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Abstract

Novel functionalized triphenylphosphine oxide containing monomeric materials
were prepared and subsequently incorporated into high performance aromatic polyimides,
polyamides, copolysiloxane-poly(aryl-imide) randomly segmented copolymers, and epoxy
network systems. These uniquely designed monomers were prepared via both Friedel-
Crafts and Grignard techniques. In particular, two arylene ether diamines, bis[4-(m-
aminophenoxy)phenyl]|phenylphosphine oxide (m-BAPPO) and bis[4-(p-
aminophenoxy)phenyl|phenylphosphine oxide (p-BAPPQ) were prepared via the
nucleophilic aromatic substitution of aminophenoxides onto the activated dihalide bis(4-
fluorophenyl)phenylphosphine oxide (BFPPO) in polar aprotic solvents. It was also
shown that the reaction of phenylphosphonothioic dichloride with biphenyl or diphenyl
ether in the presence of aluminum chloride is a viable method for preparing regiospecific
triphenylphosphine oxide derivatives. These derivatives were oxidized, nitrated and
reduced to afford isomeric triphenylphosphine oxide containing diamines. Moreover, a

sequential addition procedure with thiophosphoryl chloride, fluorobenzene, and benzene



with aluminum chloride was investigated for the preparation of the highly desired, activated
dihalide BFPPO.

The polymers prepared from the novel triphenylphosphine oxide diamines showed
many unique features. All linear polymers displayed high glass transition temperatures
(Ty) and substantial improvements in solubility. TGA analyses showed excellent
thermooxidative stability for all prepared polymers and gave substantial amounts of char at
temperatures where other engineering polymers were completely volatized. This char was
shown to induce a self extinguishing behavior in the polymers, thus imparting flame

retardancy into the polymeric systems.
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1.0. Chapter 1:  Introduction

Aromatic polyimides, polyamides and epoxy resin networks are three important
classes of macromolecules. Aromatic polyimides are considered to be high performance
engineering materials and are commonly used in the aerospace and microelectronics
industries.! 4 Aromatic polyamides, or aramids, are noted for their flame retardancy,
ability to retain tensile properties at elevated temperatures and excellent chemical
resistance.”*® These materials are commonly used in the fiber form for many applications
including fire resistant and bullet proof clothing. Epoxy resins networks are well known
for their important applications in coatings, adhesives, and electronics.” Unfortunately,
these macromolecular systems also display some properties that are not desirable. In
particular, the aromatic polyimides and polyamides suffer from a lack of solubility in
common organic solvents and thus processing is often very difficult. The epoxy resins are
not considered to be very flame resistant materials. To circumvent these unfavorable
characteristics, we prepared functionalized monomers capable of polymerization that
contain the triphenylphosphine oxide moiety. The incorporation of the polar phosphine
oxide moiety along the polymer backbone has been shown to aid in polymer solubility.
Moreover, the non-coplanar nature of this unique group is generally beneficial since it
allows amorphous polymers to be prepared. Importantly, the triphenylphosphine oxide
moiety has some very interesting thermal characteristics. First, the phosphoryl-aryl bond is
very thermooxidatively and hydrolytically stable and this is critical in assuring that the
polymers retain their high performance behavior. Next, polymers that contain phosphoryl
linkages show substantial char yields. These char yields have been related to the 'self
extinguishing' behavior commonly observed in polymers of this type.

The research discussed in this thesis consists of the synthesis of novel

functionalized triphenylphosphine oxide containing monomeric materials that are suitable



for step growth polymerizations. These uniquely designed monomers were prepared via a
combination of nucleophilic and electrophilic techniques.

The first part of this thesis concentrates on the synthesis of polymer grade amino
functionalized triphenylphosphine oxide derivatives. Two different routes were employed
for the synthesis of the difunctional triphenylphosphine oxide derivatives. The first
approach consisted of the nucleophilic aromatic substitution reaction of aminophenoxides
with the activated dihalide bis(4-fluorophenyl)phenylphosphine oxide (BFPPO), and was
conducted in the polar aprotic solvent N-methylpyrrolidone with potassium carbonate being
employed as the weak base. This method was successful in preparing two stable
regiospecific aromatic diamines, bis[4-(m-aminophenoxy)phenyl|phenylphosphine oxide
(m-BAPPO) and bis[4-(p-aminophenoxy)phenyl|phenylphosphine oxide(p-BAPPO).

The second approach utilzed an electrophtlic process. The reaction of
phenylphosphonothioic dichloride with biphenyl or diphenyl ether in the presence of the
Lewis acid aluminum chloride is a variation of well known Friedel-Crafts chemistry and
results in the formation of triphenylphosphine sulfide derivatives. These derivatives were
then oxidized to the phosphine oxides, nitrated and reduced to the corresponding diamines.
These monomers were actually isomeric mixtures of ortho and para substituted amines.
This may be advantageous since their lower melting points and amorphous nature makes
these materials attractive for many applications. Unfortunately, these isomeric materials
were very difficult to purify. Also, the highly desired activated dihalide, BFPPO, was
prepared via a sequential addition process of thiophosphoryl chloride with fluorobenzene
and benzene.

The second part of the research ivestigated the incorporation of the these novel

triphenylphosphine oxide containing diamines into aromatic polyimides and-polyamides,



polysiloxane-polyimide randomly segmented copolymers and as curing agents for epoxy
resin networks.

A systematic series of polyimides was prepared from m-BAPPO with various
dianhydrides to encompass a wide range of flexibility along the polymer backbone. A
similar series was prepared utilizing the para oriented regiospecific monomer p-BAPPO.
The polyimides were prepared via the well known two stage poly(amic acid) to polyimide
technique.! The poly(amic acids) were synthesized in the polar aprotic solvent N-
methylpyrrolidone at room temperature. The conversion of the poly(amic acid) to the
corresponding polyimide was achieved via both thermal imidization and solution
imidization techniques. The solution process comprised of heating the poly(amic acid) in
NMP to 170-175° C and adding 20 % (v/v) o-dichlorobenzene to serve as an azeotropic or
dehydrating agent. The thermal approach involved pouring of the homogeneous poly(amic
acid) solution onto clean glass plates followed by the slow removal of the solvent in a
vacuum oven. Both techniques afforded polymeric materiais that were fully cyclized.
Glass transition temperatures varied with respect to the dianhydride utilized and ranged
from 220-310° C. The majority of the novel polyimides were soluble in many polar aprotic
solvents, with the exception of the p-BAPPO/pyromellitic dianhydride system.

The meta oriented diamine was also employed for the synthesis of a series of
aromatic copolyamides (aramids) with terephthaloyl chloride and p-phenylenediamine.
Copolymers were prepared with ten to 100 % m-BAPPO. The polymers were prepared via
the classical low temperature solution method. Reactions were carried out in N-
methylpyrrolidone at 0° C in the presence of 8-10% calcium chloride. The addition of this
inorganic salt has been shown to improve the solubility of high molecular weight aromatic
polyamides. The thermal characteristics of aramids are difficult to assess because often

degradation occurs prior to melting in these materials. Furthermore, it was found that the



solubility of the copolyamides was dependent on the amount of triarylphosphine oxide
incorporated.

Th synthesis and characterization of polysiloxane-polyimide randomly segmented
copolymers that contain a predetermined amount of the polysiloxane oligomer was another
important part of this thesis. These copolymers were considered to be very attractive
materials for flexible coating applications. These materials were prepared via the solution
imidization process in predominantly o-dichlorobenzene at 180° C. This reaction utilized
aminopropy! terminated poly(dimethylsiloxane) oligomers with 4,4' oxydiphthalic |
anhydride with m-BAPPO serving as the chain extender . This one step method is different
from the poly(amic acid) route. The copolymers formed clear films, indicative of a well
defined, completely microphase separated system. The copelymer thermal characteristics
and morphology were investigated and are reported herein.

Epoxy resins were modified with the goal of improving the flame retardancy of the
cured resins. This was accomplished by curing the resins with several of the prepared
amine functionalized triphenylphosphine oxide derivatives. The cured materials were
shown to exhibit glass transition temperatures comparable to those of conventional resins
cured with diaminodiphenyl sulfone. Impressively, the resins containing the phosphine
oxide monomers demonstrated a self extinguishing ability that was not observed in the
model resin networks.

A discussion on the present bonding theories associated with tertiary phosphine
chalcogenides along with the reactivity of chlorinated phosphines, phosphine oxides, and
phosphine sulfides is presented in Chapter 2. Furthermore, a review of previously
prepared phosphorus containing polymers and of the polymeric materials modified in this

thesis is provided.



The experimental methods employed for the preparation of the phosphoryl
monomeric and polymeric materials are thoroughly defined in Chapter 3.

Chapter 4 comprises the results and discussion of all experimentally related topics
and is the focal point of the thesis. The thesis is concluded by a summary of the results and

a list of applicable references.



2.0. Chapter 2. Literature Review
2.1 General Introduction

This thesis describes the synthesis of various phosphorus containing monomers
and their subsequent incorporation into several common polymeric systems. To aid in the
appreciation of the information presented in the following sections, a review of some
related material is presented. For simplicity, this literature review will be separated into
two distinct and separate sections. The first section is intended to provide the reader with a
general background of the chemistry of phosphines and phosphine chalcogenides,.
Furthermore, an overview of some previously prepared phosphine oxide containing
polymers is given. The second section will be devoted to reviewing the various polymeric
systems being modified in this thesis, in particular the polyimides, polysiloxane-polyimide

copolymers, aromatic amides and epoxy resins.

2.2. Phosphorus Chemistry
2.2.1. Introduction

A major portion of this theis is devoted to the behavior of tertiary phosphine
chalcogenides, in particular on functionalized triphenylphosphine oxides and sulfides. To
provide the reader with a solid background and understanding of this chemistry, a brief
discussion of present bonding theories associated with phosphorous chalcogenides will be
provided. In addition, an examination into the reactivity of some relevant phosphorus

containing materials is presented.



2.2.2. Bonding in Phosphine Oxides and Sulfides
A simple interpretation of the bonding in tertiary phosphine oxides can be made by
realizing that phosphorus has five valence electrons and thus as long as the octet rule is

ignored, bonding with an oxygen allows one to propose the structure shown below.

R"—P—R
ik

The substituents for "R" could include many atoms including, carbon, oxygen, nitrogen,
halogens, or oxygen. According to the valence shell electron pair repulsion (VSEPR)
theory, the geometry of this material should be similar to tetrahedran with the P=0 bond
being stronger and more polar compared to the P-C bonds®. This is believed to be a result
of the large differences in electronegativity between the phosphorus and the oxygen. The
strength of the P=0 bond is well documented and demonstrated by the fact that its stability
is the driving force in the well known Wittig reaction.32

Initially, the structure shown above seems very reasonable; however, if one
attempts to explain this bonding in terms of the LCAO-MO model one quickly realizes that
there are simply not enough orbitals on the phosphorus to validate this structure. To
account for this, the phosphorus-oxygen bond in tertiary phosphine oxides is often
expressed as a combination of a single and a double bond, similar to many common

resonance type structures.’

P—0O —-> P=0
A B

A
v

Structure A is a sufficient interpretation in terms of the octet rule, but there is modern
evidence that there is not a formal complete positive charge on the phosphorus, such as

bond lengths, bond energies, and dipole moments (these will be discussed later). Structure



B is often defended by arguing that there can be an expansion of the octet on phosphorus to
allow backbonding from the oxygen lone pairs onto low-lying empty d orbitals.!® This

very crude and now outdated interpretation is depicted below.

This d orbital involvement theory was largely accepted for years. However,
recently with the use of more elaborate computers, there have been many other bonding
theories proposed. The majority of these theories and calculations are well beyond the
scope of this review. Moreover, it is difficult to provide an accurate review of bonding
because the literature is contradictory and appears to contain a lot of 'hand waving'.
However, some opinions will be presented.

The fact that the d orbitals are simply too large to overlap with s or p orbitalsis a
major flaw in the virtual d orbital bonding theory as pointed out by Coulson.!! He believes
that if there is to be hybridization of a d orbital with s and p orbitals, it is imperative that the
orbitals be of similar size. In the case of phosphorus, the d orbitals involved must be outer
d orbitals, because according to the Aufbau principle, there are no inner d orbitals in
phosphorus. As a result, the radius of these outer empty d orbitals is more than five times
that of the valence s and p orbitals.!!

One alternative view worth mentioning is the recent work by Magnusson published
in late 1990.12 From his LCAO-MO calculations, he reported that beyond a doubt the d

orbitals are not required for backbonding. Magnusson summarized his work by saying



"the evidence shows that the resemblance between valence d orbitals and d functions in the
hypercoordinate wave functions is an artifact of the method used for modelling the
electronic structures of molecules. The 'valence d orbital’ role is rejected because d
functions are not orbitals, not because of any incompetence in bonding. Their important
role in the wave function in hypercoordinate molecules formed by second-row elements is
indistinguishable from that of d functions in normal valency molecules and in first-row
species, and the term 'd-orbital' is not warranted".

At least two independent bonding theories, which exclude the use of d orbitals,
have been postulated in recent years.!> The first of which is called the Q bonding, banana
bonding, or bent bonding model and consists of neither a ¢ or a m bond between the
phosphorus and the oxygen. This model actually contains a formal triple bond. The second
model is called the triple backbond model. The orbitals in the second theory are not
considered to be d orbitals but are now believed to be a set of antibonding orbitals or e
symmetry.'2-14 These models are shown in Figure 2.1.

With the advent of the newly proposed models described above, a general idea of
the structure has been presented. The question now is to what extent is the electron
distribution in these models. In other words, what order are the P-O and P-S bond orders.
This s best answered by examining the structural properties of the materials, such as the
bond lengths, angles and dipole moments. Table 2.1 shows some structural data for
several tertiary phosphine oxides and sulfides. From this table, a comparison of bond
lengths for most of the tertiary phosphine oxides, with the accepted bond length of a single
P-O bond, suggests that the tertiary phosphine oxide bond clearly has multiple character. A
similar comparison for phosphine sulfides also leads to the conclusion that the P-S bond is
of multiple character. The amount of contraction observed in the P-X bond on going from
a single bond to a tertiary phosphine chalcogenide is calculated to be 7.5% for the
phosphine oxides as compared to 7.2 % for the phosphine sulfides. These results suggests

that the bond order in tertiary phosphine oxides may be slightly greater than the bond order

for the corresponding sulfide. Most predictions have a bond order of between two and



10

three for tertiary phosphine oxides and between one and two for tertiary phosphine
sulfides.’

It appears that the P-C bond length is affected by the electronic effect of the
substituent in both the phosphine sulfides and oxides. Moreover, the bond shortens
significantly upon formation of the chalcogenide. The length decreases more than
twice as much for the oxide as it does for the sulfide when converted from the respective
phosphine. This effect is probably the result of the increased electronegativity of the
phosphorus due to its extra positive charge in the chalcogenides. For reasons still not fully
understood®-208, the phosphorus-oxygen bond length with three t-butyl substituents on the
phosphorus is on the order of a single bond; although, it is likely related to the bulk of the
substituent. As a result, it is perfectly acceptable to express the phosphine oxide bond in
this case as the ionic structure A shown previously.

The triphenylphosphine oxide crystal can exists in either the monoclinic or
orthohombic form, but studies have shown that the molecular dimensions of the two forms
are virtually identical.!®> Furthermore, Brock demonstrated that within both crystals, the
molecules do not behave as rigid bodies rather but carry out appreciable internal rotations of
the phenyl groups about their respective P-C bonds.!>

The bond dissociation energies for many tertiary phosphine chalcogenides are
shown in Table 2.2. It can be seen that the P-O bond dissociation energy for tertiary
phosphine oxides is usually in the range 536-577 KJ/mole, with the electronegatively
substituted compounds at the higher end of the range. In general, these bond strengths are
comparable to that of diatomic PO, while a P-O single bond has a bond dissociation energy
of about 360-385 KJ/mole. This difference of about 200 KJ/mole is generally indicative

that the phosphoryl bond has high multiple character. Similar comparisons for the
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Table 2.1. Comparison of structural data for some phosphine oxide and sulfide

materials’
Molecule Method2 | rP-X) -0 | ,xpe | . cpe
Ph3P=0 xb 148.3 179.2 112.3 106.5
Ph3P=0 X¢ 146.0 176 111.7 107.1
Ph3P=S X 195.0 181.7 113.1 105.7
Mes;P=0 X 148.9 177.1 113.1 105.9
MesP=0 E 147.6 180.9 114.4 104.1
F3P=0 E 143.6 152.44 - 101.3¢
t-BusP=0O X 159.0 188.8 106.1 112,9
PO X 147.6 - - -
P-O (from P4Oj¢) X 160 - - -
P-S (from P4S10) X 208.5 i . ;

1 from ref® and the references therein; n(P-X) = bond length in pm, where X is the

chalcogenide; Z XPC = bond angle in degrees,where C is the aryl carbon, X the
chalcogenide, and P the phosphorus (mean values reported)

a E =electron diffraction; X = X-ray crystallography at room temperature

b Monoclinic, space group P2;/a

¢ Orthohombic, space group Pbca

d nP-F)
e L FPF
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phosphine sulfides were not feasible due to the lack of a sufficient model compound for the
determination of P-S single bond dissociation energy.

Phosphine chalcogenides have significant dipole moments, some of which are
given in Table 2.3. This table clearly demonstrates the increasing dipole moment of tertiary
phosphine chalcogenides in the order of oxide< sulfide<selenide.!® These dipole moments
are not in the order one might expect by using conventional electronegativity arguments. It
has been suggested that this unexpected trend is the result of more backbonding present in
the oxides than in the sulfides or selenides!®, which is in good agreement with our
previous statement that phoshine oxides are of higher bond order than phosphine sulfides.
Furthermore, these dipole moment values indicate that the phosphorus in tertiary phoshine
oxides is less positive than that in tertiary phosphine sulfides. This seems reasonable,
because as electronegative substituents are placed on the tertiary phosphorus chalcogenide,
a more noticeable change in the dipole moment for the sulfide is observed.

31P-NMR analysis on many tertiary phosphine chalcogenides has been reported! &
20 including some studies on the effect of metal complexation with triphenylphosphine
oxides on the chemical shifts.>! Generally, all reported chemical shifts were referenced to
85 % H3PO04 at 0.00 ppm. All of the papers report distinct downfield shifts for the
phosphine sulfides compared to their corresponding phosphine oxides. This also suggests
that the electron density of the phosphorus in the phosphine oxides is less than that in the
phosphine sulfides and thus a more positive phosphorus exists in the case of the phosphine
oxides than in the sulfides. Therefore, the prevously discussed higher bond order is again
supported in the phosphine oxides.

The information discussed so far concerning tertiary phosphine chalcogenides can
be somewhat confusing. Hopefully, in the near future better calculations will determine

accurately the electron distribution in the phosphine oxide bond and thus allow more





















































































































































































































































































































