sizing materials: A: sulfone; B:
sulfoxide; C: phosphine oxide; D: quinoxaline; and E: pyridine



sulfone), poly(arylene ether phosphine oxide), poly(arylene ether pyridine), and
poly(arylene ether sulfoxide). Initial blend studies of these bisphenol A based poly(arylene
ether)s with epoxy resins were performed to determine miscibility of each modifier in the
epoxy resin. Then H nuclear magnetic resonance (NMR) spectroscopy studies were
performed on ternary solutions containing deuterated dimethyl sulfoxide (DMSO-dg),
water, and model compounds. Polymers containing strongly hydrogen bonding functional
groups should show excellent performance as adhesives and tougheners in epoxy based
matenials. The calculation of the hydrogen bonding ability of the functional group
contained in each model compound (phosphine oxide, sulfoxide, sulfone, and pyridine)
was an adaptation of the method developed by Lin (6). Here, IH NMR was employed to
evaluate the extent of hydrogen bonding ability of each of the functional groups to water.
The shift of the water proton hydrogen bonded to the model compound as well as the
equilibrium constant of the water-model compound complex formation may be calculated
from the 1H NMR shift data and concentrations of each of the components in the series of

hydrogen bonding solutions.



CHAPTER 2
Poly(arylene ether)s: high performance engineering thermoplastics

for epoxy resin blend studies

2.1. Literature review of poly(arylene ether)s

2.1.1. Electron withdrawing groups in poly(arylene ether) synthesis

Poly(arylene ether)s, thermoplastics with glass transition temperatures in excess of
150 °C, are endowed with exceptional toughness and thermooxidative stability (7). These
materials are generally prepared from aromatic bisphenates and dihalo or dinitro monomers
(8) or from A-B monomers possessing one phenol and one halo (or nitro) group. The
electronegative halogen atom creates an electrophilic (electron poor) site on the aromatic
ring; an electron withdrawing group must be in an ortho or para position to this
electrophilic site. Attack of the bisphenate nucleophile at this position permits the formation
of the resonance stabilized Meisenheimer intermediate as the electron withdrawing group
stabilizes the negative charge. The halogen is a better leaving group than the aromatic
phenoxy and correspondingly the aromatic ether linkage remains intact as the halide leaves.
The displacement of a fluoro, chloro, or nitro group by a nucleophile is referred to as
nucleophilic aromatic substitution (9). Electron withdrawing functionalities that activate a
dihalo monomer to nucleophilic substitution include: sulfone (10), sulfoxide (11),
phosphine oxide (12), quinoxaline (13), benzil (14), ketone (15), ketimine (16),
benzoxazole (17), oxadiazoles and triazoles (18, 19), pyridine (20), and phthalimides
(21). Detailed information on poly(arylene ether quinoxaline)s and poly(arylene ether

sulfoxide)s will be discussed here. Information pertaining to the poly(arylene ether



phosphine oxide) (22) poly(arylene ether pyridine) (23), and poly(arylene ether sulfone)

(24) materials used in this study has been detailed elsewhere.

2.1.2. Poly(arylene ether quinoxaline)s

2.1.2.1. Classical poly(phenyl quinoxaline) synthesis methods

Poly(phenyl quinoxaline)s are an important family of materials due to their
solubility, thermal stability (25), low dielectric constant (26), and excellent mechanical
properties (27). Potential uses for these materials include films, coatings, or structural
adhesives that require a chemically resistant or insulating resin (28, 29). The quinoxaline
moiety was first synthesized in 1884 by Hinsberg and Komer (30), via condensation of o-
phenylene diamine with a 1,2-dicarbonyl compound. The first polyquinoxaline was
synthesized in 1964 by reaction with a tetraamine and bisglyoxal monomer (31).
Poly(phenyl quinoxaline)s were subsequently polymerized from aromatic bis(phenyl-a-
diketone)s and aromatic tetraamines (32). The reaction, illustrated in Figure 2-1,
progresses at room temperature due to the favorable formation of the aromatic heterocyclic
quinoxaline ring over the course of the reaction. Disadvantages of this classical
poly(phenyl quinoxaline) synthesis include the multistep synthesis of the tetraketone

monomer, making commercial processes difficult, and toxicity of the tetraamines.

2.1.2.2. Polyquinoxalines via the nucleophilic aromatic substitution synthesis route

In the late 1980’s, researchers at IBM and NASA Langley spearheaded an effort to

achieve the desirable polyquinoxaline thermal and adhesive properties without the



expensive and toxic starting materials. Their work involved preparation of
polyphenylquinoxalines via nucleophilic aromatic substitution. This method not only
circumvented the expensive tetraketone monomers but provided more facile chemical

structure variation (33).
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Figure 2-1: Classical poly(phenyl quinoxaline) synthesis route showing the formation of a

“cis” repeat unit (pendant phenyl groups are “cis” to each other)



2.1.2.2a. Quinoxaline-containing bisphenol monomers

The first reported quinoxaline-containing monomer for poly(arylene ether)
synthesis was 2,3-bis(4-hydroxyphenyl)quinoxaline, obtained by reaction of 4,4’-
dihydroxybenzil with o-phenylene diamine (33). This monomer, containing a preformed
quinoxaline ring structure, was subsequently reacted with 4,4’-difluorobenzophenone,
4.4’-difluorodiphenylsulfone, and other dihalo compounds. The polymers prepared from
2,3-bis(4-hydroxyphenyl)quinoxaline precipitated during synthesis from the N,N-
dimethylacetamide solvent but inherent viscosities of the polymers, obtained from 0.5 %
solutions in m-cresol at 25 °C, ranged from 0.34 to 1.30 dL/g. Glass transition
temperatures of the poly(arylene ether quinoxaline)s ranged from 179 to 240 °C. Films of
several of these poly(arylene ether quinoxaline)s cast from m-cresol were opaque and

showed evidence of low levels of crystallinity by WAXS (34).

2.1.2.2b. Nucleophilic substitution reactions displacing fluorine at the 6-position on

the quinoxaline ring

Hedrick and Labadie first ascertained that the electron deficient pyrazine ring
component of the quinoxaline ring system could be used to stabilize the negative charge
developed in the transition state through a Meisenheimer-like complex in polymerization
reactions (35). This discovery provoked the synthesis of dihalo monomers containing
preformed quinoxaline moeities. Evidence for the electronic effect of the pyrazine ring on
the 6 and 7 positions on the quinoxaline ring included 1H NMR spectroscopy

measurements indicating that the shift of the proton ortho to the pyrazine ring was 8.2 ppm



(36). Reaction of 4-fluoro-1,2-phenylene diamine with 1,4-bis(phenylglyoxalyl)benzene
produced 1,4-bis(6-fluoro-3-phenyl-2-quinoxalinyl)benzene, a diquinoxaline monomer
with fluorines at the 6 position on each of the quinoxaline rings. This monomer, depicted
in Figure 2-2, possessed three stereoisomers and when solution polymerized with a variety

of bisphenols, including bisphenol A and 3F-bisphenol, produced soluble poly(arylene
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Figure 2-2: The three stereoisomers of 1,4-bis(6-fluoro-3-phenyl-2-quinoxalinyl)benzene:
A: one pendant phenyl group is “trans” and the other pendant phenyl group is “cis” to the
fluorine on the same heterocyclic fused ring system; B: the pendant phenyl groups are
“trans” to the fluorines; and C: the pendant phenyl groups are “cis” to the fluorines



ether quinoxaline)s with glass transition temperatures ranging from 255 to 275 °C (37).
Although facile, this method required expensive tetraketone and fluorine substituted o-
phenylene diamine starting materials, and as such was not appropriate for commercial scale
up. Hedrick and Labadie also evaluated chlorine and nitro functionalities as leaving groups
in the quinoxaline activated nucleophilic aromatic substitution and found that chlorine was
not quantitatively displaced and that displacement of the nitro group occurred with the
generation of many side products (38). Labadie et al. (39) prepared an A-B monomer, 2-
(4-hydroxyphenyl)-3-phenyl-6-fluoroquinoxaline, through reaction of 4-methoxybenzil
with 4-fluoro-1,2-phenylene diamine, followed by deprotection of the hidden phenol
functionality. Self polymerization of this monomer yielded an N-methyl-2-pyrrolidinone
soluble polymer with a glass transition temperature of 255 °C. Once again, 4-fluoro-1,2-

phenylene diamine was requisite in this poly(arylene ether quinoxaline) synthesis route.

2.1.2.2c. Remote activation of fluorine to nucleophilic substitution reaction by the

quinoxaline moiety

A more cost effective route to a difluoro monomer possessing a preformed
quinoxaline ring was developed in the early 1990’s with the synthesis of the novel
compound, 2,3-bis(4-fluorophenyl)quinoxaline (40, 41). This material, obtained from the
reaction of 4,4’difluorobenzil with o-phenylene diamine, combined inexpensive starting
materials via a facile synthetic pathway. The chemical shift of the proton ortho to the
quinoxaline group on the fluorinated aromatic ring of 2,3-bis(4-fluorophenyl)quinoxaline
was 7.55 ppm, suggesting that this monomer would have reduced activity relative to the
difluoro monomer wherein the fluorine was directly attached to the fused heterocyclic ring

structure. However, nucleophilic aromatic substitution polymerization reactions using



similarly unreactive dihalo monomers have been known to proceed under certain
conditions. The relatively unreactive triazole-based heterocyclic difluoro monomer, 2,5-
bis(4’-fluorophenyl)-4-phenyl-1,2,4-triazole, wherein the shift of the proton ortho to the
activating group was 7.38 ppm, was successfully polymerized, albeit under vigorous
conditions (42).

The polymers prepared from 2,3-bis(4-fluorophenyl)quinoxaline showed limited
solubility in N-methyl-2-pyrrolidinone so Hedrick et al. (40) conducted the polymenzations
in 1,3-dimethyl-3,4,5,6-tetrahydro-2( 1H)-pyrimidinone (DMPU), an excellent high
temperature solvent for polyether syntheses of materials only marginally soluble in other
polar aprotic solvents (43). Reaction of 2,3-bis(4-fluorophenyl)quinoxaline with bisphenol
A produced an amorphous poly(arylene ether quinoxaline) with a glass transition

temperature of 195 °C. Stickney et al. reported a Tg of 200 °C for the same material (41).

2.1.2.3. Poly(arylene ether quinoxaline) copolymers

Copolymers have been prepared with quinoxaline functionalities randomly
distnbuted along the backbone to improve solubility of the poly(arylene ether quinoxaline)s
while maintaining the desirable high temperature and adhesive capabilities of this
heterocyclic polymer. Labadie et al. (43) systematically replaced 2,3-bis(4-
fluorophenyl)quinoxaline with 4,4’-difluorodiphenylsulfone in reactions with 6F-
bisphenol. The resulting poly(arylene ether quinoxaline-co-sulfone)s had equivalent glass
transition temperatures to the homopoly(arylene ether quinoxaline)s but had improved
solubility in polar aprotic solvents such as NMP and DMAc. Connell et al. (44)
synthesized poly(arylene ether quinoxaline-co-phosphine oxide)s to evaluate lightweight,

atomic oxygen resistant heterocycle-containing polymers. The resultant materials had
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significantly improved oxygen plasma resistance compared to Kapton™, confirming the
earlier discovery of Smith (44).

Poly(arylene ether quinoxaline-co-imide) random copolymers have been prepared
by first synthesizing an amine functionalized poly(arylene ether quinoxaline) using a 3-
aminophenol endcapping reagent, and subsequently mixing this oligomer with a diamine
and dianhydride in an imidization reaction (45, 46). After thermal cure, the resulting
poly(arylene ether quinoxaline-co-imide)s based on a pyromellitic dianhydride/oxydianiline
mixture displayed glass transition temperatures in the 300 °C range with high moduli and
improved auto-adhesion relative to the homopolyimides (46). Hergenrother and Havens
devised a procedure for poly(arylene ether quinoxaline-co-imide) synthesis from the

dihydroxyquinoxaline-containing monomer developed at NASA Langley (47).

2.1.3. Alternate routes to polyquinoxaline materials

Yamamoto et al. developed a novel route to poly(thiophene-co-quinoxaline)
materials using a palladium catalyzed polycondensation between 2,5-bis(trimethylstannyl)
thiophene and 5,8-dibromoquinoxaline derivatives (48). The quinoxaline has stronger
electron accepting properties than pyridine; by UV spectroscopy the perfectly alternating n-
conjugated poly(thiophene-co-quinoxaline) showed charge transfer between occupied
orbitals of the thiophene donor and unoccupied orbitals of the quinoxaline acceptor.

Chmil and Scherf (49) used the route devised by Suzuki et al. (50) to couple 4,4’ -
dibromobenzil with 2,5-dihexyl-1,4-phenylenediboronic acid. The palladium catalyzed
reaction yielded an aromatic poly(1,2-diketone) of molecular weight 15,000 g/mole, which
was quantitatively reacted with 1,2-phenylenediamine in acetic acid to yield a conjugated

polyquinoxaline.
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2.1.3. Poly(arylene ether sulfoxide)s

Poly(arylene ether sulfoxide) matenals were first synthesized by Johnson et al. in
1967 (51). Poly(arylene ether sulfoxides) have also been synthesized by selective
oxidation of poly(p-phenoxyphenyl sulfide) to poly(sulfoxide) using hydrogen peroxide
(52). Under carefully controlled conditions, the oxidation reaction quantitatively oxidized
the thio linkages to sulfoxides without concomitant formation of the polysulfone. The
amorphous polysulfoxide product was soluble in a variety of solvents including
chloroform, pyridine, and polar aprotic solvents such as N,N-dimethylacetamide.

Babu et al. reported the synthesis of high molecular weight poly(arylene ether
sulfoxide)s as amorphous precursors to semicrystalline poly(arylene ether sulfide)s (53).
The difluoro monomer, 4,4’-difluorodiphenylsulfoxide, was synthesized using an
aluminum chlonde catalyzed Friedel-Crafts acylation of fluorobenzene with thionyl chloride
(54). The electron withdrawing sulfoxide linkage activated the difluoro compound toward
nucleophilic aromatic substitution. Reaction of this monomer with hydroquinone,
bisphenol A, or 4,4’-biphenol in the presence of a monofunctional endcapping reagent
resulted in preparation of controlled molecular weight poly(arylene ether sulfoxides) with
nonreactive endgroups. The poly(arylene ether sulfoxide)s demonstrated interesting
thermal properties. By thermogravimetric analysis, the polymer underwent a sharp weight
loss corresponding to about 5 weight percent at 400 °C before a more gradual but
comprehensive degradation occurring at 500 °C. The glass transition temperatures of the
poly(arylene ether sulfoxide)s ranged from 169 to 216 °C, less than those of poly(arylene

ether sulfone)s of analogous structures.
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2.2. Introduction

In this research a series of controlled molecular weight high performance
poy(arylene ether)s with nonreactive endgroups was synthesized. The dihalo monomer
used in the poly(arylene ether) syntheses was systematically varied to provide a series of
polymers of the same molecular weight with different functionalities incorporated into the
backbone structure. The goal of the research was to identify the relationship between the
ability of the poly(arylene ether) to form intermolecular interactions and the polarity and
hydrogen bonding ability of various functional groups.

Poly(arylene ether)s utilized in this research were synthesized by reaction of dihalo
monomers possessing phosphine oxide, sulfoxide, sulfone, quinoxaline, and pyridine
moieties with 2,2-(4-hydroxyphenyl)propane (bisphenol A). The novel synthesis of the
quinoxaline-containing monomer, 2,3-bis(4-fluorophenyl)quinoxaline, is also discussed.
The synthesis method used was the general nucleophilic aromatic substitution route using
potassium carbonate to deprotonate the bisphenol under azeotroping toluene conditions.
Reaction of the phenolate with the activated dihalide occurred in polar aprotic solvents at
high reaction temperatures. Use of the monofunctional endcapping reagent, t-butyl phenol,
not only controlled the molecular weight but permitted approximate number average
molecular weight determination by !H NMR studies. The poly(arylene ether)s were

characterized and then evaluated as blend modifiers for epoxy resins.
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2.3.  Synthesis of poly(arylene ether)s

2.3.1. Synthesis of 2,3-bis(4-fluorophenyl)quinoxaline monomer

2.3.1.1. Materials for monomer preparation

1,2-Phenylenediamine was obtained from Aldrich and sublimed prior to use. 4-
Fluorobenzaldehyde (Aldrich) was stirred over calcium hydride and vacuum distilled prior
to use. Copper(Il) acetate, ammonium nitrate, potassium cyanide, and trifluoroacetic acid
were obtained from Aldrich and used as received. The reaction solvents, HPLC grade
chloroform and glacial acetic acid (Fisher) and absolute ethanol (Aaper Alcohol and

Chemical Co.), were used as received.

2.3.1.2. Synthesis of 4,4'-difluorobenzoin

4-Fluorobenzaldehyde (15 g, 0.12 moles), potassium cyanide (1.5 g, 23 mmoles),
60 mL of absolute ethanol, and 15 mL of deionized water were charged to a one neck
roundbottom flask fitted with a condenser. The benzaldehyde coupling progresses via a
series of equilibria and thus the bright orange mixture must be stirred and refluxed for
about 24 hours. Reaction progress was measured using !H NMR spectroscopy in CDCl3
by monitoring the disappearance of the aldehyde proton at 10 ppm with concurrent
appearance of the benzoin methine proton at 5.9 ppm. When the reaction was complete,
the reaction mixture was cooled and dissolved in chloroform. The solution was placed in a
separatory funnel and the material was washed five times with water to remove the residual
potassium cyanide salt. Finally the ethanol and chloroform were removed under reduced

pressure to yield 4,4'-difluorobenzoin, a pale yellow solid possessing a melting point of
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