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Liquid Crystalline Multi-Block Polymers 

by 

Kevin L Cooper 

(ABSTRACT) 

Lyotropic and thermotropic high strength liquid crystalline polymers have become an important 

area of research and development in polymeric, high performance materials. These materials 

have afforded excellent high temperature stability and high strength in the oriented direction, but 

not in the transverse direction. Hence, “balancing” the properties in both directions is an 

important area of research. 

Segmented polymers composed of an amorphous, glassy engineering thermoplastic, and an 

anisotropic, liquid crystalline polymer were synthesized and investigated. The isotropic phase is 

based upon a ductile poly(arylene ether sulfone), while the anisotropic segment is based on a 

rigid poly(arylate) moiety. 

The difunctionally terminated, controlled molecular weight poly(sulfone) oligomers were 

synthesized via a nucleophilic aromatic substitution reaction. Functional end groups included 

phenolic, acetate and carboxyl. The structure and reactivity of these oligomers was characterized 

by analytical techniques, including FT-IR, NMR, and polymer physical characterization methods 

such as, differential scanning calorimetry (DSC), thermal gravimetric analysis (TGA), and thermal 

mechanical analysis (TMA), and dynamic mechanical thermal analysis (DMTA). 

The well characterized, difunctionally terminated poly(sulfone) oligomers were then utilized 

along with ester forming monomers in a subsequent mekt acidolysis reaction to form segmented 
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poly(sulfone)-poly(arylate) co- or terpolymers. Earlier work by Lambert (281-283) showed that 

solution and interfacial techniques could only be utilized to synthesize segmented polymers with 

low poly(arylate) contents. The melt acidolysis technique allowed the synthesis of poly(sulfone)- 

poly(arylate) polymers with poly(arylate) contents as high as 90 weight percent. 

Along with a high degree of agitation, the melt acidolysis technique utilized chlorobenzene as 

a solvent in the initial stage of the reaction to enhance the mixing of the poly(sulfone) oligomers 

and ester forming monomers, allowing true segmented polymers to be formed. This was proven 

by FT-IR and extraction studies, which determined that very little of the original poly(sulfone) 

oligomer was extracted by refluxing chloroform. 

The morphology of these polymers was studied by polarized optical microscopy, and wide 

angle X-ray scattering. Low weight fraction poly(arylate) co- and terpolymers were determined 

to be amorphous, while higher poly(arylate) weight fraction polymers (15 weight percent or 

greater) were found to be semi-crystalline or liquid crystalline. Thermal analysis (DSC) also gave 

evidence that these materials were semi-crystalline or liquid crystalline. Also, as the weight 

fraction of poly(arylate) was increased, a significant improvement in solvent resistance was 

observed as well as an improvement in the modulus and tensile strength. 
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Chapter 1. Introduction 

High performance organic macromolecules known as engineering thermoplastics are 

replacing materials such as metals and ceramics in many demanding applications, where lighter, 

more processable plastics are becoming increasingly cost effective. In general, these materials, 

when amorphous, have excellent mechanical and thermal properties, but poor solvent resistance. 

The replacement of traditional materials will no doubt continue as research continues to improve 

upon the desirable features and eliminate the undesirable properties of these polymers. 

Liquid crystalline polymers (LCPs), macromolecules which display dimensional order in 

solution or in the melt, have been increasingly investigated in recent years due to their 

outstanding mechanical tensile strength and modulus, solvent resistance, dimensional stability and 

thermal properties. However, processing of this class of polymers has been difficult. Copolymer 

technology has been employed to retain or improve the desirable properties while rendering 

improved processability. 

Copolymerization is one of the most important methods utilized to incorporate the 

properties of two immiscible homopolymers into the same macromolecule. An improvement in 
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properties such as strength, toughness, solvent and thermal resistance is often realized as a 

function of copolymer structure and architecture. 

This dissertation reports research conducted to improve the properties of an engineering 

thermoplastic, poly(arylene ether sulfone), by incorporating a potentially liquid crystalline segment 

into segmented or block-like copolymers. Segmented or block-like copolymers, formed from 

blocks of poly(arylene ether sulfone)s of molecular weights ranging from 1,000 g/mole to 18,000 

g/mole with blocks of poly(arylate)s, were investigated. This research concentrated on retaining 

the high strength and excellent thermal properties of the anisotropic poly(arylate), while improving 

its processability, and at the same time, improving the mechanical and thermal properties, and 

solvent resistance of the poly(arylene ether sulfone). 

The synthesis of functionally terminated poly(arylene ether sulfone)s and the synthetic 

techniques utilized to form segmented copolymers of poly(sulfone) and poly(arylate) has been 

emphasized. Some basic properties of these copolymers were also investigated to confirm the 

structures of the synthesized polymers and to gain a basic understanding of the structure-property 

relationships inherent of these systems. The morphological character of the copolymers was also 

studied, since the mechanical and thermal behavior is directly dependent upon the morphological 

nature of the segmented macromolecules. 

A review of the pertinent literature which is discussed in the following chapter, will lay the 

foundation for the work discussed in this dissertation. The synthetic techniques employed in 

related systems will be examined. Solution and bulk reactions will be compared and contrasted. 

The relationship between the structure of the polymer and copolymer and the resulting properties 

will also be presented. The area of liquid crystalline polymers, especially aromatic thermotropic 

liquid crystalline polyesters, will be reviewed. The discussion of this area will focus on the 

synthesis and structure-property relationships and, also, on the theoretical aspects of liquid 

crystals. Since this dissertation reports research on segmented copolymers, emphasis is also 

placed on discussion of the advantages of copolymerization and microphase separation. 
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Chapter 2. Literature Review 

2.1 Introduction 

The major trend in polymer chemistry today is no longer focused on the synthesis of new 

homopolymers, which would require new monomer and/or new polymerization processes, but 

rather, on the creative modification of known polymeric systems. As knowledge of the parameters 

that determine the properties of polymers has widened, the number of modifications of 

homopolymers by the formation of block, graft and segmented copolymers as well as polymeric 

blends has greatly increased. 

A major objective of this work was to synthesize difunctionally terminated oligomeric 

species by improved procedures and to characterize the structures and reactivity. Another goal 

was to incorporate these reactive oligomers into novel isotropic-anisotropic poly(sulfone)- 

poly(arylate) segmented copolymers via melt acidolysis reactions and to establish a basic 

understanding of the structure-property relationships. Thus, this review will discuss the general 

aspects of poly(arylene ether sulfone)s and the theoretical synthetic techniques and selected 

properties of lyotropic and thermotropic LCPs. 
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Poly(arylene ether sulfone) engineering thermoplastics synthesized via a step growth 

polymerization mechanism have many interesting and desirable properties. Difunctionally 

terminated oligomeric species of these poly(sulfone) polymers were employed throughout this 

study. The synthetic schemes of this work will be described in detail later on in this chapter and 

in Chapter 3. Since both the poly(sulfone) oligomers and subsequent copolymers were 

synthesized via step-growth reactions, the following section will give a detailed discussion of step- 

growth polymerization. 

2.2 Step-Growth Polymerization 

Originally, macromolecules were defined as addition or condensation polymers by 

Carothers[1]. This may no longer be precise, but it remains the method by which polymeric 

species are commonly defined. 

Step-growth or condensation polymers were originally defined as polymers which lacked 

certain atoms or groups of atoms in the repeating unit that were initially present in the 

monomer(s). These polymers were synthesized from bi- or polyfunctional monomers that lost or 

eliminated a small molecule from the reaction. A more useful definition focusses on the kinetics 

and mechanism of the polymerization instead of the polymer structure that is formed[2]. 

Step-growth reactions have several important features[3]. The most important aspect is 

that the growth of the polymer chain occurs via a step-wise intramolecular reaction and involves 

only one type of reaction in which the monomer units can link with one another or with oligomeric 

species of any size to form polymer molecules over the course of the entire reaction. The growth 

of the polymer occurs as reactive groups, usually found on the chain ends, meet and form a link. 

These reactive groups have the same reactivity, whether they are monomeric species or long 
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chain polymer molecules. Since these reactive groups have the same reactivity, an equilibrium 

is established between the starting reactants and the polymer plus, possibly, a small molecule. 

Even though a small molecule may be released (condensation) during the reaction, it is 

not a necessity for step-growth polymerization. For example, in the synthesis of a polyurethane 

involving a diol and a diisocyanate, no small molecule is eliminated: 

HO-R-OH + OCN-R-’NCO — HO-(R-O-CO-NH-R’-)-NCO [1] 

This reaction exhibits the kinetics and many of the other characteristics of a step-growth 

polymerization. 

These features demonstrate some of the requirements to obtain high molecular weight 

macromolecules. There are several other factors which are also very important, including the use 

of highly pure monomers (greater than 99.9% pure), perfect stoichiometry between the two 

difunctional monomers, the absence of side reactions, and favorable conditions to allow the 

reaction equilibrium to be pushed toward very high conversions (Figure 1). 

This graph demonstrates this last factor very elegantly. That is, for step-growth 

polymerizations, the molecular weight increases very slowly until very high conversions are 

reached. The overall process is controlled by the extent of conversion, designated as p, with the 

molecular weight proportional to 1/1-p. Consequently, if one were to start with 1 mole of a 

monomer, it would be necessary to react at least 99% of that one mole before high molecular 

weight and adequate mechanical properties were obtained. Therefore, if the monomers were less 

that 99% pure, it would be impossible to synthesize a high molecular weight polymer. 

An example of a linear step-growth reaction is the synthesis of an ester from a carboxylic 

acid and an alcohol: 

R’-OH + R-COOH —R-CO,-R’ + H,O [2] 

The carboxylic acid and alcohol react to give an ester with the elimination of water. If two 
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Figure 1. Dependence of molecular weight on percent conversion in a step-growth 
reaction. 
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perfectly difunctional monomers were utilized, a linear long chain polymeric species would be 

formed. In fact, R and R’ could be thought of as monomeric, oligomeric, or polymeric units. 

Therefore, one could then say that all oligomers, no matter what their size, are capable of 

reacting with another suitable species (i.e., alcohol with carboxylic acid). In general, a n-mer can 

react with a m-mer to give higher molecular weight (n + m) oligomer. Consequently, the 

molecular weight of the reaction slowly increases until a variety of oligomeric species exist. The 

short chain oligomers must then react to generate high molecular weight polymer (p > 0.99). In 

this particular reaction, however, the formation of an ester leads to the evolution of water which 

must be removed to force the equilibrium towards higher conversion (higher p) and higher 

molecular weight polymer. 

The rate of polymerization for a step-growth process is dependent upon the frequency of 

group collisions. It is not dependent upon the diffusion rate of the entire chain. Thus, if the 

second functional group on a growing chain is separated from the first group, it will not be 

influenced by the first group and will have equal reactivity. Therefore, it can be assumed that the 

reactivity of growing molecules, independent of size, remains the same throughout the 

polymerization. The principle of equal reactivity has allowed step-growth polymerization reactions 

to be treated statistically[6]. The only exceptions to this rule are when sterically hindered 

reactants[4] or heterogeneous processes are utilized[5]. 

Another important principle of step-growth polymerizations that must be understood is 

Carothers equation[1]. This equation is used to determine the theoretical predictions of molecular 

weight and can be utilized to design functionally terminated oligomers of controlled molecular 

weight or for the formation of very high, but controlled molecular weight polymers. 

The equation has three assumptions, some of which were discussed earlier. First, it is 

assumed that the reactivity of all functional groups of the same type is equal and independent 
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of the size of the molecule to which it is attached, and as the polymerization approaches 

completion, the rate of polymerization decreases due to a lower concentration of reactive groups. 

Secondly, the equation assumes that the functional groups on a monomer are of equal reactivity 

(no steric hindrance) and thirdly, that the reaction is a homogeneous single phase. After making 

these assumptions, the Carothers equation can be derived[6]. This is discussed in the following 

paragraphs. 

Functionality is defined as the number of reactive positions in a monomer unit and is 

designated, F,. If there are N, moles of species i, then F,, is the average functionality or the 

number of functional groups per monomer molecule: 

3] 
p= LNA 
"YN, 

Now, if we let IN, = N, where N, is the total number of monomer units initially present, 

and we let N be the total number of unreacted monomer units and different length unreacted 

polymeric species (total number of remaining molecules) at an extent of reaction p, then (N, - N) 

is the number linkages that have been formed. Since two functional groups are needed to form 

one linkage, 2(N, - N) is the number functional groups that have reacted when the extent of 

reaction is p. Thus, p is: 

4 2, - N) (4] 
NF 

o av 

or by rearrangement: 
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5 
N = 1/2QN, - PN,F,,) MI 

Next, let us define <Xn>, the number average degree of polymerization. It is equal to the 

total number of monomer units divided by the number of remaining molecules: 

N 6) 
o <xXn> = —————_————_— 

1/2(2N, -~ PN.F,,) 

or 

; 7 
<XxXn> = ———___—__ 

12@ - pF,) 

If we assume that F,, is equal to 2.0, as is the case for a linear polymer: 

[8] 
<Xn> = —— 

Therefore, as p ~1, <Xn> — . Consequently, the extent of reaction (p) must be close to 1 in 

order to produce high molecular weight polymer. 

Let us consider a particular example. If we had an A-A/B-B system composed of a diol 

and a dicarboxylic acid to give a polyester, 

nHO-R-OH nHOOC-R’-COOH --(O-R-O-CO-R’-CO-), + 2(n - 1)H,O 

F=20+ F=2.0 [9] 

A-A B-B 
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And we let n, be equal to the number of moles of hydroxyl groups and n, is equal to the number 

of moles of carboxylic acid groups, then: 

N, + TN, NO] 

2 
If r is equal to the stoichiometric imbalance or the ratio of N, to Nz, then: 

[11] 
N,+ TN, N,(1 + nr) 

0” 2 - 2 
  

Since p is defined as the fraction of a particular functional group reacted at any instant in time, 

we can Say that the fraction of A groups is p and B is rp. Thus, the fraction of unreacted groups 

of A and B is (1 - p) and (1 - rp), respectively, and the total number of unreacted A and B groups 

is N(1 - p) and N(1 - rp), respectively, and the total number of unreacted A and B groups is N(1 - 

p) and N(1 - rp), respectively. Consequently, the total number of molecules that contain 

unreacted A and B groups is: 

  

  

  

12 
N,(i - p) + N,(1 - rp) 2] 

2 

By substituting equation [4] and [10] into [6): 

13 

2 

N,(1 - p)+N,(1 - and, <Xn> « ( pe gil - rp) 
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4 
N, +N, ; N,(1 + 7) m4) 

N, +N, - PN, - PN,  1N, + Ny - PN, - 1pN, 
  

and then, 

[15] 
<Xn> = _ Nx +) 

N,(1 + r - 2rp) 

In the limit of p —1, then: 

[16] 
<Xn> = ler 

  

Like equation [8] when p = 1, if x = 1 in equation [16] it should be possible to obtain a polymer 

of infinite molecular weight. Therefore, if r is close to unity, polymers with very high molecular 

weights can be synthesized. r can also be varied to control <Xn>. For example, if the alcohol 

was used in excess of the carboxylic acid, r will have a value that is less than one and it becomes 

possible to calculate a value of <Xn> and have hydroxyl end groups on the polymer or oligomer. 

The term <Xn> is defined as the number average degree of polymerization. It is not 

necessarily the same as the actual degree of polymerization (DP). The degree of polymerization 

is defined as the average number of repeating units per polymer molecule. In order to clarify the 

difference between <Xn> and DP, two examples will be discussed. 

For a system which is composed of one monomer, an A-B system, with two different 

functional reactive groups, both DP and <Xn> have the same value (100), 

-(-O-(CH,)5-CO-)s09 [18] 
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However, when a system has two components, an A-A monomer and B-B monomer, the DP and 

<Xn> are quite different, 

-(-O-(CH,),-O-CO-(CH,);-CO-),, [18] 

<Xn> is defined as 1.0 for each monomer. The DP in an A-A/B-B system is taken as the mean 

of the two, and if it is 50, then <Xn> is 100. Although each case has the same average number 

of repeating units per molecule, the A-A/B-B system has twice as many molecules per repeat unit 

as does the A-B system. Therefore, the average degree of polymerization, <Xn>, for the two 

monomer A-A/B-B system is twice as great as the <Xn> for the A-B system. 

An example of this would be the synthesis of [18] with a 3000 g/mole molecular weight. 

  

Then, 

DP= Molecular Wt. of oligomer 

Molecular Wt. of repeat unit 

19 
_ 3000 g/mole 9 

228 g/mole 

=13.16 

thus, 

<Xn> = 2(DP) = 26.32 

Substituting into equation 16, 
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  <xXn> = 1+7 - 26.32 
l-r 

SO 

r = 0.927 

Since hydroxyl end groups are desired for the oligomer, an excess of the diol is used. Thus, 

0.927 moles of heptanedoic acid is used for every 1.0 moles of pentanol. 

Molecular weight control can also be achieved by the addition of a monofunctional 

reagent. The calculation for this type of synthesis is, 

Ny, [21] 

where N, and N, are the moles of diol and dicarboxylic acid and 2N, is the number of moles of 

monofunctional alcohol or carboxylic acid. Twice as many moles of the monofunctional reagent 

are required to maintain the same stoichiometric imbalance (r) as one mole of the difunctional 

alcohol or carboxylic acid. 

This approach was utilized in the synthesis of functionally terminated reactive end group 

poly(sulfone) oligomers and is a major theme of this dissertation. Scheme 1 shows the reaction 

of an activated halide with a bisphenol and an endcapping reagent. This nucleophilic aromatic 

substitution reaction yields a molecular weight controlled poly(arylene ether sulfone) oligomer 

which is carboxyl terminated. The aromatic carboxyl groups are converted to carboxylates and 

are unreactive during the nucleophilic reaction. However, they can be reacted further in a melt 
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Hoc SJ-OH + HO—Ar—O-H + ci so, )—c 

m-Hydroxybenzoic acid 4,4'-Dichlorodiphenylsulfone 

145°C-150°C 
4-8 bra. DMSOYCHLOROBENZENE 3:1 
150°C-160°C K2CO3 
12 hrs. 

coepy—ok )—s0,—{ )—o- Ar —°o so,—{ po J coo"K 
n 

HCI (aq.) 

roves) 20 Lo 08D OG o0e 
n 

Ar D-H DY 

Scheme 1. Simplistic synthetic reaction scheme for the preparation of the carboxyl 
terminated poly(arylene ether sulfone) oligomers. 
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acidolysis polyesterification procedure. This is discussed later in this chapter and in chapters 3 

and 4. 

Step-growth polymerization can be viewed as a quantitative organic synthesis (>99% + 

yields) reaction. One type of step-growth polymerization which was touched upon in the previous 

paragraph, aromatic nucleophilic substitution of poly(arylene ether sulfone)s, will be described in 

greater detail in the following section along with other types of procedures for synthesizing 

poly(arylene ether sulfone)s and the general class of poly(arylene ether)s. 

2.3 Poly(Arylene Ether)s 

2.3.1 General Aspects 

Poly(arylene ether)s such as in Scheme 1 are part of a general class of polymers known 

as engineering thermoplastics. They are tough, ductile plastics, (O-AR-OR-O-AR’),, which 

possess good mechanical and thermal properties and are comprised of aryl groups linked through 

ether linkages. They can be used continuously under load bearing conditions over a wide 

temperature range, approaching temperatures near their glass transition temperature (Tg). 

Extrusion or injection molding techniques can be utilized to produce products having excellent 

thermoxidative, hydrolytic and dimensional stability. 

Aromatic moieties such as benzene, naphthalene and anthracene are known for their good 

thermal and oxidative stability. These compounds were originally found in coal as by-products 

and have now become a major component of many polymeric backbones, including poly(arylene 

ether)s. Other thermally stable groups such as -SO,-, -CO-, or -O- along with the aryl groups can 

lead to a controlled amount of flexibility or rigidity, which can lead to greater ductility and 
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processability. 

For poly(arylene ether) macromolecules, the most important linkage is the ether group, 

-O-. Consequently, the characteristics of the ether bond have become quite important. The ether 

bond has a lower rotational barrier, exclusion volume and Van der Waal's forces than the carbon- 

carbon bond. This leads to a greater backbone mobility, creating more chain coiling and 

uncoiling, which imparts greater chain flexibility. The aryl ether bond also possesses better 

hydrolytic stability compared to more polar functional groups such as esters and amides. 

By introducing these different types of functional groups, various synthetic techniques have 

evolved. Three approaches have been developed, from a mechanistic view, for the preparation 

of poly(arylene ether)s. These are oxidative coupling, nucleophilic aromatic substitution and 

electrophilic aromatic substitution. Poly(arylene ether sulfone)s are synthesized via nucleophilic 

or electrophilic aromatic substitution. These two synthetic approaches will be described in the 

following sections. 

2.3.2 Synthesis of Poly(Arylene Ether Sulfone)s 

2.3.2.1 Introduction 

The last section dealt with the ether linkage as the principal functional group between 

aromatic groups of the polymer backbone. This section reviews polymeric materials containing 

both ether and sulfone groups. In principle, poly(arylene ether sulfone)s can be synthesized by 

either polyetherification or polysulfonylation techniques. In the early 1960's, Union Carbide, 3M 

and ICI patented routes involving the synthesis of aromatic polysulfones [7,15]. 

The synthetic routes of polyetherification and polysulfonylation are shown in Scheme 2. 

In polyetherification, the sulfone group is already present in one or both of the monomers and the 
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ether linkage is formed via aromatic nucleophilic substitution in a dipolar aprotic solvent. In 

polysulfonylation, the sulfone linkage forms between ether containing monomers and proceeds 

via electrophilic aromatic substitution in the presence of a Friedel-Craft catalyst. These two 

reactions complement one another and will be described in the following two sections. 

2.3.2.2 Poly(Arylene Ether Sulfone)s via Aromatic Nucleophilic Substitution 

In 1967, Johnson et al.[7] described a synthetic pathway for a large number of high 

molecular weight poly(arylene ether sulfone)s via condensation of bisphenates with activated 

aromatic halides. An important consequence of this work was the synthesis and subsequent 

commercialization of bispenol A based poly(sulfone) known as UDEL (developed by Union 

Carbide, owned by Amoco). In this reaction, the ether bond is formed by the displacement of the 

activated halide by the phenoxide. 4,4’-dichlorodiphenyl sulfone is termed the activated halide 

due to the electron withdrawing power of the sulfone group, allowing this reaction to occur. 

Bunnett and Zahler, synthesizing similar monofunctional model compounds, proposed an 

aromatic nucleophilic substitution reaction[8]. Schulze and Baron studied the kinetics of the 

polymer reaction and found that the observed rate constant was first order in phenoxide and 

activated halide[9], while Rose et al.[10] studied the effect of substitution on the polymer forming 

and hydrolysis reaction. Based on their observations and the kinetic data established by Schulze, 

they proposed a mechanism shown in Scheme 3. 

The reaction takes place in two steps. The first step is the slow, rate determining step in 

which an activated complex is formed. This accounts for the overall second order of the reaction. 

The sulfone group plays an important role in activating[11] the halide and forming the stabilized 

complex[12]. Aromatic halides that do not contain a powerful electron withdrawing group, such 

as a sulfone, are unreactive. Thus, these latter reactions are unsuitable for the synthesis of high 
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molecular weight polymer unless a catalyst is used. The order of reactivities of the halide in an 

activated system has been shown to be F > Cl > > Br, | and p- > o- > >m- [10,13]. In fact, in the 

synthesis of poly(arylene ether ketone)s by this route, fluorine is utilized as the leaving group 

instead of chlorine [14] due to the poorer electron withdrawing power of the ketone carbonyl 

group. Even though the ortho position is activated by the sulfone group, it is sterically hindered 

due to the bulkiness of the sulfone and therefore, is less reactive (Scheme 4). Thus, the para 

position becomes the predominate location of attack by the phenate derived from the bisphenol. 

The type of solvent which is used is another important parameter of this reaction. The 

solvent must withstand the high temperature (150 - 200 °C) employed during the course of the 

reaction and be able to dissolve both the reacting monomers and polymer formed from the 

monomers. Typically, dipolar aprotic solvents such as dimethyl sulfoxide (DMSO)[7] with NaOH 

as a base or dimethyl acetamide (DMAC)/K,CO,[15] are utilized. They can stabilize the reaction 

intermediates as well as solvate the resulting polymeric materials. 

The DMSO solvent/aqueous alkali hydroxide base systems worked well for the bisphenol- 

A based poly(sulfone)s, but were not suitable for other bisphenol based systems due to the 

insolubility of the bisphenolate and/or the polymer. N-methyl-2-pyrrolidinone (NMP), DMAC or 

cyclohexylpyrrolidone (CHP) have been found to be suitable solvents not only for bisphenol-A 

based systems, but other bisphenols such as biphenol and hydroquinone[16,17], when K,CO, is 

used as a base. When NMP or CHP and K,CO, are employed as solvent and base, respectively, 

the phenates of the bisphenols are formed in situ at elevated temperatures, leading to the 

formation of the by-products, carbon dioxide and water. Typically, an azeotroping agent such as 

chlorobenzene or toluene is utilized to remove the water from the reaction, preventing undesirable 

hydrolysis of the activated aryl halide. 
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2.3.2.3 Poly(Arylene Ether Sulfone)s via Aromatic Electrophilic Substitution 

Sulfonyiation with sulphonylchlorides under Friedel-Craft conditions has been known to 

give high yields of monomeric sulfones[18]. During the past twenty five years, the procedures 

for the preparation of high molecular weight polymers have been developed by this method 

(Scheme 2)[19,20]. 

The first process involves the condensation of diphenyl ether with 4,4’- diphenyl- 

etherdisulfonic acid in an ortho- chlorobenzene/carbon tetrachloride solvent mixture to form short 

chain oligomers. The oligomers were then dehydrated by heating under reduced pressure over 

phosphorous pentoxide and then polymerized in polyphosphoric acid at 240 °C for four to eight 

hours[1 9]. 

In the second synthetic procedure, diphenylether was reacted with 4,4’ -dichlorodisulfony! 

diphenyl ether in a nitrobenzene solution with a stoichiometric amount of AICI,. This procedure 

produced a branched or even crosslinked polymer[20]. 

The self-condensation of p-phenoxybenzenesulfonyl chloride was performed by Cudbyi2" 1 

and found to need only a catalytic amount of ferric chloride in the absence of solvent at elevated 

temperatures (~ 150 °C). This led to a high molecular weight polymer with less catalytic 

contamination and branching or crosslinking than the previous synthetic procedures. 

Cudby(21 {along with Rose[10] have also investigated the effect of monomer structure on 

the structure of the polymers synthesized from them. Polymers synthesized from the self- 

condensation of a single monomer (A-B type), such as p-phenoxybenzenesulfonylchloride, form 

para linked polymeric chains with little branching while two monomer (A-A/B-B type) synthetic 

routes produce a mixture of both ortho and para linked chains with a higher degree of branching. 

The mechanism of sulfonylation is similar to aromatic nucleophilic substitution in a sense that an 

intermediate complex is formed which is the slow, rate determining step (Scheme 5). 
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Table 1. Mechanical properties of plastics, engineering thermoplastics and steel [267] 

Tensile Strength Elongation Flexural Modulus 

  

Material (psi)! 1) at Break (%) = (psi) x 10°79 

Poly(styrene) 5,200 - 7,500 1-3 380 - 490 

Poly(ethylene) 3,200 - 4,500 10 - 1,200 145 - 225 

Poly(carbonate) 9,500 110 340 

Poly(amide-imide) 17,000 - 27,000 12 - 15 520 - 665 

Steel 210,000 - 710,000 0.1 j= =  —— essee- 

  

(1) Pounds per square inch (psi) values can be converted to megapascals 

(MP) by multiplying by 6.89 x 10°3 
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Table 2. Mechanical properties of commercial poly(sulfone)s [273] 

Tensile Strength Elongation Flexural Modulus 

  

Poly(sulfone) (psi)(") at Break (%) (psi) x 10°3 

Udel P1700 10200 75 390 

Radel R5000 10400 60 330 

Victrex 12200 40 377 

PES 4100G 

Radel A400 12000 40 399 

  

(1) Pounds per square inch (psi) values can be converted to megapascals 

(MP) by multiplying by 6.89 x 10°3 
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The choice of catalyst for the electrophilic aromatic substitution reaction is dependent upon 

the monomers. The best results, high molecular weight polymer with little crosslinking, are 

obtained with catalytic amounts of FeCl,, SbCl, and IrCl,[10)]. 

The choice of solvent for this reaction is limited. Solvents such as chlorinated biphenyls 

and nitrobenzenes are the most effective in eliminating the by-product of the reaction, hydrogen 

chloride, which can cause foaming[22] during melt condensations, or possibly, in solvent systems. 

The solvent also controls reaction temperature and improves heat dissipation. 

2.3.2.4 Properties of Poly(Arylene Ether Sulfone)s 

As briefly discusses earlier, poly(arylene ether sulfone)s are part of a general class of 

polymers known as engineering thermoplastics. Thermoplastics, in general, are polymeric 

materials which are thermally stable above their glass transition temperature or melting transition. 

They can be melted or dissolved and shaped into various products and then remelted or 

redissolved and processed again. Engineering thermoplastics are tough, ductile macromolecules 

which possess good mechanical properties that are quite often better than steel, or other metals, 

on a weight basis (Table 1). Often times, engineering thermoplastics have properties, such as 

fatigue and chemical resistance, that exceed those of metals[23]. They have become very 

attractive materials due to their light weight, excellent properties and lower cost in manufacturing. 

Poly(arylene ether sulfone) engineering thermoplastics have become commercially viable 

materials due to their ease of synthesis, moldability and many useful properties (Table 2). The 

major commercial poly(sulfone) is based on bisphenol A, has the trade name UDEL, and is 

marketed by Amoco. Several other commercially available poly(sulfone)s are shown in Figure 

2. The have good mechanical properties, possess high thermoxidative resistance and are tough 

and ductile, exhibiting good impact and creep resistance over a broad temperature range (- 150 
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°C to 170 °C). Other, more fully aromatic poly(sulfone)s based on more rigid bisphenols such as 

biphenol, hydroquinone and others[24,25] have Tg's greater than 200 °C and, therefore, have 

upper use temperatures of 200 °C or higher. The low use temperature of poly(sulfone)s and their 

toughness is attributed to a strong beta relaxation transition at -100°C. A beta transition is a 

secondary relaxation transition which involves the motion of a small segment of the polymer chain 

in contrast to the glass transition which invoives the onset of motion of the entire chain. For 

poly(sulfone)s, the beta transition is caused by the motion of the aromatic ether rings and sulfone 

groups as well as molecular motions of water bound to the sulfone groups[26-28]. 

Poly(sulfone)s are generally resistant to most aqueous acids and bases, and have 

excellent hydrolytic stability[29] but, are quite soluble in chlorinated solvents such as chloroform 

or chlorobenzene, dipolar aprotic solvents (DMSO, NMP, DMAC, DMF) and some ketones. 

With the exception of several recent reports[24,25], poly(arylene ether sulfone)s are 

amorphous polymers with a single glass transition temperature of 185-250 °C. Hence, 

poly(sulfone)s only require moderate molding temperatures and can be processed by conventional 

thermoplastic processes such as extruding, injection and blow molding, thermoforming and by 

electroplating and machining[30]. 

As discussed earlier, poly(sulfone)s have excellent hydrolytic stability and good hot, wet 

properties. Consequently, they are used in environments with prolonged and repeated exposure 

to steam and hot water such as medical, food service and microwave cookware. Poly(sulfone)s 

are also used in electrical and electronic applications as injection-molded printed circuit boards 

and connectors, and are utilized as membrane supports for reverse osmosis, ultra-filtration and 

gas separation(31]. 
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Figure 2. Commercial poly(sulfone)s: Udel and Radel R, Amoco Performance 

Products; Victrex, ICI Americas. 
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2.4 Liquid Crystalline Polymers 

2.4.1 Introduction: General Aspects 

Low molecular weight liquid crystalline compounds have been known for about a 

century[32], but liquid crystalline polymers (LCPs) have attained prominence only during the past 

30 years and commercialization during the last 20 years. These polymers, which exhibit a degree 

of molecular order in solution (lyotropic) or in the melt (thermotropic) that is intermediate between 

a solid crystal and an isotropic liquid, are known as mesomorphic, mesophasic or liquid 

crystalline[33,34]. Examples of a lyotropic, poly(aramid) and a thermotropic poly(arylate)s are 

given in Figure 3. 

The structural feature which imparts liquid crystallinity to a low molecular weight compound 

or polymer is a sequence of either rigid rod segments with a high axial ratio[35] or thin platelets 

with biaxial order[36]. These rigid mesogenic groups are composed of aromatic rings connected 

via different central linkages (-CH=N-, -CO,-, or -CONH-). The majority of mesogenic compounds 

have aromatic nuclei that are polarizable, planar and rigid. In discotic mesogens, the disks are 

stacked periodically on top of one another forming cylindrical columns in a hexagonal array. 

Consequently, the structure has translational order in two dimensions (biaxial). These structures 

are illustrated in Figure 5 for low molecular weight compounds. For polymers, these structures 

can be present in either the backbone, main chain LCP, or as pendant groups along the 

backbone of the polymer, side chain LCP (Figure 4). 

Several different textures, types or structures of super molecular ordering (nematic, 

cholesteric, or smectic) can occur depending upon the specific molecular structure of the LCP or 

low molecular weight analogue. In typical nematic liquid crystals, the only structural restriction 

is that the long axis of the molecule must maintain a parallel or nearly parallel arrangement over 

macroscopic distances with the direction of the alignment axis being arbitrary in space. 
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Figure 3. Early LCP aromatic poly(arylate)s and a poly(aramid): (1) poly(p-phenylene 
terephthalamide); (2) poly(p-phenylene terephthalate); (3) poly(oxybenzoate). 
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Figure 4. Polymers with either main chain or side chain mesogenic units. 
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Therefore, nematic liquid crystals are characterized by one-dimensional orientation[37]. Nematic 

liquid crystals also have an infinite-fold symmetry axis, but the orientational order of the individual 

molecules along this axis is not perfect. Thus, there exists a distribution of orientational order 

over the angles with the respect to the principal direction or director. The degree of ordering[38] 

is determined by the ordering parameter, S, 

S = 1/2(3 < cos*6 - 1 >) 

where 6 denotes the angle between a molecules’ long axis and the symmetry axis. 

Experimentally, S has been found to be approximately 0.4 at the nematic - isotropic point and 

about 0.6 in the nematic liquid crystalline state[39]. 

Cholesteric liquid crystals also have one-dimensional order. They are formed by some 

optically active compounds, or mixtures of such compounds, or by blending optically active 

compounds with known nematic liquid crystals. They are miscible with nematic liquid crystals and 

have local nematic packing. However, unlike nematic liquid crystals, the director is not fixed[37]. 

Instead, it rotates in space about an axis perpendicular to itself giving cholesteric compounds a 

helical or twisted structure. The distance for a 360° turn of the director, known as the "pitch", can 

be of the order of a wavelength of light. 

Low order smectics (A and C) have two-dimensional ordering. Higher order smectics (B, 

D, E, F, G, H, !) have three-dimensional crystal-like ordering[40]. However, smectics can also be 

differentiated by the order within their layers. In orthogonal smectics (A, B and E phases), the 

molecules are perpendicular to the layers, while in tilted smectics, the molecules are tilted at 

different angles (C, F, G, H and | phases). A schematic representation of the general classes of 

liquid crystals is shown in Figure 5. 

A result of the formation of liquid crystalline domains is the development of a birefringent 
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solution or melt which can be seen in a polarizing microscope under cross polarizers as a bright, 

often colored morphology or texture. Nematic LCs, derived from the Greek word for thread, 

display a thread-like texture, while smectic LCs, from the Greek word for soap, have a soap-like 

texture. Cholesteryl derivatives, molecules which contain a chiral center, were first discovered 

to have a twisted, helical structure. Thus, compounds with this texture are known as 

cholesteric. 

The most common liquid crystalline polymers have nematic textures. This is due to the 

fact that nematic liquid crystals need to only possess one-dimensional order. This can be 

obtained by aligning the rodlike portions of the polymer chains. Smectic liquid crystals require 

that the ends of the mesogenic segments must also be aligned. This necessitates that the 

lengths of the mesogenic segments of the polymer chains be of equal length. This does not 

occur very often for main chain LCPs, but has been observed quite often for side chain LCPs[41]. 

Cholesteric or twisted nematic LCPs have also been observed[42]. They are not as common as 

simple nematic LCPs since they require a chiral center in the polymer backbone. 

Flexible spacers have been utilized extensively to separate mesogenic groups in the main 

chain or side chain of liquid crystalline polymers. When spacers are placed in the main chain, 

the flexibility of the backbone is increased dramatically, lowering the polymer’s transition 

temperatures and improving solubility in comparison to rigid rod polymers of comparable 

composition[43]. Main chain LCP rigid rod polymers may also be modified in other ways to 

improve their processability, including the use of substituents, frustrated chain packing by 

copolymerizing mesogenic units of different shapes, copolymerizing non-linear, non-mesogenic 

groups, or introducing rigid spacers[44,45]. These methods are described in greater detail in the 

section on thermotropic liquid crystalline aromatic poly(ester)s or poly(arylate)s (section 2.4.4.3). 

Side chain LCPs usually contain a flexible spacer linking the pendant mesogenic group 

to the main chain of the polymer. The spacer concept was first studied by Finkelmann et al. in 
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1978[46,47]. The spacer serves to decouple the motions of the polymer backbone from the 

attached mesogenic groups and to dissociate the disorder of the isotropic main chain from the 

greater order of the anisotropic mesogenic moiety[48]. The most often used spacer groups are 

short chain oligomers of poly(methylene), poly(ethylene oxide) or poly(siloxane) [49,50]. 

The polymer main chains commonly used for side chain LCPs are poly(methacrylate)s, 

poly(arylate)s, poly(siloxane)s, aliphatic poly(ester)s and poly(ether)s, and poly(vinyl ether)s[51]. 

A few examples of side chain LCPs use rigid aromatic backbones such as poly(2,6-dimethyl-1 ,4- 

phenylene ether)[49]. 

The rodlike mesogenic moieties of side chain LCPs are composed of aromatic nuclei (or 

cycloaliphatic rings) linked together by atoms or functional groups in a rigid, linear array (para 

positions). Directly linked aromatic rings, such as biphenyl and terphenyl units[52], have also 

been used. 

Figure 6 shows six different types of side chain liquid crystalline polymers[53]. The most 

general class (A - D) are composed of mesogenic groups linked to the main chain, where the 

main chain is flexible (A -C) or rigid (D). For type D, mesogenic groups are located in both the 

side chain and the main chain of the polymer. The ratio of mesogenic groups per repeat unit can 

be equal to one (type D), greater than one (type B) or less than one (type C). The mesogenic 

segments can also be linked laterally to the main chain (type E), or the mesogenic groups can 

be disc shaped (type F). 

The different types of liquid crystalline side chain LCPs are obtained by the 

homopolymerization of monomers containing mesogenic segments or by attaching low molecular 

weight mesogens to the prepolymerized polymer chain via substitution or addition (e.g. 

hydrosilyation) reactions. 
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Figure 6. Several possibilities (types A-F) for the attachment of mesogenic groups to 
the polymer chains. 
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2.4.2 Theory 

Two molecules cannot occupy the same space at the same time. Thus, there is a limit 

to the number of rodlike chains that can be placed in a random arrangement in solution or in the 

melt. When the limiting concentration is exceeded, a crystalline or liquid crystalline phase forms, 

usually in two steps [54, 55]. In the first step, ordering of the chains into a parallel alignment 

arises due to more efficient packing of the chains in the parallel state. The first step is similar for 

both crystalline and liquid crystalline phase formation. In the second step, crystalline or liquid 

crystalline and isotropic phases separate. 

In the separated liquid crystalline phase, the molecules align themselves to accommodate 

the higher concentration of polymer chains. As the concentration increases further, the amount 

of ordered phase increases and the random or isotropic phase decreases. An early 

semiquantitative theory described this phase-separation phenomenon[55]. This complicated 

theory was only accurate at very low concentrations. 

Flory's lattice theory for phase-separation phenomenon, however, has been found to be 

applicable for quantitative treatments of solutions or melts of rodlike chains at any 

concentration[56-58]. Flory applied the lattice model for polymer solutions to a system composed 

of non-interacting, impenetrable, rodiike solute particles and inert, spherical solvent molecules. 

The solute particles were assumed to occupy a continuous linear set of lattice sites, whereas the 

solvent molecules occupied single lattice sites. Thus, in dilute solutions, the rodlike particles can 

adopt random orientations. However, as the concentration of rodlike particles increases, the 

particles can no longer randomly orient themselves and above a limiting concentration, the 

solution will separate into two phases, a dilute phase having randomly oriented isotropic 
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arrangements of solute particles, and an anisotropic concentrated phase of rodlike solute 

particles. Therefore, at a concentration of v*, the critical volume fraction of polymer, athermal 

solutions of hard rods with an axial ratio, x, form a metastable state when, 

V* ~ (8/x)[1 - (2/x)] ~ 8/x for large x 

This expression is accurate within 2% when x > 10 and is used to determine the volume fraction 

where a stable anisotropic phase appears. 

The biphasic compositional variations with changes in the axial ratio (x) is shown in Figure 

7. As can be seen from this graph the differences between the compositions of the isotropic and 

anisotropic phases is small and converges at x = 6.42. This is the calculated minimum value that 

x can have for formation of a stable nematic melt of hard rigid rods. 

Theory predicts that V, and vs, the volume concentrations of polymer in the isotropic and 

anisotropic phases, respectively, are at equilibrium in monodisperse systems. In real systems, 

polydispersity and polymer-solvent interactions can change the axial ratio or modify chain 

stiffness. However, despite these problems, theory fits well with experimental results. For 

example, values of ve as a function of x for poly(aramid)s, poly(p-phenylene terephthalamide), 

are approximately equal to theoretical values[56-58]. Another example are polymers that owe 

their rigidity to helix formation, PBLG and shear degraded deoxyribonucleic acid (DNA). These 

polymers are more nearly rodlike and are in even better agreement with theory. However, 
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poly(-n-alkylisocyanate)s are, generally, more flexible than poly(aramid)s or PBLG and 

experimental values are twice those calculated from theory[58]. 

As discussed earlier, anisotropic phases should only be able to tolerate a very small 

concentration of flexible-coil molecules, while isotropic phases can endure a larger concentration 

of rodlike molecules. For a_poly(isocyanate)-poly(styrene)-tetrachioroethane system[59]j, 

poly(styrene) does not occur in detectable quantities in the nematic phase. This experimentally 

confirms the consequences of the lattice treatment method. That is, in rejecting the random-coil 

polymer (polystyrene), the liquid crystalline phase shows one of the most important features of 

a crystalline material (i.e., rejection of a foreign material). Therefore, the term liquid crystal is 

valid([58]. Several other systems have been shown to display the same properties[60,61]. 

Even though rodlike rigidity in polymers is considered a necessity for LC phase formation, 

complete rodlike character is not necessarily a requirement. Most rodlike polymers are not truly, 

completely rodlike. Poly(aramid)s, which experimentally fit Flory’s theory for rods, depart from 

linearity as the degree of polymerization (DP) increases and as DP —<, can be considered quite 

flexible. At low [n] for poly(aramid)s, the value of a in the Mark-Houwink relationship, [nj] = KM’, 

is in the range of 1.3 to 1.8, close to that expected for rodlike molecules(2). But, at very high 

molecular weights, M, the value of a approaches 0.67[62]. Consequently, as flexibility of the 

chain increases, higher concentrations of the polymer chains in solution are required to attain 

critical vx for phase separation. For example, cellulose derivatives show a range of vx of 0.25 

to 0.39, depending on the type of solvent and the molecular weight. This is much higher than for 

stiffer poly(aramid)s of comparable molecular weight([63]. 

The most favorable condition for the formation of a liquid crystalline phase is in the melt. 

Three aromatic rings with connecting linkages gives an axial ratio of about 6.42 and should be 

sufficient to produce liquid crystallinity. Since longer, higher molecular weight chains can be 
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constructed of alternating rigid and flexible units, liquid crystallinity in such systems should be 

expected if the rigid segments have x > 6.42. Such systems have been reported (Figure 8) 

[64,65]. These systems melt at much lower temperatures than more rigid aromatic thermotropic 

poly(ester)s and exhibit both a melting transition and a nematic-isotropic transition. In the case 

of Figure 8(1), the nematic-isotropic transition (n —i) decreases from 300 °C for y = 6 to 190 °C 

fory = 12. This structure is analogous to a mixture of random coils, methylene spacers, and rigid 

rods, poly(ester) segments, interconnected in the same molecule. From theory, there should be 

a tendency to exclude the flexible units from the liquid crystalline phase. This heterogeneity due 

to phase separation is observed in copolymers of p-hydroxybenzoic acid (POB) and poly(ethylene 

terephthalate) (PET)[66]. The flexible segments may also act as a solvent for the rigid segments 

corresponding to a single-phase lyotropic solution. Thus, a significant increase in the number of 

entanglements due to the random-coil nature of the spacer units should lead to lower tensile 

properties. This is observed in fibers of PET-POB copolymers and indicates that the POB units 

have a greater difficulty in orienting because of intertwining with the flexible PET units, even 

though the uniaxially oriented fibers are obtained via a small cross section. In thicker moldings, 

this condition is enhanced and there is greater difference between skin and core orientation due 

to a higher degree of orientation at the surface[67,68]. 

Other factors such as polymer-polymer and polymer-solvent interactions play an important 

role in determining the stability of liquid crystalline phases in some types of polymers. Most rigid 

polymers that form lyotropic liquid crystalline phases, require some polymer-solvent interactions 

to exceed the critical concentration and ensure LC phase formation. Those interactions are 

measured by x, the polymer-solvent interaction parameter. At very small positive values of 7, LC 

phases have been observed for rigid poly(aramid)s and PBLG[56,58]. 
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Figure 8. Structural representations: (1) main chain LCP poly(ester) with flexible spacers; 
and (2) poly(y-benzyl L-glutamate) (PBLG) 
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Linking groups in polymer chains with polarizabilities higher along their bond axes than 

perpendicular to their axis can contribute to the stability of the LC state through orientation- 

dependent interactions. These groups include p-phenylene, -N=N-, -C= C- and -C= N. The 

effect of these interactions is to lower the critical axial ratio needed for LC phase separation. This 

plays an important role in semiflexible, long-chain polymers in the melt state[69]. 

2.4.3 Lyotropic Liquid Crystalline Polymers. 

2.4.3.1 Introduction 

When polymers are in the liquid crystalline state, the anisotropy may be maintained in the 

solid state leading to the formation of polymers with great tensile strength and modulus in the 

direction of orientation. An example of this polymer property is the formation of high tenacity 

fibers of Keviar® (Figure 3), spun from a shear oriented liquid crystalline solution. This type of 

material is an example of a lyotropic rigid rod liquid crystalline polymer. 

The discovery of supermolecular ordering by polymers was first observed in a solvent and 

was first reported in 1950 for a naturally occurring poly(peptide), poly(y-benzyl-L-glutamate) 

(PBLG), in the course of evaporating a chloroform solution[70]. The structure of PBLG is shown 

in Figure 8. In studies on PBLG solutions in chloroform, methylene chloride, dioxane and m- 

cresol, the critical concentration point for the formation of birefringent anisotropic phase was 

observed. It was also observed that the PBLG macromolecule, which contains a chiral center, 

had a a-helical conformation as a result of intramolecular hydrogen bonding and association of 

the solvent with substituents. These helices were aligned nearly parallel into nematic domains. 

Thus, the anisotropic phase was concluded to be cholesteric. 

However, solution-spun fibers of PBLG in this state did not show exceptional mechanical 
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properties[71]. It was not until fibers spun from the LC state of aromatic poly(amide)s or 

poly(aramid)s, that the potential for extremely good properties was recognized[72]. Since the time 

when these polymers were first discovered, a great variety of synthetically prepared rigid rod 

macromolecules with outstanding mechanical properties have been investigated. The major 

classes of main chain lyotropic LCPs are shown in Figure 9. 

Some of these polymers have found industrial applications[73,74] because of their ability 

to yield fibers with high strength, high modulus and remarkably low thermal expansion 

coefficients. Each of these lyotropic liquid crystalline classes of polymers are discussed in the 

following sections. 

2.4.3.2 Poly(Aramid)s 

The para-linked all aromatic poly(amide)s are a class of polymers with rodlike structure 

that form lyotropic solutions. They were first discovered by scientist at Dupont[75-79]. These 

polymers are usualy prepared by condensation polymerization of an aromatic diacyl dihalide with 

and aromatic diamine in solution, and yield liquid crystalline solutions due to their inherently rigid 

extended chain. The extended chain is brought about by aromatic units with coaxial or parallel 

and oppositely extended bonds combined with partial double bond character of the carbon- 

nitrogen bond in a predominately transamide linkage. A variety of poly(aramid)s[75-83] form 

lyotropic liquid crystalline solutions in aggressive solvents such as fuming or concentrated sulfuric 

acid, halosulfonic acids, and amide solvents, including dimethylacetamide (DMAC), N- 

methylpyrrolidinone (NMP) and tetramethylurea that contain calcium or lithium halide salts. The 

critical concentration at which lyotropic behavior is established depends on the polymer structure 

(extended chain and trans configuration of the amide group), the molecular weight and axial ratio, 

the type of solvent and solvent-polymer interactions, and the temperature, which affects the 
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solubility of the polymer and the liquid crystalline range. For most poly(aramid)s, the effective 

concentration range is between 10 and 30 weight percent of polymer in the solvent at room 

temperature. 

A method to determine the critical concentration is through plots of low shear viscosity 

versus concentration. For poly(aramid)s, as well as most other lyotropic solutions, a sharp peak 

is seen in the viscosity at a particular concentration (Figure 10). Optical microscope observations 

of solutions of poly(aramid)s have not shown the observance of an anisotropic phase before the 

viscosity peak, except for a few cases [84,85]. Generally, anisotropic solutions of poly(aramid)s 

have exhibited a nematic phase in the microscope, although several systems have shown 

cholesteric order[86]. 

2.4.3.3 Poly(Oxamide)s and Poly(Hydrazide)s 

Poly(amide)s based on oxalic acid and aromatic diamines, (poly(oxamide)s), or hydrazine 

and aromatic dicarboxylic acids, (poly(hydrazide)s), have two amide groups linked through 

carbonyl or imino units. These polymers contain a high proportion of aromatic units with coaxial 

or parallel and oppositely extended bonds. These chains are highly extended and form liquid 

crystalline solutions when the aromatic residues have lateral substituents. The substituents play 

a key role by decreasing crystallinity of the polymer and, thus, increasing solubility so that higher 

concentrations can be achieved at room temperature. For example, poly(oxamide)s prepared 

from 2,2'-dimethyl-4,4’diaminobiphenyl and chloro-1,4-phenylene diamine, form liquid crystalline 

solutions at 15-20 wt% solids above 50 °C in fluorosulfonic or chlorosulfonic acids[87]. 

Poly(hydrazide)s synthesized from oxalic, terephthalic and chloroterephthalic acids are soluble 

in a variety of polar solvents and strong acids and display anisotropy in many strong acids such 

as 100% sulfuric acid and fluorosulfonic acids[88,89]. 
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Mixed functionality amide-hydrazide polymer systems have been extensively studied[90- 

93], and have shown liquid crystallinity in 101.1% sulfuric acid or a 1:1 mixture of fluorosulfonic 

acid and sulfuric acid. The poly(amide-hydrazide) prepared from 4-aminobenzhydrazide and 

terephthalic acid[90,91] gives high modulus, high tenacity fibers by dry-jet wet spinning an 

isotropic solution in an amide-salt solvent followed by drawing. 

2.4.3.4 Poly(Azomethine)s 

Aromatic poly(azomethine)s linked in the para position form complexes of deeply colored 

lyotropic solutions in concentrated sulfuric acid and methane sulfonic acid[94-98]. A nematic 

phase has been observed in sulfuric acid for the polymer synthesized from methyl-1,4- 

phenylenediamine and terephthaldehyde at molecular weights (M,) from 1500 to 7000 [96]. 

However, poly(azomethine) polymers have poor stability in concentrated sulfuric acid and cannot 

be regenerated as cohesive fibers by wet-spinning into aqueous baths[94)]. 

2.4.3.5 Heteroaromatic Mesogen-Containing Polymers 

This broad class of polymers includes condensation polymers synthesized from aromatic 

diphenyl esters and aromatic tetramines, poly(benzimidazole)s (PBI) [99-104], aromatic 

dicarboxylic acids and bis-orthoaminophenols, poly(benzoxazole)s (PBO) [105-115], and aromatic 

dicarboxylic acids and bis-orthoaminothiophenols, poly(benzothiazole)s (PBT) [105-115]. The 

polymerization is believed to proceed via a nucleophilic substitution reaction. For example, in the 

first stage in the synthesis of poly(benzimidazole), an amine-amide forms with the loss of phenol 

which then cyclizes with the loss of water to form the benzimidazole ring. The reaction is carried 

out in the melt at 250 °C, then at 350 to 400 °C, or in solution at much lower temperatures (less 

than 200 °C) using polar solvents such as diphenyl sulfone or polyphosphoric acid[100]. The use 
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of such solvents and less harsh reaction conditions, decreases oxidative degradation of the amine 

monomers and decarboxylation of the carboxylic acid monomers. Thus, proper stoichiometric 

balance can be maintained throughout the course of the reaction and, consequently, polymers 

of much higher molecular weights can be obtained. For example, Arnold et al., have synthesized 

poly(benzoxazole)s with intrinsic viscosity values greater than 30 dil/g [113]. 

These rodlike LCPs are capable of forming lytropic solutions in strong acids such as 

sulfuric and polyphosphoric acid. Fibers can be spun from these lyotropic solutions having high 

modulus, high tensile strength and excellent thermoxidative stability. Modulus values of 50-60 

MSI, with tensile strength of 500 KSI have been obtained on fibers after heat treatment(1 13]. 

2.4.3.6 Poly(Isocyanide)s 

Poly(isocyanide)s are synthesized by the catalytic polymerization of monomeric 

isocyanides[116]. Lyotropic solutions, with a helical structure, of several poly(isocyanide)s have 

been reported including poly(a-phenylethyl isocyanide) and poly(6-phenylethyl isocyanide) 

[117,118]. They have a Mark-Houwink constant (a) of 1.3 which indicates that a rodlike liquid 

crystalline structure exists[118]. 

2.4.3.7 Poly(Isocyanate)s 

These polymers are also characterized by a rigid rod chain extended structure and have 

been synthesized with a variety of pendant substituents. For example, poly(n-butyl isocyanate) 

has been shown, through hydrodynamic studies, to have a rodlike structure[119], but is not 

soluble enough to form lyotropic solutions. Lower substituents (C, to C,,) or arylalkyl groups on 

the polymer chain of homo or copolymers, enhance solubility without disrupting the rigidity of the 

main chain or reducing the axial ratio[120]. Solvents for lyotropic systems include chloroform, 
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tetrachloroethane, and toluene. 

As briefly discussed earlier, the appearance of an anisotropic phase in the polarizing 

microscope may not always occur at the viscosity peak of the viscosity vs. polymer concentration 

plot. For poly(n-hexyl isocyanate), anisotropy is first observed as a shoulder on the low 

concentration side of the plot(121] (Figure 11). 

2.4.3.8 Cellulose and Cellulose Derivatives 

Cellulose and a variety of its derivatives, constitute a large class of lyotropic main chain 

polymers which have a rodlike structure with some chain flexibility[122-127]. Lyotropic solutions 

of cellulose and its derivatives at rest display a cholesteric texture and usually appear pearlescent 

with marked coloration. The onset of lyotropic behavior is strongly affected by the temperature, 

the molecular weight and degree of substitution of the cellulose derivative. Depending on these 

factors, the type of solvent can vary from strong acids to strong bases or highly polar to nonpolar 

liquids. 

These solutions exhibit the typical peak in the viscosity vs. concentration plot, but the 

range of concentrations at which anisotropy begins is generally much higher[122,125,126] (18-60 

wt%) than required for aromatic poly(amide)s (3-10 wt%). The difference is due to the greater 

chain flexibility that cellulose and its derivatives have compared to rigid rod poly(aramid)s. 

2.4.3.9 Aromatic Poly(Ester)s or Poly(Arylate)s 

When these polymers are constructed of fully aromatic units, they have poor solubility. 

even in very aggressive solvents such as strong acids and phenolic derivatives and, therefore, 

are generally unable to form anisotropic solutions. Copolyesters based on various compositions 

of trans-1 ,4-cyclohexyleneoxy, trans-1 ,4-cyclohexylenecarbonyl and terephthaloxyl units can form 
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nematic phases in o-cholorophenol solutions[128,129]. 

2.4.4 Thermotropic Liquid Crystalline Polymers 

2.4.4.1 Introduction 

According to Flory's lattice theory, an axial ratio of 6.42 is required for a polymer chain to 

be stiff enough to form a liquid crystalline melt. However, the molecular weight must be high 

enough to achieve good mechanical properties. Chain stiffness and high molecular weight lead 

to a polymer with a high melting transition, Tm. Poly(oxybenzoate), for example, does not melt 

but decomposes above 500°C (Figure 3) [155]. The measure of the stiffness or ‘straightness’ of 

a chain is known as the persistence length and is equal to the vector sum of the projections of 

the (n + i)th segments where i = o to « of the nth segment, chosen at random, of a very long 

chain. The more rodlike a chain is, the more the (n + i)th bond remembers the direction of the 

nth bond. The persistence length can be calculated from chain conformation information or 

derived from polymer solution properties[131]. Values for several rodlike chains are shown in 

Table 3. 

As seen from the persistence length data of Table 3, aromatic poly(ester)s are likely 

candidates for thermotropic LCPs if the melting point can be depressed without greatly affecting 

chain stiffness. In fact, the major contributions in the area of thermotropic main chain LCPs have 

been made in the study of aromatic poly(ester)s with linear disubstituted arylene groups. This 

has led to the commercialization of several aromatic poly(ester) LCPs with excellent thermal and 

mechanical properties (Figure 12). 

Thus, the breadth and scope of this discussion will be limited to main chain all-aromatic 

poly(ester)s or poly(arylate)s, with the exception of poly(ethylene terephthalate), since they have 

the highest overall properties of the thermotropic LCPs. These properties include superior 
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strength and stiffness in plastics and fibers, and superior thermoxidative stability. These all- 

aromatic LCPs, exclude LCPs with flexible spacers or cycloalkylene groups in the polymer 

backbone, but include LCPs with aliphatic substituents on the aromatic rings of the backbone. 

Emphasis is given to the synthesis and the effects of composition on the thermal and mechanical 

properties of LCPs. 

2.4.4.2 Synthesis of Poly(Arylate)s 

The synthesis of poly(arylate)s can be carried out by either melt (bulk) or low-temperature, 

solution or interfacial polycondensation processes using either an ester interchange reaction or 

direct esterification (Scheme 6). 

As mentioned earlier, aromatic poly(ester)s have poor solubility due to crystallinity even 

in very aggressive solvents such as strong acids and, therefore, it is generally not feasible to 

synthesize high molecular weight poly(arylate)s by solution or interfacial techniques. These 

processes have, however, been utilized to synthesize liquid crystalline poly(ester)s with flexible 

spacers[132-134]. Another problem associated with solution or interfacial techniques, is that the 

polymer must be separated from the solvent at the end of the reaction, with subsequent solvent 

disposal or recycling, adding additional cost to the process. Thus, a bulk or melt procedure is 

both synthetically and cost effective. 

A bulk process is also favorable because of its simplistic nature, since it involves only the 

reactants and whatever catalyst, if any, which is required. Thus, there is less chance for 

contamination of the polymer. The bulk process is well suited for step-growth polymerizations 

because high molecular weight is only obtained in the very last stages of the reaction. This 

means that the viscosity is low throughout the course of the reaction and mixing of the reactants 

is not overly difficult. Thermal control is also easy, since the typical step-growth reaction has both 
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Table 3. Persistence length (nm) of selected rigid-rod polymers[131] 

  

Theoretical Experimental T,(°C) 

Polymer Value Value 

Poly(1,4-benzamide) 41 40 - 60 >500 

Poly(p-phenyleneterephthalamide) 42.2 15 - 45 >500 

Poly(oxybenzoate) 74 70 - 85 >500 

Poly(p-phenylene terephthalate) 75.1 65 - 90 >500 
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a low activation energy, E,, and exothermic enthalpy of polymerization, - AH. 

As can be seen from Scheme 6, there are a variety of synthetic techniques that utilize the 

bulk process. One such technique is the synthesis of poly(arylate)s via the direct esterification 

of a dicarboxylic acid and a diol, or the self-condensation of an w-hydroxy carboxylic acid. Since 

polyesterification, like many step-growth polymerizations, is an equilibrium reaction, the by-product 

(water) must be eliminated by continuous distillation so that high molecular weight can be 

achieved. Control of the polymerization temperature is also very important to prevent undesirable 

side reactions such as dehydration of the diol to give an ether or an unsaturated alkene double 

bond (Scheme 7). Because of the potential for side reactions and the high temperatures 

required to eliminate water, relatively few linear poly(ester)s are synthesized by direct reaction 

of a dicarboxylic acid and a diol. The side reactions upset the stoichiometric balance and prevent 

the formation of high molecular weight polymer. 

Poly(arylate)s or LCPs have also been synthesized by direct esterification of an acyl 

chloride and dihydric phenol via the Schotten-Baumen reaction (Scheme 6) [132,133]. !n this 

reaction, a stoichiometric amount of the acid chloride is reacted with the bisphenol just above the 

melting point of the bisphenol. The temperature is slowly raised during the course of the reaction 

to remain just above the melting temperature of the growing polymer chain. The by-product, 

hydrogen chloride (HCI), is removed during the reaction to drive the equilibrium towards high 

molecular weight. 

On an academic laboratory scale, this reaction is a useful technique for synthesizing novel 

poly(arylate)s and LCPs. However, the cost of diacid chlorides and the liberation of the highly 

corrosive gas (HCl), which is difficult to recycle, will probably keep this reaction from becoming 

a commercially viable process. 
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Because of the problems involved in direct esterification, ester interchange has become 

a more practical synthetic technique for polymerizing aromatic poly(ester)s. In one synthetic 

route, one of the highest volume poly(ester)s known as poly(ethylene terephthalate) or PET, is 

synthesized from terephthalic acid or its methyl ester (dimethyl terephthalate) and ethylene glycol 

by a two-step ester interchange reaction (Scheme 8). In the first step, excess ethylene glycol and 

terephthalic acid or dimethyl terephthalate are reacted at 150-200 °C to form bis(2-hydroxyethyl) 

terephthalate along with small quantities of dimer, trimer, tetramer and other oligomers. The by- 

product, water or methanol, is continuously distilled off. In the second step, the temperature is 

raised above the melting point of the final polymer (260-290°C) and the polymerization proceeds 

by removing the by-product (ethylene glycol) through use of an inert gas stream and then a strong 

vacuum [138-141]. The first step is catalyzed by weak bases such as manganese acetate and 

is deactivated in the second step by the addition of a phosphorus compound such as phosphoric 

acid. The second step, the ester interchange polymerization, can be catalyzed by antimony 

trioxide. 

A unique feature of this ester interchange reaction is that there is no need for exact 

stoichiometric balance between the two functional groups at the start of the polymerization, as 

is the case for most other step-growth polymerizations. Stoichiometric balance is achieved in the 

second step since the bis(2-hydroxyethlyl) terephthalate serves as both the ester and alcohol in 

the ester interchange reaction. Another advantage of this reaction is that the by-products 

(methanol or water and ethylene glycol) can be recycled and used again in the first step of the 

process. This negates the cost of disposal. 

The phenyl ester of the dicarboxylic acid has also been utilized in ester interchange 

polymerizations (Scheme 6)[130, 142]. The dicarboxylic acid is derivatized to its phenyl ester by 

reaction with phenol. This phenyl ester is then reacted with a diol to form the polyester with the 
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regeneration of phenol in a synthetic reaction scheme similar to that discussed for the synthesis 

of PET. However, this technique involves the use of phenol which is difficult to handle, and is 

a health and environmental hazard. 

As discussed earlier, the direct esterification of aromatic diols and aromatic dicarboxylic 

acids, or aromatic hydroxy acids, is impractical due to the low reactivity of aromatic diols and the 

high temperatures needed to completely eliminate the by-product, water. At these high 

temperatures, side reactions and thermal decomposition limit the molecular weight to short chain 

oligomers. 

Direct esterification of acid chlorides and dihydric phenols is impractical due to the 

evolution of corrosive hydrogen chloride. The generation of phenol from the slow reaction of 

phenyl esters and diols also causes this synthetic route to be inconvenient. 

Unlike the synthesis of PET from an aliphatic diol (ethylene glycol) and terephthalic acid 

or its methyl ester, the reaction of aromatic diols and aromatic methyl esters of dicarboxylic acids 

is very slow due to the greater acidity of dihydric phenols, and is impractical because of thermal 

decomposition. 

Thus, a new synthetic technique for preparing main chain all aromatic liquid crystalline 

poly(ester)s know as melt acidolysis, was developed to overcome these difficulties (Scheme 

6)[130]. Melt acidolysis is the ester interchange reaction of an aromatic diacetate and an 

aromatic dicarboxylic acid, or an aromatic acetate-carboxylic acid. It is performed in a similar 

fashion to the synthetic scheme described for PET, except that the by-product is acetic acid. 

Acetic acid has several advantages over the by-products of other ester interchange and 

direction esterification reactions. It is more volatile than water or ethylene glycol and, 

consequently, the equilibrium of the polymerization can be driven to high molecular weight more 

easily. Also, acetic acid is a useful commercial product and not as difficult to handle or as 
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corrosive as phenol or hydrogen chloride. Therefore, it can be recycled and used for other 

chemical processes, reducing the cost of melt acidolysis and making it the most viable 

commercial method for synthesizing LCPs. 

However, very little about the mechanism, reactivity ratios, trans-esterification during the 

polymerization, the effect of polymerizing in the isotropic melt, nematic phase or the solid state, 

or other factors of melt acidolysis is currently understood. Only the homopoly(ester), 

poly(oxybenzoate), has been described in the literature in some detail (Figure 3)[143]. Almost 

nothing is known about the synthesis, sequence distribution, possible variations in composition 

or molecular weight, of commercial systems; poly(oxybenzoate)-poly(biphenol terephthalate) or 

POB-PBT, poly(oxybenzoate)-poly(ethylene terephthalate) or POB-PET, and poly(oxybenzoate)- 

poly(2-oxy-6-naphthoate) or POB-PON (Figure 12). Undoubtedly, this is caused in part by the 

proprietary nature of these polymers, but is also complicated by the fact that the polymerization 

reaction is carried out in large reactors as a viscous melt at elevated temperatures, making 

sample collection very difficult. The insolubility of the polymerized product further hinders study 

of these materials by typical solution techniques. 

Another question concerns the possible reactions that can occur during subsequent 

annealing processes in the solid state. It is well known that the degree of crystallinity can 

increase during solid state annealing. However, it is not known if the annealing of copoly(ester)s 

leads to increased ordering attributable to a slow diffusion process, or is due to transesterification, 

directly leading to more ordered cyrstallizable units. 

As pointed out before, the synthesis of poly(oxybenzoate) is best know and several 

studies[130,144] in heat exchange mediums have shown that the polymerization takes place 

initially in solution, but after several units are linked together, precipitation occurs and single 

crystals of the oligomers are formed. Polymerization continues at the surface of the crystal and 
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within the crystal. This indicates that the end groups within the single crystal are positioned in 

a helical-like fashion so that the reaction can continue. The distinguishing feature of this reaction 

is that almost the entire reaction takes place in the ordered state and that the kinetics of the 

polymerization can best be stated as being zero order{145]. 

The synthesis of the three commercial copoly(ester)s of poly(oxybenzoate) are prepared 

under somewhat different conditions. For example, the 60-40 mole % poly(oxybenzoate)- 

poly(ethylene terephthalate) or (POB-PET) copolymers, are prepared by transesterification of 

p-acetoxybenzoic acid in a melt of PET[146]. Until recently, the copoly(ester)s were believed to 

have a composition of 60/40, display no thermal transitions in the DSC, have a random sequence 

distribution and contain several percent of a microscopically observable second phase with 

unknown composition[146,147]. Recently, however, confusion over the structure and morphology 

of this system has emerged. Especially, over the observation of multiple glass transitions and 

crystallization endotherms[148-150]. 

Economy and coworkers at IBM analyzed this material by solution fractionation with 

chloroform followed by ‘°C NMR studies of the fractions[151]. It was found that the chloroform 

soluble fraction (17 wt%) had a 44/56 mole % POB/PET composition, where the POB dyad 

content was twice the predicted random distribution. Thus, the DSC of the original unfractionated 

sample is a mixture of two phases with compositions of 44/56 POB/PET and 62/38 POB/PET 

(Figure 13). The endotherm for the soluble fraction is nearly equivalent in intensity to that of the 

unfractionated sample, indicating the importance of the blocky structure of poly(oxybenzoate) units 

in being able to develop crystallinity. This blockiness and inhomogeneity of the structure could 

explain the recent report by Denn et al.[152], that the melt of the 60/40 copolymer displays an 

isotropic phase attributable to the PET rich fraction (17 wt%) and a nematic phase due to the 

POB rich fraction (83 wt%). 
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Consequently, it can be concluded that the ester interchange reaction between p-acetoxy 

benzoic acid and PET is rapid in the melt, and since the majority of the copoly(ester) is randomly 

distributed, the transesterification occurs readily in the isotropic or nematic melts. The presence 

of a discrete second phase is most likely due to phase separation which occurs in the melt 

between the isotropic and nematic phase (i.e., Flory's lattice theory). Hence, no mechanism is 

available to enrich the isotropic phase with more POB, which is present in the nematic phase. 

The presence of the two glass transitions suggests that the 44/56 phase is further phase 

separated into a PET blocky fraction and a fraction that has PET randomly distributed. 

Further confusion is demonstrated from the analysis of a different batch of 60/40 POB/PET 

synthesized several years ago[151]. For this material, 28 wt% of the polymer could be extracted 

by chloroform which, when analyzed, contained a 50/50 POB/PET composition with the remaining 

insoluble fraction having a 68/32 POB/PET composition. 

In the case of the 80/20 POB/PET copoly(ester), the compositional inhomogeneity is 

further complicated by the tendency of POB to react with itself to form an insoluble highly 

crystalline polymer. In fact, this material displays the same crystal pattern as that of the 

homopolymer of POB[153]. 

The 73/27 mole% poly(oxybenzoate)-poly(2-oxy-6-naphthoate) or POB-PON LCP 

copoly(arylate) is prepared by reaction of p-acetoxybenzoic acid and 2-acetoxy-6-naphthoic acid 

and is manufactured under the trade name VECTRA™ (Figure 12). These copolymers have been 

examined by X-ray diffraction techniques[154]. From these experimental investigations and 

computer modeling studies, the distribution of oxybenzoate and 2-oxy-6-naphthoate units is 

considered to be random. NMR studies[155] performed by Economy et al. have also indicated 

that VECTRA™ has a random sequence distribution and that the copolymer composition is 

identical to that of the feedstock. 
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Figure 13. DSC thermal behavior of PBO-PET copoly(ester) fractions: 2nd heat at 

20°C/min after cooling from 300°C at 5°C/min under a N, atmosphere[151]. 
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Long term annealing of this copolymer by Zimmerman and coworkers[156] has shown that 

the degree of crystallinity increases from approximately 25% to 60%, while Economy[155] has 

proven that M, increases sharply during short annealing times. It is not known whether ester 

interchange can occur in the course of annealing, leading to a more ordered structure which can 

then more readily crystallize. 

The kinetics of the polymerization of a 50/50 molar ratio of POB/PON has been examined 

in solution (Therminol)[155], and has exhibited second order kinetics with a tendency for ester 

interchange or scrambling during the melt acidolysis reaction. This has been verified by labeled 

'3CNMR of POB copolymerized with the dimer of POB-PON[151]. The kinetics of the 

homopolymerization of 2-acetoxy-6-naphthoic acid has also been investigated and the reaction 

proceeds by zero order kinetics in a process which is quite similar to that of POB 

homopolymerization[151, 155]. 

The synthesis of poly(oxybenzoate)-poly(biphenol terephthalate) or (POB-PBT) (Figure 12), 

is the most difficult to understand due to the complexity of the reaction[157]. The reaction begins 

as a slurry at 280°C in which the p-acetoxybenzoic acid and biphenol diacetate melt and tend to 

react with one another while terephthalic acid remains a solid because of its high melting point. 

The reaction is continued until the low molecular weight polymer solidifies. The material is ground 

to a fine powder and the polymerization is continued at 350°C as an inhomogeneous melt. 

Eventually, the reaction becomes a homogeneous melt and presumably most of the terephthalic 

acid is reacted into the system. Thus, at this stage, there is the potential for randomization. The 

reaction is continued up to the point where it solidifies. The polymer is ground up and solid state 

polymerized at 300°C. 

Analysis of the resulting polymer is difficult because of poor solubility, caused by a high 
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degree of crystallinity, of both the final product and the intermediate melt. The high degree of 

crystallinity of the final product suggests that a large extent of blockiness occurs. Cross 

polarization dynamics measurements of the polymerized material indicates that at least 50% of 

the POB units reside in a more ordered state[158]. Consequently, it appears that the copolymer 

formed during solid state polymerization is not random, but once it is processed in the nematic 

melt, it most likely scrambles to a more random structure[159]. 

From all of the above results, it can be concluded that much of the confusion in the 

published literature arises from the inhomogeneous nature of the polymerization or the effects of 

subsequent annealing or processing techniques. It is surprising, however, that most of the work 

leading up to the commercial development of this class of polymers was accomplished 10 to 25 

years ago, yet a number of basic questions remain in regards to the nature of the high 

temperature transitions, the relationship between the synthetic routes and the morphology/ 

microstructure, and the effects of processing on the thermal and mechanical properties. 

2.4.4.3 Effects of Structure on the Properties of Thermotropic LCPs 

As mentioned previously, all aromatic homopolymer poly(ester)s tend to have very high 

melting transitions, sometimes greater than 500 °C (Figure 3)[130]. In 1959, Eareckson[160] 

reported poly(1,4-phenylene terephthalate) to be infusible, and in 1960 Korshak[161] reported the 

melting point to be greater than 500 °C. Workers at Tennessee Eastman found a melting point 

of 600 °C using a differential scanning calorimeter (DSC) at rate of 80 °C/min to minimize thermal 

degradation[(162]. 

To overcome this problem, four basic methods have been developed which introduce 

disorder into the symmetrical all-aromatic structure of the polymer backbone, lowering the melting 

transition(s) and improving melt processability (Figure 14). 
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As briefly discussed in section 2.4.1, flexible spacers can be incorporated into the 

mesogenic polymer backbone. In fact, the first thermotropic liquid crystalline polymer to be 

injection molded or melt spun and also characterized as actually being liquid crystalline (1974) 

was a copolymer of poly(ethylene terephthalate), PET, and poly(oxybenzoate) (Figure 

13)[146, 163-165]. 

This research was initially undertaken to increase the amount of aromatic groups in PET 

so that mechanical properties, heat resistance and fire resistance could be improved. PET was 

initially modified with bisphenol A diacetate and an equimolar amount of terephthalic acid in a melt 

acidolysis ester interchange reaction[163]. These copolyesters did not have the desired 

properties. Equimolar amounts of hydroquinone diacetate and terephthalic acid were then reacted 

with PET. Still, these materials did not show vastly improved mechanical properties or heat 

resistance. 

Finally, p-acetoxybenzoic acid was reacted with PET and it was found that at 35 mole% 

poly(oxybenzoate) (POB) levels or higher, the copoly(ester)s formed liquid crystalline 

phases[146,164,165]. For copolymers with 60 to 80 mole% POB, a tensile strength of 30,000 psi 

and a flexural modulus of 15 x 10° psi were obtained from injection-molded specimens[164,165]. 

Injection-molded PET only has a tensile strength of 8,000 psi and a flexural modulus of 3.3 x 10° 

psi. Thus, PET-POB copolymers (60 to 80 mole% POB) exhibit a fourfold increase in tensile 

strength and a sixfold increase in flexural modulus. These values were the highest ever seen for 

an unreinforced plastic. 

These materials also have very low coefficients of thermal expansion and, therefore, 

exhibit almost zero mold shrinkage or shrinkage in boiling water. PET shows nearly a 30 % 

shrinkage in boiling water. 

Many other liquid crystalline poly(ester)s have been synthesized with flexible spacers in 
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the main chain. For example, the effect of increased poly(methylene) flexible spacer length on 

the thermal properties of a main chain liquid crystalline polymer is illustrated in Figure 15[45]. 

One effect that the spacer groups have on mesogenic segments is to decrease their 

length (persistence-length) and, consequently, lower the endothermic transitions[134]. Another 

aspect of spacer groups is the even-odd relationship of the transition temperatures, in which, 

polymers with an even number of methylene spacer groups generally have higher transition 

temperatures than those in the same series with an odd number of spacers[166]. It is believed 

that when the number of spacer groups is even, the polymer chains can more easily align 

themselves, due to an increase in the polarizability along the chain, in an ordered fashion thereto 

increasing the melting and clearing transitions. An additional effect is caused when the methylene 

spacers are quite long, eight carbon atoms or more. The aromatic moieties can align their ends 

to form two-dimensional ordered smectic phases[167]. 

Even though many main chain liquid crystalline poly(ester)s have been synthesized with 

spacer groups, aliphatic groups along the polymer backbone reduce the thermal, oxidative and 

fire resistance and, accordingly, are only of academic interest at this time. The exception to this 

rule are the PET-POB copolymers which have attained commercial interest due to their greatly 

improved tensile and flexural strength, and low mold and boiling water shrinkage compared to the 

homopolymer PET. 

Because of the problems inherent to aliphatic groups, other methods have been devised 

to lower the endothermic transitions of thermotropic LCPs. One such modification has been the 

addition of lateral substituents onto the aromatic rings of the polymer backbone (Figure 16). The 

substituents can reduce the coplanarity of adjacent mesogenic groups and increase the diameter 

or decrease the axial ratio of the mesogens. In addition, the ordering of neighboring mesogenic 
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groups becomes more difficult because the side groups force the mesogens apart in order to 

meet their own steric requirements. 

The first attempt at this modification was disclosed in two British patents issued in 1965. 

Goodman, Mcintyre, and coworkers at ICI developed aromatic poly(ester)s, poly(1,4-phenylene 

terephthalate) (Figure 3), with substituents, methyl-, methoxy-, chloro-, and bromo-, on the 

aromatic ring of the hydroquinone diacetate residue[168,169]. However, these all-aromatic 

compositions had poor thermal stability, decomposing without melting above 350°C. 

Consequently, these materials could not be melt processed and the benefits of liquid crystallinity 

were not discovered. 

About ten years later (1974), Pletcher[170] disclosed LCPs of structure (3) in Figure 3, with 

asymmetrical chloro-, bromo- or methylhydroquinone diacetate, and terephthalic acid or small 

amounts of isophthalic acid in place of terephthalic acid. These polymers were lower melting than 

the materials previously mentioned and could be melt spun into fibers having tenacities up to 18 

g/den. after heat treatment. 

At about the same time, Kleinschuster[171] and Chaefgeu[172] disclosed and gave 

numerous examples of LCPs with chloro-, dichloro-, bromo-, methyl-, dimethyl-, or ethyl 

hydroquinone diacetate and combinations of symmetrical aromatic dicarboxylic acids such as 

terephthalic, 2,6 naphthalene dicarboxylic, 4.4’-biphenylene dicarboxylic or 4,4'-oxydibenzoic acid. 

These polymers had melting points below 375 °C, were melt processable, and could be melt-spun 

into fibers having tenacities up to 30 g/den. after heat treatment. 

An important observation found from these studies was that chain-extending bonds 

attached to the aromatic rings could be either coaxial (1,4-phenylene or 4,4’-biphenylene) or 

parallel and oppositely directed (2,6-naphthalene) (Figure 19)[172]. This point will be addressed 

further in this section. 
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When a small substituent (halogen or alkyl group with four carbon atoms or less) is 

attached to the hydroquinone aromatic ring residue, the poly(phenylene terephthalate) 

homopoly(ester)s usually melt above 400 °C, and as has been discussed, cannot generally be 

melt processed due to the poor thermal stability of the aliphatic or other small groups[173, 174]. 

The next significant development in this area was the discovery at both DuPont and 

Eastman that poly(phenyl-1,4-phenylene terephthalate), prepared from terephthalic acid and 

phenylhydroquinone diacetate, melted at 340 °C, was thermally stable, melt processable and 

liquid crystalline (Figure 17). Thus, the problems of poor thermal stability of poly(ester)s with 

substituents on the rings had been overcome. 

The discovery was first made at DuPont by Payet and in 1978 a patent[175] was granted 

covering this composition. Eastman received a patent by Jackson[1 76] in 1979 disclosing similar 

poly(ester)s in which halogen or alkyl groups were attached to the phenyl group. 

Despite the bulkiness of the large substituent, which was expected to sterically hinder the 

coplanarity of neighboring mesogens and possibly cause difficulties in liquid crystalline phase 

formation, melt-spun fibers had tenacities similar to other liquid crystalline polymers (80 g/den.). 

These fibers were heat treated under a nitrogen atmosphere at 325 °C for no more than 2 

hours[175]. The relatively short time for heat treatment at a temperature just below the crystalline 

melting point was possible due to the highly crystalline structure of the fibers, preventing them 

from sticking together{164,165]. Also, because of the high crystallinity, these polymers | 

retained 70% of their fiber tenacity at 200 °C in comparison to the tenacity at 20 °C[175]. 

Injection-molded grades of poly(phenyl-1,4-phenylene terephthalate) also had excellent 

high tensile and flexural properties in spite of the bulky phenyl group (tensile strength - 26,000 

psi, flexural modulus - 19 x 10° psi). 
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Several other patents[177-179] have disclosed poly(phenyl-1,4-phenylene terephthalate) 

copoly(ester)s prepared with t-butyl hydroquinone diacetate and p-acetoxybenzoic acid. LCPs 

have been obtained with high tensile and flexural properties from injection-molded plastics or heat 

treated melt-spun fibers. 

- Numerous patents have been issued since 1980 to Eastman[179], DuPont[180-182], 

ICI[183], Rhone-Poulenc[184], Allied[185,186], Teijin[187], Asaki[188], Bayer[189], and Owens 

Coming Fiberglass[190-192] on the synthesis and development of new LCPs with substituents 

on the aromatic rings of polymers prepared from hydroquinone diacetate, terephthalic acid and 

acetoxybenzoic acid. These polymers have excellent fiber or plastic properties. 

Many journal articles published since 1980, describe the synthesis and properties of LCPs 

prepared with asymmetrically substituted hydroquinone diacetates or terephthalic acids. 

Lenz[132,193], Noel[194], Krigbaum[195], Ballauff[196], and Jin[197] have synthesized a variety 

of poly(phenylene terephthalate)s with substituted hydroquinone diacetates (alkyl-, cycloalkyl-, 

branched alkyl-, Ci-, Br-, and phenyl-) and terephthalic acids (Cl-, Br-, phenyl-, nitro-, and 

dialkoxy-). The identification of the liquid crystalline phase(s) of these polymers were determined 

using DSC and X-ray diffraction. The effects of polymer composition on the rheological, plastic 

and fiber properties and the effects of heat treatment temperature in air or nitrogen atmospheres 

on the tenacity of fibers were also studied[198]. 

Like many of the polymers previously described with substituents on the aromatic rings, 

these LCPs had poor thermal and oxidative stability. A comparison of the thermal and oxidative 

stability of films of LCPs prepared with various substituted hydroquinone diacetates was 

performed at 150 °C and 300 °C under an air atmosphere[199]. At 150 °C under an air 

atmosphere, it was observed that the phenyl substituent had by far the greatest stability followed 

by tert-butyl, then chlorine, and finally, methyl. Thus, only the phenyl substituted poly(ester), 
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poly(phenyl-1 ,4-phenylene terephthalate), has gained commercial interest at this time. 

One approach that can lower the endothermic transitions and improve melt processability 

without lessening the thermal stability, is the introduction of "kinks" into the polymer backbone. 

"Kinks" can be introduced into the polymer backbone by use of non-linear monomers with meta- 

or ortho- orientation, or by monomers with an atom or groups of atoms linked between phenyl 

rings in which the angle between the phenyl rings is less that 180 ° (Figure 16). 

One of the first melt-processable liquid crystalline poly(arylate)s synthesized utilizing this 

method, was the reaction of 4,4'-oxydibenzoic acid with hydroquinone diacetate, chloro or 

methylhydroquinone diacetate[171,200]. Heat treated fibers of these polymers had tenacities up 

to 10 to 16 g/den. 

One of the first studies of the effect of meta or ortho isomers on the melting point of LCPs 

was performed by Cottis, Economy and Nowak[201]. © POB-PHT, poly(oxybenzoate)- 

poly(hydroquinone terephthalate) copoly(ester)s, were synthesized using either terephthalic or 

isophthalic acid. The ‘isophthalic acid’ copoly(ester)s had softening and melting points as much 

as 150°C lower than the corresponding terephthalic acid copoly(ester)s. Schaefgen[172] 

synthesized poly(ester)s with up to 25 mole% isophthalic acid (IA) or m-hydroxybenzoic acid (m- 

HBA) with excellent fiber properties. However, above 5 mole% IA or m-HBA, the LCP fibers had 

poorer tensile properties. At higher modification levels, the polymers had lower crystallinity, 

causing the fibers to stick together during the heat treatment step and, thus, reducing the tensile 

properties. | 

McFarlane and Davis(202] at Eastman were interested in plastics as well as fibers and, 

consequently, examined the effect of higher mole% of isophthalic acid on the preparative process 

and melt viscosity of poly(ester)s synthesized from terephthalic acid, isophthalic acid, 

hydroquinone diacetate or diacetates of substituted hydroquione, such as methyl. Plots of the 
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melt viscosity versus temperature showed a minima for compositions which were liquid crystalline. 

The melt viscosity increases with increasing temperature after it reaches a minimum because of 

a decrease in liquid crystallinity due to the presence of the isophthalic acid kinking component. 

This effect is also observed for poly(arylate) LCPs of resorcinol diacetate, chloro- and 

methylhydroquinone diacetate, and terephthalic acid[203]. Plots of the tensile strength and 

flexural modulus versus resorcinol diacetate content exhibit a decrease in mechanical properties 

with increasing amounts of resorcinol diacetate in the polymer chain. 

The addition of m-acetoxybenzoic acid to poly(oxybenzoate)- poly(hydroquinone 

terephthalate) injection-molded plastics, effects the tensile and flexural properties in a similar 

fashion as that described above for resorcinol diacetate (Figure 18)[204]. Above 60 mole% m- 

acetoxybenzoic acid (m-ABA), the copolymer forms an isotropic, clear melt rather than the turbid, 

tan melt indicative of a liquid crystalline polymer. Consequently, the high performance properties 

associated with LCPs were lost. The decrease in tensile strength and flexural modulus for the 

20 mole% m-ABA polymer compared with the 30 mole% m-ABA composition may be caused by 

the higher molding temperature (875 °C) necessary for the 30 mole% material compared to the 

20 mole % m-ABA composition (350 °C). The higher molding temperature may lead to a higher 

relaxation and more ordering of the polymer chains and, therefore, higher tensile strength and 

flexural modulus. 

Although poly(arylate)s with kinked linkages such as those described above, are effective 

in reducing the melting point and improving melt processability[173,174], these structures 

generally reduce the extended chain orientation of LCPs. Hence, the tensile and flexural 

properties of melt-spun fibers and injection-molded plastics associated with high performance 

LCPs are reduced. 

In fact, in a study by Lenz et al.[173], copoly(ester)s of bisphenol diacetates with 
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chlorohydroquinone diacetate/terephthalic acid or methylhydroquinone diacetate/terephthalic acid, 

it was observed that the bulkier the group located between the phenyl rings of the bisphenol, 

particularly -C(CH,),-, the more effective it was in disrupting thermotropic liquid crystallinity than 

smaller groups such as -O-. In a similar investigation, Griffin and Cox[174] examined poly(arylate) 

LCPs of terephthalic acid, 4,4’-oxydibenzoic acid, and chlorohydroquinone diacetate in which 

para-oriented units were replaced by non-para linking monomers. They, like Lenz et al., observed 

that bisphenol A diacetate had the greatest disrupting effect on liquid crystallinity followed by 4,4’- 

sulfonyldiphenyl diacetate, then ortho-, and meta-oriented phenyl rings. 

The disrupting effects associated with kinking linkages in the polymer backbone were 

circumvented in 1980 and 1981 by Frazier[205] and Irwin[206,207], respectively, through the use 

of diketoaromatic diols or 4-hydroxy-3’-carboxybenzophenone monomers (Figure 16). These 

monomers, like those previously described, would appear to give kinked polymer backbone 

structures that decrease liquid crystallinity and fiber properties. However, a 1981 Dupont patent 

by Irwin[207] described a new poly(terephthalate) LCP utilizing 3,4'-dinydroxybenzophenone which 

had an as spun fiber tenacity of 5 g/den., and heat treated tenacities of 20 g/den. after 2 hours 

at 250°C and 31 g/den. after 11 hours at 280 °C. These high tensile properties would not have 

been predicted from the structure of the monomer, but it is believed that the poly(ester) has a 

helical chain conformation[208] which causes the polymer to have a highly ordered liquid 

crystalline structure and, hence, excellent mechanical properties. 

Other Dupont patents disclose additional LCPs prepared with 3,4’-benzophenones[209- 

213] and diphenyl ether[209,213,214] monomers including, the diol[209,212,215], hydroxy 

acid[210,211] and dicarboxylic acid[213,214]. They also received patents for LCPs synthesized 

from diketoaromatic diols[209,212]. All of these materials exhibit heat treated fiber tenacities of 
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up to 25 g/den. 

Several patents with other kinked monomers have been issued since the early 1980's. 

Deex at Monsanto[216,217] prepared LCPs from isophthalic acid, hydroquinone diacetate, p- 

acetoxybenzoic acid and small amounts of bisphenol A diacetate (less than 6.7 mole%). 

At Bayer, LCPs were synthesized from isophthalic acid, hydroquinone diacetate, p- 

acetoxybenzoic acid and small quantities of 4,4’-dihydroxybenzophenone[218], while Mitsubishi 

Chemical disclosed LCPs with a terepthalic acid, 1,4-naphthalene diacetate, p-acetoxybenzoic 

acid and m-acetoxy benzoic acid compositions[219]. m-Acetoxybenzoic acid was utilized as the 

kinking component as well as the component to lower the melting point because 1,4-napthalene 

diacetate is known to give high melting LCPs[220]. 

Another approach to lowering the melting point of liquid crystalline poly(arylate)s is through 

the use of monomers containing chain extended bonds attached to aromatic rings that are parallel 

and oppositely directed, such as 2,6-naphthalene dicarboxylic acid, the corresponding hydroxy 

acid or diacetate (diol) (Figure 19). The first LCPs prepared by the "crankshaft" or pseudo- 

frustrated packing method were disclosed in patents by Schafgen of DuPont[171,221-223]. These 

LCPs were synthesized from 70 mole% terephthalic acid, 30 mole% naphalene dicarboxylic acid 

and the diacetates of chloro-, methyl- and ethyl hydroquinone. These materials, however, were 

limited in their use because of poor thermal! and oxidative stability caused by the substituents 

located on the aromatic rings of the polymer backbone[223]. 

The first discovery that monomers such as 2,6-naphthalene dicarboxylic acid were actually 

effective in reducing the melting point of the basic LCP structures (Figure 3) without using either 

a substituted or kinked comonomer was investigated at both Celanese and Eastman. Calundann 

at Celanese received a patent[224] in 1978 for the compositions of 2,6-naphthalene dicarboxylic 

acid, hydroquinone diacetate and p-acetoxybenzoic acid, while Eastman disclosed compositions 
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in a patent[225] in 1979 of 2,6-naphthalene dicarboxylic acid, terephthalic acid, hydroquinone 

diacetate, and p-acetoxybenzoic acid. The minimum melting points of these copoly(ester)s are 

about the same, 325°C (Figure 20). Copoly(arylate) LCPs of terephthalic acid, 2,6-naphthalene 

diacetate, and p-acetoxybenzoic acid[226] had a somewhat lower minimum melting point (280 °C), 

while copolymers of 6-hydroxy-2-naphthoic acid/p-acetoxybenzoic acid had a much lower 

minimum melting point, 245 °C[227]. Thus, it can be seen that the "crankshaft" structure of the 

2,6-oriented naphthalene monomer(s) is very effective in reducing the melting points of the early 

type LCPs to a range which allows melt processing. Calundann et al. have also 

demonstrated[228-230] that heat treated melt spun fibers of these macromolecules have excellent 

tensile properties (greater than 20 g/den.). 

Other patents by DuPont[123] and Eastman[232,233] as well as several reviews[234], 

describe the preparation and properties of poly(arylate) LCPs based on the 2,6-naphthalene 

structure along with kinked monomers such as isophthalic acid, resorcinol diacetate, and m- 

acetoxybenzoic acid. A few additional patents since 1980 have been issued to Celanese in this 

area of thermotopic LCPs [235-239], which describe polymers with as spun fiber tenacities of 5 

to 8 g/den. and heat treated fibers with tenacities of up to 23 g/den. Other companies such as 

DuPont [212, 214, 240] and Fiber Industries [241] have been issued patents on LCPs based on 

2,6-oriented naphthalene monomers. Celanese patents on extrusion processes [242-245] and 

patents on blends with engineering thermoplastics[246] have been since 1980. Kiss[247] has 

reviewed the benefits of blending Celanese LCPs with various engineering thermoplastics. 

Celanese has also patented poly(arylate aramid)s[248-251] prepared with 2,6-oriented 

naphthalene monomers and p-aminophenol, p-phenylene diamine and/or p-animobenzoic acid. 

Melt-spun fibers of these materials have as spun tenacities of 12 g/den., and 29 g/den. after heat 

treatment, while injection-molded plastics have tensile strengths up to 36,000 psi, flexural modulus 
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of 2.2 x 10° psi and notched Izod impact strength of 5.8 ft.-Ib./in. Values typical of thermotropic 

LCPs. 

Numerous journal articles have described various properties of polymers based on 2,6- 

oriented naphthalene nomomers. Blackwell[252], Windle[253] and Zimmermann[254] have 

examined these LCPs by X-ray diffraction while Ide and Ophir[255, 256], Sawyer and Jaffe[257] 

have studied the rheological, orientation and morphological behavior of fibers and injection- 

molded specimens. Cao and Wunderlich[258] have examined the liquid crystalline textures by 

DSC and optical microscopy, while Ward et al.[259] have investigated molecular motion by broad 

line NMR, and Krigbaum and coworkers[260] have examined the effect of fiber spinning 

conditions and heat treatment on fiber properties. 

Work at Eastman has also concentrated on 2,6-naphthalene monomers (the dicorboxylic 

acid), along with copoly(ester)s prepared with p-acetoxybenzoic acid (POB) and 1,4 or 1,5- 

oriented naphthalene monomers[220]. The results indicate that the copoly(ester)s prepared from 

1,4 or 1,5-oriented naphtalene monomers and p-acetoxybenzoic acid melt much higher than 

copoly(ester)s based on 2,6-oriented monomers and p-acetoxybenzoic acid, and hence, are not 

melt processable. 

One other method to lower the endothermic transitions which has been discussed, 

indirectly, is the use of monomers which lead to copoly(ester)s. The most well known 

copoly(ester)s were cited in a 1972 patent issued to Carborundum([201], disclosing the work of 

Cottis, Economy and Nowak on copoly(ester)s based on terephthalic acid, hydroquinone 

diacetate or 4,4'-biphenol diacetate, and p-acetoxybenzoic acid (Figure 12). This leads to a 

copoly(ester) with a structure that is a combination of the homopolymers with structure (2) and 

(3) of Figure 3. All copoly(ester)s cited in the patent, softened above 800 °F and, therefore, could 

not be melt-spun or injection-molded, but were compression moldable at 900 °F. 
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Figure 20. Effect of naphthalene monomer concentration on the melting transition of p- 
hydroxybenzoic acid copoly(ester) LCPs[227]: ¢, top polymer structures; o, 
lower structure. 
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A copoly(ester) based on terephthalic acid, 4,4'-biphenol diacetate and p-acetoxybenzoic 

acid with the trademark Ekkcel C-1000 was offered by Carborundum for compression molding, 

and as indicated in a paper by Economy and coworkers[158], had a composition of x/y/z in the 

molar proportions of 2/2/1. Various properties of compression molded plastics having this 

copoly(ester) composition were discussed by Cottis in a paper in 1974[158]. This material had 

a tensile strength of 10,000 psi, a tensile elongation of 7-9% and a heat-deflection temperature 

of 300 °C at 260 psi load. 

An injection-moldable grade under the trademark Ekkcel 12000 was marketed by 

Carborundum with x/y/z molar proportions 1/1/2 (Figure 13) and has a tensile strength of 14,000 

psi, tensile elongation of 6-8%, a heat-deflection temperature of 260 °C under 264 psi load, and 

a notched IZOD impact strength of 1.0 ft.-lb./in2.. The low value for the tensile strength was due 

to the low shear rate conditions under which the polymer was molded to minimize the anisotropic 

properties so that molded parts could be used in applications requiring isotropic properties. 

Thus, the anisotropic nature of these copoly(ester)s was not investigated at the time they 

were first developed and, consequently, the excellent properties associated with LCPs was not 

discovered. Several years later, Economy characterized the Ekkcel compositions in greater detail 

and demonstrated that these copoly(ester)s exhibited highly viscous mesomorphic melt 

phases[158]. 

Workers at Eastman[162], synthesized these materials with the same compositions as 

described by Economy and coworkers at Carborundum, and found that these materials did indeed 

exhibit properties expected of a liquid crystalline polymer. Table 4 lists properties of Ekkcel 12000 

prepared by Carborundum and Eastman and demonstrates that the polymers synthesized by 

Eastman, under higher shear injection-molded rates, display properties similar to other LCPs. 

Additional modifications to lower the melting point of Ekkcel copoly(ester) have been 
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Table 4. Mechanical and thermal properties of ’Xydar type’ LCP copoly(arylate)s[162] 

Tensile Strength Elongation Flexural Modulus Mold 

  

Polymer (psi)i 1) at Break (%) (psi) x 10° ~— Shrinkage 

Carborundum 14,000 8 700 1.2% 

Eastman 22,700 9 1,520 0.0% 

  

(1) Pounds per square inch (psi) values can be converted to megapascals 

(MP) by multiplying by 6.89 x 10°9 
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investigated by several companies. At Celanese[261], small quantities of 6-acetoxy-2-naphthoic 

acid have been added to the Ekkcel compositions. At Bayer[262], the terephthalic acid 

component has been replaced in part or completely by carbonate groups to give poly(ester 

carbonate)s. DuPont[182] added t-butylhydroquinone diacetate. These polymers exhibit high 

fiber tensile properties after heat treatment or excellent injection-molded properties. 

Sumitomo Chemical[263] has replaced part of the terephthalic acid component with 

isophthalic acid. Fibers with a tenacity of 30.8 g/den. and elastic modulus of 1420 g/den. have 

been obtained. Dart Industries[264] has added a flow modifier to lower the molding temperature 

so that injection-molding and melt-spinning can be performed on these LCPs. 

2.4.4.4 Commercial LCPs: Applications 

The discovery that all-aromatic melt processable LCPs can be prepared without the use 

of halogen, alkyl or other substituents on the aromatic rings of the polymer backbone, or can be 

prepared without utilizing kinked monomers, has been one of the most important technological 

advances in the development of high performance fibers and plastics and has opened the 

commercial market to LCPs. 

As discussed previously, the first commercial resins, however, were not prepared from 

"crankshaft" type monomers but from terephthalic acid, 4,4’-biphenol diacetate and p- 

acetoxybenzoic acid. They were offered by Carborundum in the early 1970’s under the trade 

name Ekkcel[201]. The technology for the preparation and processing of these polymers was 

purchased by Sumitomo Chemical in 1983 and Ekonol resins were offered in Japan[265]. The 

technology was also purchased by Dartco Manufacturing, a subsidiary of Dart and Kraft, and 

similar LCPs under the tradename Xydar™ were commercialized in 1984[266,267]. Recently, 

Amoco Chemical purchased the commercial plastics operations of Dartco[268] and several grades 
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of Xydar are presently marketed, some of which contain talc and mineral fillers. 

In 1985, the first "crankshaft" monomer (2,6-oriented naphthalene) based polymers were 

commercialized by Hoechst-Celanese under the tradename Vectra™ LCP resins[269]. The basic 

composition is a copoly(ester) based on p-acetoxybenzoic acid and 6-acetoxy-2-naphthoic acid, 

terephthalic acid and p-aminophenol. This second composition has a higher retention of tensile 

strength and modulus at higher temperatures than the poly(arylate) composition. 

These resins are also marketed in Japan by Polyplastics, a joint venture of Celanese and 

Daice[270]. Like Xydar™, several grades contain particulate or mineral fillers, graphite flake, 

glass fibers or carbon fibers[271]. Table 5 compares the properties of injection-molded Xydar™ 

and Vectra™ resins. The greatest difference in properties of these two materials is the higher 

heat-deflection temperature of Xydar™ resins. This is due to the high crystalline melting point, 

421 °C, of the basic LCP composition of Xydar™. As previously mentioned, Xydar™ has been 

modified[263,264] to lower the melting point (382 °C) so that melt-spun fiber compositions can 

be prepared. Besides Hoechst-Celanese and Amoco Chemical, several other companies 

including ICI, Bayer and BASF[273] have been developing LCPs. The Japanese company, Unitka 

Rodrun, has been producing, under a license from Eastman Kodak, an LCP based on PET/POB 

copoly(ester)s[274,275]. Even though not fully aromatic, due to the presence of moderate 

amounts of PET, these resins have excellent physical and electrical properties, a heat-deflection 

temperature of 180 °C at 264 psi load, and excellent solvent resistance. The major advantage 

of PET/POB LCPs over other commercial LCPs, however, is their lower cost because of lower 

priced starting materials (i.e., PET homopolymer and p-acetoxybenzoic acid). 

Overall, these polymers have excellent tensile properties that are superior to conventional 

poly(ester)s, and are comparable to glass-reinforced isotropic poly(ester)s. Melt viscosity is low 

and insensitive to temperature at processing shear rates. In fact, the melt viscosity is lower than 
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those of some high performance engineering thermoplastic resins, making it easy to injection- 

mold or melt-spin. Both Xydar™ and Vectra™ have 100% regrind capability with more cycles 

possible for Vectra™ because of its lower processing temperature. LCPs also have low creep, 

low linear coefficient of thermal expansion, and low mold shrinkage. This allows molding of 

intricate parts as thin as 0.4 mm. These polymers also have good electrical properties and 

solvent resistance, making them suitable for electrical and electronic applications, automotive, 

aircraft, aerospace, and medical components as well as chemical processing equipment, 

consumerware and fiber optics coatings[269-272]. 

LCPs do have several deficiencies, however, including weak weld lines, and poor 

transverse properties attributable to anisotropy in molded parts. To lessen anisotropy and, 

consequently, improve these properties and reduce the cost of LCPs, resin grades with fillers 

such as talc, glass fibers and metal powder have been marketed. 

2.4.4.5 Future Trends 

Today, this field is one of the most active areas of industrial research and development 

because of the unique blend of properties that LCPs offer: melt viscosities lower than those of 

all-aromatic engineering thermoplastics; excellent solvent, thermal and oxidative resistance; and 

good melt processability to give films, fibers and plastics with excellent tensile strength and 

modulus in the direction of orientation; and very low gas permeabilities and coefficient of thermal 

expansion. 

One may argue that the major drawback of these materials is not their disadvantageous 

properties (i.e., transverse properties), but rather, their cost. If the economics are favorable, 

applications will be found, but if the price of LCPs remains high, the 
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Table 5. Mechanical and thermal properties of injection-molded Xydar and Vectra LCP 

  

  

resins[271]. 

Xydar Vectra 

Tensile Strength (psi) x 107% 18.2 20 - 35 

Tensile Modulus (psi) x 107° 1.2-1.4 14-55 

Elongation at Break (%) 3.3 - 4.9 1.6 - 7.0 

Flexural Modulus (psi) x 107° 1.6 - 1.9 1.3 - 5.0 

Heat-deflection Temp. (264 psi), °C 316 - 355 180 - 240 

Limiting Oxygen Index, % 42 - 47 35 - 50 

  

Pounds per square inch (psi) values can be converted to megapascals (MP) by 

multiplying by 6.89 x 10°3 
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number of applications will be limited. For this reason the new, more promising LCPs prepared 

from diketoaromatic diols, 3,4'-oriented benzophenone and diphenyl ether monomers, and 

phenylhydroquinone diacetate, will have limited application until methods for synthesizing these 

LCP monomers become more cost effective. 

As lower priced LCPs become available and a better understanding of how to better 

process and control the anisotropy of molded parts is developed, LCPs will gain a foothold in 

markets historically dominated by metals, ceramics, thermosets and other high performance 

engineering thermoplastics. One current supplier, Hoechst-Celanese, anticipates an LCP market 

breakdown in the mid-1990’s to be 73% consumer/appliance, 8% _ industrial, 5% 

electronics/electrical, 5% telecommunications, 4% transportation, 3% aircraft/aerospace, and 2% 

other[276]. 

2.5 General Aspects of Copolymerization 

In a step-growth polymerization, the molecular weight of the polymer slowly increases 

throughout the course of the reaction via interaction of the functional groups of the monomers, 

dimers, trimers, etc. Thus, two monomers can react to form a dimer, a dimer and another 

monomer molecule can react to from a trimer, and so forth, until a high molecular weight 

macromolecule is formed[1]. In a step-growth reaction, there is only one type of reaction 

responsible for the formation of polymer, in contrast to the three distinct steps of initiation, 

propagation, and termination discernable in a chain-growth reaction. Carothers divided polymers 

into two categories based upon their structures[1], as either an addition or condensation reaction. 

An addition reaction was defined as a polymer which had its repeat unit composed of the same 

chemical formula as that of the monomer. Condensation polymers are formed by the loss of a 
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small molecule, forming a new linkage or chemical bond in the repeat unit. 

Homopolymers can be defined as containing only one chemical repeat unit, whereas 

copolymers consist of two units. Copolymers can be further subdivided into several different 

types depending upon the arrangement of repeat units within the polymer chain. If the 

arrangement of the repeat units is statistical, it is known as a random chain. An alternating 

copolymer describes a copolymer which consists of alternating repeat units throughout the chain. 

If a copolymer is arranged such that one repeat unit is in the form of a long chain and the other 

repeat unit forms a side chain off of the long main chain, the polymer is termed a graft copolymer. 

A long sequenced copolymer which has arms or long chains eminating from a central hub, is 

known as a star copolymer. A linear copolymer that is composed of long sequences of each 

repeat unit, is termed a block copolymer. If there is only one chemical bond between the 

dissimilar long sequences of the block copolymer, the macromolecule is defined as a diblock 

copolymer. Similarly, a triblock copolymer can be comprised of three blocks consisting of three 

different repeat units, or two end blocks composed of the same repeat unit. If there are more 

than three sequences, the macromolecule is known as a multiblock copolymer. When the blocks 

of multiblock copolymer are relatively short, the copolymer is also often called a segmented 

copolymer. Moreover, these.copolymers may have perfectly alternating sequences, consist of 

randomly coupled oligomers, or can be generated "in situ" by the reaction of two monomers in 

the presence of a functionally reactive oligomer. 

Interest in copolymers from both academia and industry is caused by the unique properties 

which can be achieved from these systems. The properties of copolymers might, at first, be 

expected from a simple physical blend of the respective homopolymers. However, high molecular 

weight homopolymers are, generally, incompatible or immiscible. This incompatibility takes the 

form of macrophase separation. Thermodynamically, macrophase separation can be understood 
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by Gibbs equation of the free energy of mixing (AG): 

AG = AH - TAS 

For two polymers to be compatible and, therefore, mix at the molecular level, the free energy of 

2 d*AG, 

$0, 

(AS) must be large enough to overcome the enthalpy of mixing (AH), which is usually endothermic 

mixing must be negative and 0. In order for AG to be negative, the entropy of mixing   

(i.e., positive). Polymers, because of their high molecular weight, have very small entropies of 

mixing. Hence, the free energy of mixing of polymers is generally positive, leading to a phase 

separated immiscible mixture. A macrophase separated mixture usually produces undesirable 

mechanical properties due to several factors, such as poor interfacial adhesion. Copolymers 

circumvent macrophase separation because the "homopolymer" sequences are linked via 

chemical bond(s). Hence, the copolymers can no longer macrophase separate, but can separate 

on a molecular level, known as microphase separation, under the appropriate conditions. Hence, 

the copolymer displays better properties than the corresponding blends due to microphase 

separation coupled with intrinsically good interfacial adhesion. Two phase copolymers can also 

be utilized as compatibilizers/emulsifiers in a blend of two incompatible homopolymers. This 

phenomenon is analogous to an emulsion which is formed by the addition of a surfactant to an 

oil/water mixture. The surfactant stabilizes the interface of the oil/water mixture and, therefore, 

macrophase separation does not occur. An important criteria in block and graft copolymers, is 

that phase separation only occurs when the molecular weight of the "homopolymer" reaches a 

critical value [277]. This critical value is referred to as the critical block molecular weight for 

phase separation. The polymer-polymer interaction parameter determines the onset of 

microphase behavior. It would appear that as long as the homopolymers are bound through a 
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chemical bond, the properties of the copolymer are fixed. As discussed previously, there are a 

variety of architectures for copolymers, which can effect the mechanical strength, rheological 

properties and, rubbery, glassy or crystalline nature of the material. However, the chemical 

structure of the segments determines the chemical resistance, thermal and thermoxidative 

properties, and transport properties. 

Because of these effects, copolymerization has allowed the introduction of a variety of new 

materials with many interesting properties. An emphasis will be placed in this thesis on 

copolymers comprised of randomly, segmented or multiblock ‘homopolymers’ of poly(arylene ether 

sulfone) and a liquid crystalline poly(arylate). These types of copolymers and their effects on 

various properties are described, in detail, in the following two chapters. 
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Chapter 3. Experimental Procedures and Purifications 

3.1 Introduction 

A central issue to the successful synthesis of polymers is molecular weight control. The 

physical and mechanical properties of a polymer are greatly dependent upon its molecular weight 

and molecular weight distribution. Consequently, monomer and solvent purity, along with proper 

stoichiometry, are a necessity to achieve high molecular weight polymer or polymer of controlled 

molecular weight and controlled end group functionality. 

The following section deals with the purification of various monomers and solvents along 

with experimental techniques for synthesizing monomers, reactive and non-reactive molecular 

weight controlled poly(arylene ether sulfone) oligomers and poly(sulfone) - poly(arylate) 

copolymers. 
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3.2 Monomer Purification 

3.2.1 Bisphenol A [2,2-Bis(4-hydroxyphenyl) propane] 

Source: Dow Chemical USA 

Empirical Formula: C,.H,,O, 

Molecular Weight: 228.27 g/mole 

Purity: 99 % 

Abbreviation: Bis A 

Procedure: Bisphenol A (250 g) was added to a 1500 mi Erlenmeyer flask, along with 

1000 mi of toluene to give a 25 % (w/v) solids content. The solution was stirred and heated to 

reflux (111 °C). After complete dissolution occurred, ~ 2g of activated charcoal was added. The 

dark solution was stirred for one hour and filtered through a ceramic buchner funnel using Celite® 

to remove the charcoal. The clear, colorless solution was reheated to reduce the volume to 600 

ml. The solution was allowed to cool to room temperature. The white crystals that formed, were 

filtered and then dried under vacuum at 50 °C for 24 hours. The dried crystals were then crushed 

to a fine powder and dried in a vacuum oven at 90 °C for an additional 24 hours (Yield 85 %, mp 

= 157 °C, lit = 158 °C; Aldrich). The monomer was redried at 70 °C for 24 hours under vacuum 

before use. 

3.2.2 Biphenol (4,4’-dihydroxybiphenyl) 

Source: Aldrich Chemical Co. 

Empirical Formula: C,.H,,O, 
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Molecular Weight: 186.22 g/mole 

Purity: 97 % 

Abbreviation: Bp 

Procedure: 1000 ml of ACS reagent grade acetone (Fisher) was placed in a 1500 mi 

Erlenmeyer flask and covered with aluminum foil. Dry nitrogen was bubbled through the stirred, 

heated (50 °C) solution for four hours to remove oxygen. 200 g of biphenol was then added and 

the solution was heated to reflux (56 °C). The refluxing solution was filtered through fluted filter 

paper to remove particulates. The volume of the solution was reduced to 600 ml and then 

allowed to slowly cool to room temperature. The white crystals that formed, were filtered and 

dried under vacuum at 50 °C for 24 hours. The dried crystals were crushed to a fine powder and 

dried in a vacuum oven at 50 °C for an additional 24 hours (Yield 85 %, mp = 279 °C, lit = 278 

°C(dec.); Aldrich). Before using biphenol in the polymerizations, it was dried at 50 °C in a vacuum 

oven for 24 hours. 

3.2.3 Hydroquinone (1,4’dihydroxyphenyl) 

Source: Aldrich Chemical Co. 

Empirical Formula: C,H,O, 

Molecular Weight: 110.12 g/mole 

Purity: 99.9 %, gold label 

Abbreviation: Hq 

High purity, polymer grade, hydroquinone was obtained from the Aldrich Chemical 

Company and used without further purification (mp lit = 172 °C; Aldrich). However, hydroquinone 
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was dried under vacuum at 50 °C for 24 hours before use. 

3.2.4 p-Hydroxybenzoic acid (4-hydroxybenzoic acid) 

Source: Amoco Chemical Company 

Empirical Formula: C,H,O, 

Molecular Weight: 138.12 g/mole 

Purity: Polymer grade 99.5 % 

Abbreviation: p-HBA 

High purity, polymer grade, p-hydroxybenzoic acid was obtained from Amoco Chemical 

Co. and used without further purification, but dried in a vacuum oven at 50 °C for 24 hours before 

use (mp lit = 216 -217 °C; Amoco). 

3.2.9 m-Hydroxybenzoic acid (3-hydroxybenzoic acid) 

Source: Aldrich Chemical Company 

Empirical Formula: C,H,O, 

Molecular Weight: 138.12 g/mole 

Purity: 99 % 

Abbreviation: m-HBA 

Procedure: 50 g of m-hydroxybenzoic acid was placed in a 1000 mi Erlenmeyer flask. 

2.1 equivalents of aqueous sodium hydroxide (300 ml water) was added to the flask and the 
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solution was stirred at room temperature. After the solution had completely dissolved, it was 

filtered through fluted filter paper to remove any particulates. The clear solution was acidified with 

aqueous HCI to a slightly acidic pH. The white precipitate that formed was filtered and allowed 

to air dry for 24 hours. The purified product was then converted to its disodium salt again with 

aqueous sodium hydroxide and reacidified with aqueous HCl, filtered and dried under vacuum 

for 48 hours at 70 °C (Yield 95 %, mp= 202 °C, lit= 202-203 °C; Aldrich). 

3.2.6 4,4’-Dichlorodiphenyl Sulfone 

Source: Amoco Chemical Company 

Empirical Formula: C,,H,Cl,O,S 

Molecular Weight: 287.16 g/mole 

Purity: polymer grade, 99.5 % 

Abbreviation: DCDPS 

Procedure: 4,4'-Dichlorodiphenyl sulfone (400 g) and toluene (1000 ml) were placed in 

a 2000 mi Erlenmeyer flask, heated to reflux (111 °C) and stirred. After complete dissolution, the 

refluxing solution was filtered through fluted filter paper to remove particulates. Then, the volume 

of the solution was reduced to 750 mi and allowed to slowly cool to room temperature. White 

crystals formed, were filtered and dried at 80 °C for 24 hours, then crushed to a fine powder and 

dried in a vacuum oven at 80 °C for an additional 24 hours (Yield 85 %, mp = 146-147 °C, lit = 

148 °C; Amoco). DCDPS, like all other monomeric reagents, was dried (80 °C) in a vacuum oven 

before use. 
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3.2.7 Terephthalic acid 

Source: Amoco Chemical Co. 

Empirical Formula: C,H,O, 

Molecular Weight: 166.13 g/mole 

Purity: polymer grade, 99.5 % 

Abbreviation: TA 

High purity, polymer grade, terephthalic acid was obtained from Amoco Chemical Co. and 

used without further purification, but was dried at 70 °C under vacuum for 24 hours before use 

(mp lit > 300 °C(dec.); Amoco). 

3.2.8 Ilsophthalic acid 

Source: Aldrich Chemical Company 

Empirical Formula: C,H,O, 

Molecular weight: 166.13 g/mole 

Purity: 99 % 

Abbreviation: IA 

Procedure: 100 g of isophthalic acid was placed in a 1000 ml Erlenmeyer flask, along with 

500 ml of 95 % ethanol to give a 20 % (w/v) solids content. The solution was stirred and heated 

to reflux. After complete dissolution had occurred, the solution was hot filtered through fluted filter 

paper to remove particulates. The clear, colorless solution was reduced in volume to 300 ml and 

allowed to slowly cool to room temperature. The white crystals that formed, were filtered and 

then dried under vacuum at 50 °C for 24 hours. The dried crystals were then crushed to a fine 
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powder and dried for an additional 24 hours under vacuum at 70 °C (Yield 85 %, mp = 341 - 342 

°C, lit = 342 - 343 °C; Aldrich). 

3.3 Solvent Purification 

3.3.1 Introduction 

Poly(arylene ether sulfone)s are synthesized by the reaction of bisphenates with an 

activated halide, usually DCDPS, in a dipolar aprotic high boiling solvent under anhydrous 

conditions. The solvents utilized in the synthesis of the poly(sulfone)s studied here, were 

N-methyl-2-pyrolidinone (NMP) and dimethyl sulfoxide (DMSO). These solvents were vacuum 

distilled using the apparatus shown in Figure 21 and stored in a round bottom flask fitted with a 

drying tube unless otherwise noted. 

3.3.2 Dimethyl Sulfoxide (DMSO) 

Source: Fisher Scientific 

Density (20 °C): 1.1014 g/ml 

Boiling pt: 190 °C, dec. > 160 °C, 85 °C/20mm 

Purity: ACS grade 

Procedure: DMSO (1000 ml) was stirred over ~ 2 g calcium hydride (Fisher, reagent 

grade) in a 2000 ml round bottom flask for 24 hours and then distilled under reduced pressure. 

After discarding the first 5 % (50 mi), 800 of a constant boiling fraction was obtained as a clear, 

colorless liquid. The freshly distilled DMSO was used immediately after distillation to prevent 

absorption of water. 
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Figure 21. Apparatus used for purification of solvents. 
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3.3.3 N-methyl-2-pyrolidinone (NMP) 

Source: Fisher Scientific 

Density (20 °C): 1.026 g/ml 

Boiling pt: 202 °C (dec.), 100 °C/24mm 

Purity: ACS grade 

Procedure: NMP (1000 ml) was stirred over ~ 2 g calcium hydride in a 2000 ml round 

bottom flask for 24 hours and then distilled under reduced pressure. After discarding the first 5 

% (50 ml), 800 mi of a constant boiling fraction was obtained as a clear, colorless liquid. The 

distilled NMP was stored in a round bottom flask fitted with a drying tube. As long as the NMP 

did not appear to have a yellow tint, it was considered polymer grade and could be used as a 

polymerization solvent. 

3.3.4 Chlorobenzene 

Source: Fisher Scientific 

Density (20 °C): 1.107 g/ml 

Boiling pt: 131 - 132 °C 

Purity: Certified grade 

Procedure: Chlorobenzene was distilled by the same method described above for NMP 

and DMSO using the apparatus shown in Figure 21. The distilled chlorobenzene was stored in 

a round bottom flask fitted with a drying tube and used within a week of distillation. 
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3.3.5 Toluene 

Source: Fisher Scientific 

Density: 0.867 g/ml 

Boiling pt: 111 °C 

Purity: ACS grade 

Procedure: High purity, reagent grade toluene was purchased from Fisher and used 

without further purification. 

3.3.6 Acetic anhydride 

Source: Fisher Scientific 

Density (20 °C): 1.082 g/ml 

Boiling pt: 138 - 140 °C 

Purity: ACS grade 

Procedure: Acetic anhydride (250 ml) was stirred over ~ 3 g magnesium turnings (Aldrich, 

98 % purity) in a 500 ml round bottom flask for 24 hours and then distilled under reduced 

pressure (Figure 21). After discarding the first 10 % (25 ml), 175 ml of a constant boiling fraction 

was collected as a clear, colorless liquid and used immediately as an acetylation reagent. 
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3.3.7 Acetic acid(glacial), Hydrochloric acid (37 %), Hydrobromic acid (48 %) 

Acetic Acid HCI(37 %) HBr(48 %) 

Source: Fisher Scientific Fisher Scientific Aldrich 

Density (20 °C): 1.049 g/ml 1.20 g/ml 1.490 g/ml 

Purity: 99.7 % ACS grade ACS grade 

Procedure: All three acids were purchased from Fisher Scientific or Aldrich and used 

without further purification. 

3.4. Miscellaneous Purifications 

3.4.1 Potassium Carbonate 

Source: Fisher Scientific 

Empirical formula: K,CO, 

Molecular weight: 138.21 g/mole 

Purity: ACS grade 

Procedure: Potassium carbonate was purchased from Fisher and used without further 

purification but was crushed to a fine powder and placed in vacuum oven at 50 °C for 24 hours 

prior to use. 
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3.4.2 Acetic acid, sodium salt (sodium acetate) 

Source: Aldrich Chemical 

Empirical Formula: C,H,O,Na 

Molecular Weight: 82.03 g/mole 

Purity: 99.9 %, gold label 

Procedure: Sodium acetate was purchased from Aldrich and used without further 

purification. 

3.5 Monomer Synthesis 

3.5.1 4(4-methoxyphenoxy)benzonitrile 

Empirical Formula: C,,H,,O,N 

Molecular weight: 225.25 g/mole 

Reaction: Scheme 9, Figure 22 

Procedure: To a nitrogen purged 1000 mi 3-neck round bottom flask fitted with an over- 

head stirrer, condenser, Dean Stark trap, gas inlet and thermometer, 0.21 moles of 4- 

methoxyphenol (Aldrich, 98 %), and 0.24 moles of potassium carbonate were added. DMSO (260 

ml) was then added to give a 20 % (w/v) solids content. Toluene, used as an azeotroping agent, 

was then added to the flask at half the volume (130 ml) of DMSO. The mixture was carefully 

stirred, and heated to the reflux temperature (135 - 140 °C) of DMSO/toluene. After 4 to 8 hours, 

the temperature was raised to between 155 °C and 160 °C by removing toluene and the water 

formed during the reaction. 4-chlorobenzonitrile (0.2 moles, Aldrich, 99 %) and a catalyst, tris[2- 
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CH;- o{ )- OH + Cl { )-cx 

4-methoxyphenol 4-chlorobenzonitrile 

DMSO/Toluene 2/1, 20% (w/v) 

TDA-1 

135-140°C, 4-8 hrs. 

155-160°C, 12 hrs., No   

4(4-methoxyphenoxy)benzonitrile 

Scheme 9. Preparation of 4(4-methoxyphenoxy)benzonitrile. 
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-igure 22. Apparatus used for the synthesis of carboxyl, hydroxyl, and phenyl 

terminated poly(arylene ether sulfone) oligomers, and 4(4- 
methoxyphenoxy)benzonitrile. 
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(2-methoxyethoxy)ethyl]amine (TDA-1, 6 x 10° moles, Aldrich, 95 %), in 50 ml of DMSO were 

then added to the flask. The temperature of the reaction was maintained at 155 °C to 160 °C for 

12 hours. The contents of the flask were then cooled to 100 °C and filtered through a course 

glass frit to remove insoluble salts and excess potassium carbonate. The final product, 4(4- 

methoxyphenoxy)benzonitrile, was precipitated into a ten fold excess (3000 mi) of distilled water. 

4(4-methoxyphenoxy)benzonitrile was then collected by suction filtration, washed with 

water and allowed to air dry for 24 hours. The partially dried monomer was then placed in a 1000 

ml Erlenmeyer flask and 200 ml of ACS reagent grade (Fisher) ethanol was added. The mixture 

was stirred and heated to reflux (78 °C). After complete dissolution, distilled water (200 ml) was 

added and the solution was allowed to slowly cool to room temperature. The white crystals that 

formed were filtered, washed with water and dried under vacuum at 60 °C for 24 hours (Yield 95 

%, mp = 110°C, lit = 110 °C;[278)). 

3.5.2 4(4-hydroxyphenoxy)benzoic acid 

Empirical formula: C,,H,.O, 

Molecular weight: 230.22 g/mole 

Reaction: Scheme 10, Figure 23 

Procedure: To a nitrogen purged 500 mi 3-neck round bottom flask, fitted with a 

condenser, gas inlet, and overhead stirrer, 50 g (0.222 moles) of 4(4-methoxyphenoxy)benzonitrile 

was added. 52.8 ml of 48 % HBr and 120 ml of glacial acetic acid was then added to give a 30 

% (w/v) solids content. The mixture was stirred, and heated to the reflux temperature (110 °C) 

of 48 % HBr/glacial acetic acid for 12 hours. The contents of the flask were slowly cooled to 

room temperature and the product, 4(4-hydroxyphenoxy)benzoic acid precipitated out of the 
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solution. The white solid was washed with a five fold excess of water (2500 ml), filtered and dried 

under vacuum at 70 °C for 48 hours (Yield 95 %, mp = 192 °C, lit = 191 °C; [278]). 

3.5.3 4(4-acetoxyphenoxy)benzoic acid 

Empirical formula: C,,H,.O0, 

Molecular weight: 272.26 g/mole 

Reaction: Scheme 11, Figure 23 

Procedure: To a nitrogen purged 500 mi 3-neck round bottom flask, fitted with a 

condenser, gas inlet and overhead stirrer, 50 g (2.17 x 10" moles) of 4(4-hydroxyphenoxy)benzoic 

acid and 0.018 g (2.10 x 10% moles) of sodium acetate was added. A five molar excess of acetic 

anhydride (102 ml) was then added. The mixture was carefully stirred, and heated to the reflux 

temperature (138 °C) for three hours. The contents of the flask were then allowed to cool to room 

temperature and the acetate - carboxylic acid, 4(4-acetoxyphenoxy)benzoic acid, precipitated out 

of solution. The white solid was washed with a ten fold excess of distilled water (500 ml), filtered 

and dried under vacuum at 80 °C for 24 hours. 

The dried acetate - carboxylic acid monomer was then recrystallized in ethanol, collected 

by suction filtration and redried in a vacuum oven at 60 °C for 24 hours (Yield 95 %, mp = 155 

°C, lit = 156 °C; [279)). 

3.5.4 Bisphenol Diacetate and Acetate-Carboxylic Acid Synthesis and Purification 

Procedure: The bisphenols; hydroquinone, biphenol, bisphenol A and 2,6- 

dihydroxynapthalene, along with the hydroxy-carboxylic acids; p-hydroxybenzoic acid and m- 
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0 Poa 
4(4-methoxyphenoxy)benzonitrile 

48% HBr/glacial acetic acid 

30% (w/v) 

110°C, No, 12 hrs. 

  

O 
| 

4(4-hydroxyphenoxy)benzoic acid 

scheme 10. Preparation of 4(4-hydroxyphenoxy)benzoic acid. 
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‘igure 23. Apparatus used for the synthesis of acetate terminated poly(arylene ether 
sulfone) oligomers, and 4(4-hydroxyphenoxy)benzoic acid. 
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4(4-hydroxyphenoxy)benzoic acid 

Acetic anhydride 

140°C, No, 3hrs. 
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4(4-acetoxyphenoxy)benzoic acid 

scheme 11. Preparation of 4(4-acetoxyphenoxy)benzoic acid. 

-hapter 3. Experimental Procedures and Purifications 115



hydroxybenzoic acid, were derivatized to their acetates and purified to high yields (95 %) by the 

method described above for 4(4-acetoxyphenoxy)benzoic acid. 

3.6 Polymer Synthesis 

3.6.1 Poly(Arylene Ether Sulfone) Oligomers of Controlled Molecular Weight and Controlled 

End Group Functionality 

3.6.1.1 Carboxyl Terminated Poly(Arylene Ether Sulfone) Oligomers 

Hydroquinone/Biphenol based: 50/50 molar ratio 

Theoretical MW of oligomer: 10,000 g/mole 

MW of repeat unit: 362.41 g/mole 

Endcapping reagent: p-hydroxybenzoic acid 

Procedure: The carboxyl terminated aromatic poly(arylene ether sulfone) oligomers of 

controlled molecular weight, using Carother's equation, were prepared by a one pot aromatic 

nucleophilic substitution procedure. 

To a nitrogen purged 1000 mi 3-neck round bottom flask, fitted with an overhead stirrer, 

condenser, Dean Stark trap, gas inlet and thermometer, the activated halide (DCDPS, 22.1550 

g, 7.72 x 10? moles), bisphenols (biphenol, 7.4488 g, 4 x 107 moles, and hydroquinone, 4.4048 

g, 4x 10? moles), endcapping reagent (p-hydroxybenzoic acid, 0.8012 g, 5.8 x 10° moles) and 

base (potassium carbonate, 13.2682 g, 9.6 x 10% moles) were added (Scheme 12, Figure 22) 

[281]. DMSO (232 ml) was added to give 15 % (w/v) solids content. Toluene, used as an 

azeotroping agent, was then added to the flask at half the volume (116 ml) of DMSO. The 

mixture was stirred, and heated to the reflux temperature (135 - 140 °C) of DMSO/toluene. After 
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4 to 8 hours, the temperature was raised to 155 °C to 160 °C, for an additional 12 hours, by 

removing toluene and the water formed during the reaction. The reaction flask was then cooled 

to 100 °C and filtered through a coarse glass frit to remove insoluble salts and excess potassium 

carbonate. The potassium carboxylate end groups were then acidified by neutralizing with 

aqueous HCI to a slightly acidic pH. The carboxyl terminated poly(arylene ether sulfone) oligomer 

was precipitated into a five fold excess of a 50/50 mixture (1200 mi) of methanol and distilled 

water in a stirred Waring blender. 

The oligomer was collected by suction filtration, washed with methanol and distilled water 

and dried in a vacuum oven at 100 °C for 48 hours. The oligomer was then redissolved in 

chloroform and reprecipitated into methanol, filtered and dried in a vacuum oven at 120 °C for an 

additional 24 hours. The oligomers molecular weight was determined by a potentiometric titration 

developed in our labs[280] and found to be 10,100 g/mole. The yield after several reprecipitations 

was greater than 90 %. 

3.6.1.2 Carboxyl Terminated Poly(Arylene Ether Sulfone) Oligomers 

Hydroquinone/Biphenol based: 50/50 molar ratio 

MW of repeat unit: 362.41 g/mole 

Endcapping reagent: m-hydroxybenzoic acid or 4(4-hydroxyphenoxy)benzoic acid 

Percent solids content: 15, 30 or 45% (w/v) 

Procedure: The carboxyl terminated poly(arylene ether sulfone) oligomers utilizing m- 

hydroxybenzoic acid or 4(4-hydroxyphenoxy)benzoic acid as the endcapping reagent, were 

prepared by the same method described in the previous section except that chlorobenzene was 

used as the azeotroping agent (Scheme 13, Figure 22) at a volumetric ratio to DMSO of 3 to 1. 

This led to a higher initial refluxing temperature of 145 °C to 150 °C. 
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Hooc—{" cH + H-O—Ar—O-H + ci—{_)-s.—{_)—c 

p-Hydroxybenzoic acid 4,4'-Dichlorodiphenylsulfone 

140°C-160°C DMSO/TOLUENE 2:1 

12hrs. K2CO, 

roe {Poot sa one -s9{- 0) eer 

HCl (aq.) 

woe) pv oar oso {ro 

Hydroquinone Biphenol 

scheme 12. Preparation of carboxyl terminated poly(arylene ether sulfone) oligomers 

utilizing p-hydroxybenzoic acid as the endcapping reagent. 
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3.6.1.3 Phenyl Terminated Poly(Arylene Ether Sulfone) Oligomers 

Hydroquinone/Biphenol based: 50/50 molar ratio 

MW of repeat unit: 362.41 g/mole 

Endcapping reagent: 4-chlorodiphenyl sulfone 

Procedure: The non-reactive phenyl terminated poly(arylene ether sulfone) oligomers 

were synthesized as described above (3.6.1.1), except a monofunctional activated halide (4- 

chlorodiphenyl sulfone) was used as the endcapping reagent (Scheme 14, Figure 22). 

3.6.1.4 Hydroxyl Terminated Poly(Arylene Ether Sulfone) Oligomers 

Hydroquinone/Bisphenol based: 50/50 molar ratio 

MW of repeat unit: 362.41 g/mole 

Endcapping reagent: none 

Procedure: The hydroxyl terminated oligomers of controlled molecular weight were 

prepared by the same method described in section 3.6.1.1, except NMP was the dipolar aprotic 

solvent and no endcapping reagent was needed (Figure 24, Scheme 15) [281]. 

For example, the calculated quantities of each reagent needed in the synthesis of a 

10,000 g/mole hydroxyl terminated poly(arylene ether sulfone) oligomer are: 

4,4'-Dichlorodiphenyl Sulfone (DCDPS): 

4,4’-Biphenol (Bp): 

Hydroquinone (Hq): 

Potassium carbonate (K,CO,): 

N-methyl-2-pyrrolidone (NMP): 

Toluene: 
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27.6938 g (0.096 moles) 

9.311 g (0.05 moles) 

5.506 g (0.05 moles) 

16.5852 g (0.12 moles) 

283 ml 

142 ml 
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This oligomer was found to have a number average molecular weight from potentiometric 

titration of 10,400 g/mole. 

3.6.1.5 Acetate Terminated Poly(Arylene Ether Sulfone) Oligomers 

Hydroquinone/Biphenol based: 50/50 molar ratio 

MW of repeat unit: 362.14 g/mole 

Procedure: The hydroxyl terminated poly(arylene ether sulfone) oligomers were 

derivatized to their acetate terminated form by acetylation with acetic anhydride (Scheme 16) 

[281]. For example, to a 250 ml 3-neck round bottom flask equipped with an overhead stirrer, 

condenser, and gas inlet and thermometer (Figure 23), 40 g (3.85 x 10%) of a 10,400 g/mole 

hydroxyl terminated polysulfone oligomer was added. A 50 molar excess (18 ml) of acetic 

anhydride and a catalytic amount of sodium acetate (0.032 g, 3.85 x 10* moles) was then added. 

The heterogeneous mixture was stirred, and heated to the reflux temperature of acetic anhydride 

(138 °C). After 2 hours, the reaction mixture was cooled to room temperature and 200 mi of 

distilled H,O was added. The acetylated oligomer was then stirred for an additional 12 hours to 

convert the excess acetic anhydride to acetic acid. The oligomer was isolated by vacuum 

filtration, washed with 300 ml of distilled water and 300 ml of methanol and dried in a vacuum 

oven for 48 hours at 100 °C. The yield, after washing with methanol and H,O was nearly 

quantitative (98 %). 

The hydroxyl terminated polysulfone oligomers could also be acetylated during the first 

stages of the melt acidolysis reaction. This is discussed in greater detail in the section on the 

synthesis of poly(arylene ether sulfone) - poly(arylate) segmented copolymers (3.6.2.1). 
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Hooc—/Sy-0H + HO—Ar—O-H + ci—{_ so, { )—ci 

m-Hydroxybenzoic acid 4,4'-Dichlorodiphenylsulfone 

145°C-150°C 
4-8 hrs. DMSO/CHLOROBENZENE 3:1 
150°C-160°C KxCO3 
12 hrs. 

onc SQ --0- oop w00"k 
n 

HC! (aq.) 

Hooc OO Oem —of 2-0 

Scheme 13. Preparation of carboxyl terminated poly(arylene ether sulfone) oligomers 
utilizing m-hydroxybenzoic acid as the endcapping reagent. 
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H-O—-Ar—O-H + cK )-Sa—{ cl ‘ € )-sa—{_ p—e 

4,4'-Dichlorodiphenylsulfone 4-Chliorodiphenyisulfone 

140°C-160°C OMSO or NMP/TOLUENE 2:1 
12hrs. K2CO5 

Orv otro pasa pono (se) 

scheme 14. Preparation of phenyl terminated poly(arylene ether sulfone) oligomers. 
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H-0-4 \—o-n + H-O-K p< )-0-H + ci—{_)-sa—{_)—cl 

Hydroquinone Biphenol 4,4'-Dichlorodiphenylsulfone 

140°C-160°C NMP/TOLUENE 2:1 

12hrs. KeCO3 

K"o~ar OL) — 80; 0A of 

n 

HCl (aq.) 

son ar—o (80K) —0-ar—of 
n 

Op > 
Hydroquinone Biphenol 

Ar 

Scheme 15. Preparation of hydroxyl terminated poly(arylene ether sulfone) oligomers. 
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3.6.2 Poly(Arylene Ether Sulfone) - Poly(Arylate) Segmented Copolymers Via Melt 

Acidolysis 

3.6.2.1 Poly(Arylene Ether Sulfone) - Poly(oxybenzoate) Segmented Copolymers Based on 

Hydroxyl Terminated Poly(Sulfone) Oligomers. 

5.3K Hydroxyl Terminated Poly(Sulfone): 80 wt% 

Hydroquinone/Biphenol based (50/50 molar ratio) or Bishpenol A based 

Poly(Oxybenzoate), p-acetoxybenzoic acid based: 20 wt% 

Procedure: The aromatic poly(arylene ether sulfone) - poly(oxybenzoate) segmented 

copolymers were synthesized using a one pot melt acidolysis procedure (Scheme 17, Figure 24). 

For example, a preformed 5,300 g/mole hydroxyl terminated oligomer (10 g, 1.9 x 10° 

moles) was charged into a wide mouth cylindrical resin kettle. A stoichiometric amount of 

terephthalic acid (0.3135 g, 1.9 x 10° moles) was added to the vessel to offset the number of 

moles of polysulfone. p-Acetoxybenzoic acid (3.7828 g, 2.1 x 10% moles) was then added at 20 

weight percent. Acetic anhydride (0.36 ml), equal to twice the number of moles of polysulfone 

used, and a catalytic amount of sodium acetate (0.0155 g, 1.9 x 10* moles) were then added to 

the vessel. Chlorobenzene (28 ml), 50% (w/v), was added to the resin kettle to enhance mixing 

of the poly(sulfone) oligomer and monomers. The top portion of the reactor, fitted with a high 

torque anchor mechanical agitator, silicone rubber or teflon seal, mechanical stirrer and N, inlet, 

was then attached to the bottom of the resin kettle. The mixture was carefully purged with 

nitrogen, stirred, and heated to the reflux temperature (132 °C) of chlorobenzene. After one hour, 

the temperature was raised to 210 °C. The chlorobenzene completely distilled off, leaving an 

apparently homogeneous melt. After 4 to 10 hours at 210 °C, the homogeneous melt solidified. 

The temperature was then slowly raised to 300 °C to 325 °C. Acetic acid rapidly began to evolve 
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oom 0+ {)—80,-{)—0-Ar 0 
n 

138°C, No Acetic Anhydride 
2hrs. NaOAc 

  

O O 
Il II HsC-G0~ ar-t0-{")-80,—{_)-0-Ar -0 FE, 

n 

Ar Q- * 0 
Hydroquinone Biphenol 

Scheme 16. Preparation of acetate terminated poly(arylene ether sulfone) oligomers. 
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from the melt mixture and the viscosity was observed to increase. After 1 to 2 hours at 300 °C 

to 325 °C, the rate of acetic acid evolution diminished, and a vacuum was carefully applied to the 

system over a period of 15 minutes until pressures approaching 50 millitorr were obtained. The 

molten polymer rapidly increased in viscosity to the point where it was barely stirrable by the high 

torque anchor stirrer. Typically, the reaction was stopped after two hours under vacuum and 

slowly cooled to room temperature under a nitrogen bleed. The polymer was removed from the 

resin kettle, and ground and dried in a vacuum oven at 100 °C for 48 hours. 

3.6.2.2 Poly(Arylene Ether Sulfone) - Poly(Oxybenzoate) Segmented Copolymers Based on 

Carboxyl Terminated Poly(Sulfone) Oligomers 

Procedure: The aromatic poly(sulfone) - poly(oxybenzoate) copolymers based on a 

carboxyl terminated polysulfone oligomer were prepared by the same method described in section 

3.6.2.1, except that a stoichiometric amount of naphthalene 2,6-diacetate, instead of terephthalic 

acid, was used to offset the number of moles of polysulfone oligomer (Scheme 18, Figure 24). 

For example, the calculated amounts of each reagent needed for the synthesis of a 15,800 

g/mole 80 weight percent poly(arylene ether sulfone) - 20 weight percent poly(oxybenzoate) 

segmented copolymer are: 

15.8K Carboxyl Terminated Poly(Sulfone): 10 g, 6.33 x10* moles 

Naphthalene 2,6-diacetate: 0.1546 g, 6.33 x 10% moles 

p-Acetoxybenzoic acid: 3.7797 g, 2.09 x 107 moles 

Chlorobenzene: 28 mi (50 % w/v) 
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Figure 24. Apparatus used for the preparation of poly(arylene ether sulfone)- 
poly(arylate) segmented copolymers via melt acidolysis. 
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3.6.2.3 Poly(Arylene Ether Sulfone)-Poly(Oxybenzoate) Segmented Copolymers 

Based on p-Acetoxy and m-Acetoxybenzoic Acid 

Procedure: Another type of poly(arylene ether sulfone) - poly(oxybenzoate) copolymer 

was based on various ratios of p-acetoxybenzoic acid and m-acetoxybenzoic acid. These 

copolymers were prepared in a similar fashion as described in the previous three sections 

(Scheme 19, Figure 24). 

For example, the theoretically calculated grams (moles) of each reagent needed for the 

synthesis of a 14,100 g/mole, 40 weight percent poly(arylene ether sulfone) - 60 weight percent 

poly(oxybenzoate) segmented copolymer based on an 85/15 molar ratio of p-acetoxybenzoic acid 

to m-acetoxybenzoic acid are: 

14.1K Carboxyl Terminated Poly(Sulfone): 10g, 7.09 x 10* moles 

2,6-Diacetate naphthalene: 0.1732 g, 7.09 x 10% moles 

p-Acetoxybenzoic acid: 12.8630 g, 7.14 x 10? moles 

m-Acetoxybenzoic acid: 2.2699 g, 1.26 x 10° moles 

Chlorobenzene: 51 ml (50 % w/v) 

3.6.2.4 Poly(Arylene Ether Sulfone) - Poly(Oxybenzoate) - Poly(Biphenol Terephthalate) 

*Xydar™ like’ Segmented Terpolymers 

Procedure: These terpolymers were synthesized by the same methods described in the 

previous sections on poly(sulfone) - poly(arylate) copolymers (Scheme 20, Figure 24). The gram 

(mole) ratios for a 9900 g/mole, 80 weight percent poly(sulfone) - 20 weight poly(oxybenzoate) - 

poly(biphenol terephthalate) terpolymer are: 

9.9K Carboxyl Terminated Poly(Sulfone) 10g, 1.01 x 10° moles 

2.6-Diacetate naphthalene: 0.2467 g, 1.01 x 10° moles 
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p-Acetoxybenzoic acid: 1.3333 g, 7.41 x 10° moles 

Biphenol diacetate: 0.4099 g, 1.52 x 10° moles 

Terephthalic acid: 0.2520 g, 1.52 x 10° moles 

Chlorobenzene: 25 mi (50% w/v) 

3.6.2.5 Poly(Arylene Ether Sulfone) - Poly(Oxybenzoate) - Poly(Oxyphenoxybenzoate) 

Segmented Terpolymers 

Procedure: These terpolymers were prepared by the same melt acidolysis procedure 

described in the previous sections (3.6.2.1). An example of this type of terpolymer is the 10,100 

g/mole, 10 weight percent poly(sulfone) - 90 weight percent poly(oxybenzoate) 

poly(oxyphenoxybenzoate) terpolymer (Scheme 21, Figure 24): 

10.1K Carboxyl Terminated Polysulfone: 2g, 1.98 x 10* moles 

2,6-Diacetate naphthalene: 0.0484 g, 1.98 x 10* moles 

p-Acetoxybenzoic acid: 13.6668 g, 7.6 x 10? moles 

4(4-acetoxyphenoxy) benzoic acid: 20.6535 g, 7.6 x 10? moles 

Chlorobenzene: 70 mi (50 % w/v) 

3.6.2.6 Blends of Non-Reactive Phenyl Terminated Poly(Arylene Ether 

Sulfone)/Poly(Oxybenzoate)-Poly(Oxyphenoxybenzoate) Polyester 

Procedure: Poly(oxybenzoate) - poly(oxyphenoxybenzoate) polyester copolymers were 

synthesized via a melt acidolysis procedure as described earlier (sections 3.6.2.1 through 3.6.2.5), 

in the presence of a non-reactive phenyl terminated poly(sulfone) oligomer (Scheme 22, Figure 
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24). The calculation for one of these blends is given below: 

10K Phenyl Terminated Poly(Sulfone) 29, 2x 10* moles 

p-Acetoxybenzoic acid: 1.50 g, 8.33 x 10° moles 

4(4-Acetoxyphenoxy)benzoic acid: 2.2648 g, 8.33 x 10° moles 

Chlorobenzene: 12 ml (50 % w/v) 

3.6.2.7 Poly(Arylene Ether Sulfone) Chain Extended Polymers 

Procedure: These polymers were synthesized in a similar fashion as previously described 

(3.6.2.1), except that only a stiochiometric amount of 2,6-naphthalene diacetate was utilized to 

react and chain extend the carboxyl terminated poly(sulfone) oligomer (Scheme 23, Figure 24). 

The calculation for one of these chain extended polymers is illustrated below: 

9.8K Carboxyl Terminated Polysulfone: 10 g, 1.02 x 10° moles 

2,6 Diacetate naphthalene: 0.2492 g, 1.02 x 10° moles 

Chlorobenzene: 20m (50 % w/v) 

3.7 Characterization of Monomers, Oligomers and Polymers 

3.7.1 Introduction: Sample Preparation 

In order to characterize the poly(sulfone) oligomers, polymers and copolymers in their solid 

state, film forming methods were developed. Two methods, solvent casting and compression 

molding, were utilized in the preparation of films for structural, optical, thermal and mechanical 

analysis. These methods will be described in greater detail in the following sections. The type 

of film needed for a particular analysis will be discussed in the sections that follow solvent casting 

and compression molding. 
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3.7.1.1 Solvent Casting 

Procedure: Many of the poly(sulfone) oligomers were dissolved in a suitable solvent and 

cast into a film. Typically, 1 gram of an oligomer was dissolved in 10 ml of a low boiling, highly 

volatile solvent such as chloroform. The resulting polymer solution was filtered through glass 

wool to remove particulates. The filtered solution was transferred to a 10 cm petri dish and 

covered to decrease the solvent evaporation rate and to prevent dust from entering the sample. 

The film was allowed to air dry for 2 hours. It was then placed under vacuum at room 

temperature for an additional 12 hours. The film was usually removed from the petri dish by 

prying one of the edges up with a razor blade and slowly peeling the film from the glass. If the 

film could not be removed by this method, it was soaked in cold water for several hours. The 

adherence of the film to the glass would not be as great, and the film could be peeled off the 

glass surface. The films obtained in this manner were in the order of 2 to 4 mils (0.001 to 0.004 

inches) thick. 

3.7.1.2 Compression Molding 

Procedure: Many of the poly(sulfone) oligomers, polymers and segmented copolymers 

were compression molded into films of various thicknesses and shapes for characterization by 

different analysis methods. Typically, the Pasadena or Tetrahedron Smart press was heated 50 

°C above the Tg for the amorphous poly(sulfone) oligomers or polymers or slightly above the 

melting endotherm (~300 °C) of the poly(sulfone) - poly(arylate) segmented copolymers. 

A 5 g polymer sample was then placed between two 7.5 in. x 7.5 in. teflon sheets (AIN 

plastics). The polymer and the teflon sheets were then placed between two 7.5 in. x 7.5 in. iron 

metal plates (Appolo Metals Company). This entire assembly was placed between the preheated 

platens of the press. The platens were then brought into contact with the assembly. Since the 
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assembly was at room temperature and the platens were at a very high temperature, usually 

greater than 500 °F, it took several minutes for the assembly to heat to the set temperature of the 

platens. Therefore, no pressure was initially placed on the assembly. Once the assembly had 

reached the set temperature, the pressure was slowly increased. Depending upon the desired 

thickness, and the flow properties of the polymer, the pressure was increased to between 2,000 

psi and 40,000 psi for 3 to 10 minutes. The pressure on the assembly was then released and 

the assembly was removed from the press and allowed to cool slowly in air, or cool quickly by 

placing it in the DAKE press at room temperature. The films were generally 5 to 20 mils thick. 

3.7.2.1 Fourier Transform Infrared Spectroscopy (FT-IR) 

Fourier transform infrared (FT-IR) spectra were obtained on the monomers, oligomers and 

polymers using a Nicolet MX-1 spectrometer. Spectra were run on three different types of 

samples. The oligomeric or polymeric samples were dissolved in a volatile solvent, such as 

chloroform or methylene chloride, to give a 10 % solution and placed dropwise onto a clean, dry, 

clear salt plate. It was evaporated to dryness, and placed in a vacuum oven at 40 °C for 8 hours, 

producing a thin polymeric film. 

For polymers, such as the poly(sulfone) - poly(arylate) copolymers, that were insoluble in 

low boiling solvents, spectra were taken on compression molded films. For non-film forming 

compounds, such as monomers and low molecular weight oligomers, pellets were formed by 

mixing One part compound to 10 parts dry IR grade KBr (Fisher). 

3.7.2.2 Nuclear Magnetic Resonance (NMR) 

Nuclear magnetic resonance (NMR) was obtained for the monomers, oligomers and 

polymers synthesized and purified in this study. A 270 MHZ NMR was used to obtain “CNMR 
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and 'HNMR spectra. Approximately 8 % solutions in deuterated CHCl, or DMSO-d° were used 

for ‘°C spectra. Lower concentrations (<5%) were prepared for 'HNMR. 

3.7.3 Molecular Weight Determination 

3.7.3.1 End Group Analysis 

The functionally terminated poly(arylene ether sulfone) oligomers synthesized in this study 

were either phenolic hydroxyl or aromatic carboxyl. A quick and easy method to determine the 

absolute number average molecular weight was developed in our laboratories[280]. Both the 

phenolic hydroxyl and aromatic carboxyl were titrated by a potentiometric titration in a non- 

aqueous medium using tetramethyl ammonium hydroxide in methanol as the titrant. The titration 

was carried out using a Mitsubishi Chemical Industries (MCI) GT-05 automatic titrator. The MCI 

GT-05 microprocessor controlled titrator was equipped with a sensorex combination pH electrode. 

An example of this titration method, is the titration of a carboxyl terminated hydroquinone/biphenol 

50/50 poly(arylene ether sulfone) oligomer with a theoretical molecular weight of 16,000 g/mole. 

An accurately weighed sample (0.7247 g) of the above polymer was placed in a 150 mi 

beaker. 70 ml of freshly distilled NMP was then added to the beaker, and with stirring, the 

oligomer soon dissolved. After complete dissolution, the electrode and delivery tip were 

immersed in the solution and the titration was started. The titration was continued until a peak 

in the first derivative curve was observed. This peak was taken as the endpoint and the 

molecular weight of the polymer was determined by the microprocessor of the MCI GT-05 titrator. 

The equation used to determine the number average molecular weight of the polymer is the 

following: 
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where W is the weight in grams of the polymer, E is the number of end groups per molecule, C 

is the concentration of the titrant (tetramethyl ammonium hydroxide) in moles/ml and V is the 

titrant endpoint volume in milliliters (ml). Therefore, for the example given above: 

(0.7247g)(2) 

(2.56x10*moles/m1)(3.217ml) 
  <Mn> = = 17,600g/mole 

A minimum of three titrations were used to calculate an average of the number average molecular 

weight. In this particular case, the average was 17,600 g/mole. 

The poly(sulfone) hydroxyl terminated oligomers were also titrated similarly to the carboxyl 

terminated oligomers. For example: 

(0.19882)(2) 
= 5,200g2/mole 

(2.61x10*moles/ml)(2.93ml) 
<Mn> = 

The average was 5,300 g/mole. 

3.7.3.2 Viscosity Determinations 

3.7.3.2.1 Intrinsic Viscosity 

Intrinsic viscosities (IV) of the oligomers and polymers were measured using a Cannon - 

Ubbelhode dilution viscometer immersed in a thermostatically controlled water bath at 25 °C. 

The intrinsic viscosities (dl/g) were calculated by an computer program which determines the 

intercept of specific viscosity divided by the concentration versus concentration. Specific viscosity 

is calculated by: 

    

where n is the viscosity of the polymer solution and n, is the viscosity of the solvent. As seen 
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above, the relationship of the viscosity of the solvent and the viscosity of the polymer solution is 

approximately equal to the ratio of the flow times (in seconds) of the polymer solution and solvent. 

Thus, the intrinsic viscosity is actually the intercept of the plot of the flow times of the polymer 

solution and solvent versus concentration. 

Typically, three pure solvent flow times and three flow times of a polymer solution at four 

concentrations were used to determine the intrinsic viscosity of a polymer. For example, the 

viscosity time for a 0.1 g 1,200 g/mole carboxyl terminated poly(sulfone) oligomer in 25 ml of 

NMP was measured three times. 5 ml of NMP was then added to 10 mi of the 0.1 g/25 mi 

solution and three more flow times were measured. The new solution was then diluted once 

more time with 5 mi of NMP and three more fiow times were determined. This new solution was 

then diluted once again with 5 ml of NMP and three more viscosity flow times were measured 

(Table 6). The intrinsic viscosity was found to be 0.14 di/g. 

3.7.3.2.2 Reduced Viscosity 

For the polymers that were difficult to dissolve, due to their high degree of rigidity, a 

reduced viscosity was determined. The reduced viscosity is measured by comparing the average 

of three flow times for the pure solvent and the average of three flow times for a 1 wt % polymer 

solution: 

Ne v, 

c c 
Ned 

where n,, is the specific viscosity and c is the concentration of the polymer solution. An example 

of this measurement is shown below for a 15.8K, 80 wt% poly(arylene ether sulfone) - 20 wt% 
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Table 6. Intrinsic Viscosity data fora 1,200 M, Hq/Bp 50/50 poly(arylene ether sulfone) 
carboxyl terminated oligomer. 

  

Flow times(sec) 

Concentration (g/dl) 1 2 3 

0 (solvent flow time)() 97.9 98.0 98.0 

1.0 113.4 113.5 113.4 

0.67 107.5 107.4 107.6 

0.50 104.5 104.5 104.6 

0.40 102.7 102.5 102.7 

  

Intrinsic Viscosity [n] = 0.14 di/g 

(1) NMP at 25°C; all other polymer/solvent flow times measured in NMP at 
25°C 

Chapter 3. Experimental Procedures and Purlfications 143



poly(oxybenzoate) copolymer: 

Average solvent (triflic acid) flow time (t,) = 125.6 s 

Average polymer solution flow time (t) = 213.7 s 

Concentration (c) of the polymer solution = 0.9872 g/dl 

tT, 213.7s -— 125.6s 

1, = tT 125.6 

red c .9872g/dl 

  

  = 0.71dl/g 

3.7.3.3 Gel Permeation Chromatography (GPC) 

Gel permeation chromatography was utilized to qualitatively compare the relative 

molecular weights and molecular weight distributions of the poly(sulfone) oligomers and the 

polymers synthesized from them. Tetrahydrofuran solutions, approximately 0.1 to 0.3% (w/v), 

were injected into the chromatograph (Waters WISP 7108B), fitted with 4 columns ranging from 

500 to 10° angstroms, at a flow rate of 0.5 or 1 ml/min at 30 °C using both ultraviolet and 

differential refractive index detectors. 

3.7.4 Thermal Analysis 

3.7.4.1 Differential Scanning Calorimetry (DSC) 

DSC was used to determine the glass transition and endothermic transition temperatures 

of the poly(sulfone) oligomers and poly(sulfone) - poly(arylate) copolymers with either a Perkin 

Elmer DSC - Il or Dupont Instruments 912 DSC. These instruments were calibrated periodically 

using an indium standard for heat of fusion calibration and high purity metals for temperature 

calibrations. At least two DSC scans, of a solvent cast or compression molded film, were run 

under a nitrogen atmosphere at 10 °C/min with a sensitivity of 10 mcal/sec. Melting endothermic 

values reported in this study were obtained from the second heating cycle and taken as the peak 
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maximum. Glass transition temperatures were taken as the midpoint of the change in the slope 

of the baseline in the second heating scan. 

3.7.4.2 Thermogravimetric Analysis (TGA) 

TGA was performed, on either a Perkin Elmer TMS-2 instrument or a Dupont Instruments 

951 Thermogravimetric Analyzer, in order to determine the relative thermal stabilities of the 

poly(arylene ether sulfone) oligomers and poly(sulfone) - poly(arylate) copolymers. A thin film (2 

mils) of an oligomer or polymer was placed in a platinum pan connected to an electronic 

microbalance. Scans were run at a heating rate of 10 °C/min under an air or nitrogen 

atmosphere. Dynamic temperature scans were performed at temperatures between 25 °C and 

800 °C, while isothermal scans were run at 200 °C, 300 °C and 350 °C for times as long as 10 

hours. 

3.7.4.3 Thermal Mechanical Analysis (TMA) 

Thermal mechanical analysis was performed on some of the oligomers and polymers to 

determine their coefficient of thermal expansion. An approximately 1.5 mm thick film of an 

oligomer or polymer was placed in the Perkin Elmer TMA 7 Thermomechanical Analyzer using 

an expansion probe. Two to three scans were run on each polymer sample at 10 °C/min, under 

a nitrogen atmosphere, from 25 to 220 °C. The polymer samples were cooled at a rate of 10 

°C/min from 220 °C to 25 °C. The load placed on the sample was 0.5 mN. The coefficient of 

thermal expansion was taken from the second or third heating scan to eliminate prior thermal 

history. 
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3.7.4.4 Dynamic Mechanical Thermal Analysis (DMTA) 

Dynamic mechanical thermal analysis of selected poly(sulfone) and poly(sulfone) - 

poly(arylate) copolymers was determined by a Polymer Laboratories Dynamic Mechanical 

Analyzer (DMTA) on films having dimensions of 1.25 in. x 0.5 in. x 0.0625 in. at a heating rate 

of 5 °C/min. in a single cantilever mode and a frequency of 1 Hz. Both the storage modulus and 

tan delta curves were obtained from all sample runs. The glass transition temperature was taken 

as the peak in the tan delta damping curve. 

3.7.5 Morphology Studies 

3.7.5.1 Wide Angle X-ray Scattering (WAXS) 

Wide angle X-ray scattering (WAXS) patterns were taken of some of the poly(sulfone) 

oligomers and copolymers. The WAXS patterns from solution cast or compression molded films 

were taken using a table top Phillips generator equipped with a Warrhus camera. 

3.7.5.2 Hot Stage Optical Microscopy 

Optical micrographs of selected poly(sulfone) oligomers and poly(sulfone) - poly(arylate) 

segmented copolymers were obtained using a Zeiss Axioplan polarizing microscope equipped 

with a Linkam THM 600 hot stage and a Zeiss MC100 camera. The polymer samples were either 

solution cast or compression molded films melted on a hot plate between two microscope slides, 

with or without shear, under a slight pressure. They were then placed in the microscope at a 

heating rate of 10 °C/min. from 25 °C to 350 °C unless otherwise noted. 
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3.7.5.3 Extraction, Solubility and Swelling Studies 

10 mil thick films of the poly(arylene ether sulfone) - poly(arylate) segmented copolymers, 

approximately 0.25 grams, were tested to determine their qualitative solubility and swelling 

resistance to different solvents. These experiments were performed at 25°C and at elevated 

temperatures. 

A more quantitative test was performed to see whether the polymers were true segmented 

copolymers or blends of the poly(sulfone) oligomer and poly(arylate). This test was performed 

by extracting the copolymers in a soxhlet extractor for 72 hours and drying to a constant weight 

with a solvent (chloroform) which will dissolve both the poly(sulfone) oligomer and ester forming 

monomers. 10 mil thick films of approximately 1 gram were used in these studies. 

3.8 Mechanical Properties 

Instron model 1123 was used to determine the room temperature stress-strain mechanical 

behavior of dogbone shaped film specimens cut from a steel rule die (ASTM D-3368) against a 

teflon cutting board. An Instron Strain Gauge Extensometer #2630-027 was used to give the true, 

engineering stress-strain of the polymers. The specimen gauge length was 10 mm and the width 

was 3.5 mm. Sample thicknesses were 10 to 20 mils. The crosshead extension rate was 0.5 

inches per minute. Reported results are an average of 5 to 10 dogbone specimens. 
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Chapter 4. Results and Discussion 

4.1 Introduction 

Lyotropic and thermotropic high strength liquid crystalline polymer systems have become 

an important area of research and development[153,220]. In general, these materials have 

afforded excellent high temperature stability and high strength in the oriented direction, but poor 

properties in the transverse direction. Thus, “balancing” the properties in the longitudinal and 

transverse directions is an important research frontier. In these studies, research on the 

synthesis and characterization of isotropic-anisotropic segmented copolymers is reported and 

discussed in detail. The isotropic phase is based upon a ductile poly(arylene ether sulfone), while 

the anisotropic phase is based upon a rigid polyester moiety. Poly(oxybenzoate), 

poly(oxybenzoate)-poly(oxyphenoxybenzoate) or the aromatic copolyarylate which has become 

known as XYDAR™, poly(oxybenzoate)-poly(biphenol terephthalate), were chosen as the polyester 

moieties due to the observation that the hompolymers and many copolymers incorporating these 

stuctures are known to be highly crystalline or liquid crystalline[44,58}. 
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The poly(arylene ether sulfone)s were synthesized such that they had functional group 

termination[15,16,17,281]. These functional groups included phenolic[16,17], acetate[281], or 

aromatic carboxy groups[281]. Ester forming monomers were subsequently reacted with the 

functional end groups of the poly(sulfone) via a melt acidolysis procedure to form the segmented 

coplymers. Characterization of these polymers has included structural analysis (FT-IR, NMR), 

molecular weight determination, thermal analysis (DSC, TGA, TMA, DMTA), morphological and 

optical analysis (WAXS, SEM, hot stage optical microscopy, swelling), and mechanical analysis 

(stress-strain). The synthesis as well as the characterization of these segmented copolymers will 

be discussed in detail in the following sections. 

4.2 Synthesis and Characterization of Functionally Terminated Poly(Arylene Ether Sulfone) 

Oligomers 

4.2.1 Carboxyl Terminated Poly(Arylene Ether Sulfone) Oligomers Utilizing p- 

Hydroxybenzoic Acid as the Endcapping Reagent 

There are two methods by which segmented copolymers can be synthesized. One 

approach is to synthesize both segments with reactive end groups separately, and then 

chemically bond them together through their reactive end groups or with a coupling reagent. 

Another method, discussed here, is to synthesize one segment with reactive end groups and 

polymerize the second segment in the presence of the first segment. This apporach will lead to 

a copolymer where the first segment is randomly or alternately coupled into the polymer chain. 

In order to synthesize these segmented copolymers, the first segment, poly(arylene ether 

sulfone), had to be synthesized with functional end groups and a controlled molecular weight. 

The carboxyl terminated hydroquinone/biphenol 50/50 molar ratio poly(arylene ether 
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sulfone) oligomers of controlled molecular weight were synthesized by the dipolar aprotic solvent 

(DMSO)/weak base (potassium carbonate) aromatic nucleophilic substitution procedure[7] 

discussed early in chapter 2. The end group functionality as well as the molecular weight of the 

oligomers were controlled by the calculated number of moles of a monofunctional reagent (p- 

hydroxybenzoic acid) using Carother’'s equation[1]. p-Hydroxybenzoic acid acts as a 

monofunctional reagent because the hydroxyl group of the monomer can displace the chlorine 

of the activated halide, dichlorodipheny! sulfone (DCDPS), but the carboxyl group can not (i.e., 

not a strong enough nucleophile to attack DCDPS). Thus, p-hydroxybenzoic acid reacts such that 

the end groups of the oligomer are carboxyl. 

Typically, N-methyl-2-pyrolidinone (NMP) or dimethyl acetamide (DMAc) is used as the 

dipolar aprotic solvent for the synthesis of poly(arylene ether)s via aromatic nucleophilic 

substitution[7,15,16,17]. However, dimethyl sulfoxide (DMSO) was used as the solvent for the 

synthesis of carboxyl terminated poly(arylene ether sulfone)s. It was found that the dianion of p- 

hydroxybenzoic acid (Figure 25) was not soluble in the less polar solvents, NMP and DMAC, but 

was soluble in the more polar solvent DMSO[281]. 

The reaction scheme for the carboxyl terminated poly(sulfone) oligomers is shown in 

Scheme 12. Section 3.6.1.1 shows the calculations to synthesize a 10,000 g/mole number 

average molecular weight carboxyl terminated oligomer. The molar ratios of p-hydroxybenzoic 

acid, bisphenols (hydroquinone and biphenol), and the activated halide (DCDPS), are such that 

the end groups are carboxyl and the molecular weight is limited to 10,000 g/mole. The molar 

ratios can be altered, through Carothers equation, to give carboxyl terminated oligomers with 

molecular weights from 1,000 to 20,000 g/mole. 

Once the oligomers have been synthesized, isolated and purified, various charaterization 

techniques were employed to determine their properties. Among these techniques is molecular 
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weight analysis. One such technique is potentiometric titration of the end groups of the polymer 

chain. 

Equimolar stoichiometry of the reactants is very critical in forming high molecular weight 

segmented copolymers via step-growth polymerization (Chapter 2). The number average 

molecular weight <Mn> of the oligomers was determined by a potentiometric titration of the 

carboxyl end groups of the poly(arylene ether sulfone). The end groups of the oligomers were 

titrated, based on a method developed by Wunk, et al[288], by a methanol/ tetramethylammonium 

hydroxide titrant solution using NMP as a solvent. 

Several carboxyl terminated poly(arylene ether sulfone) oligomers are shown in Table 7 

in which the theoretically calculated number average molecular weights, <Mn>, and the actual 

titrated molecular weights are compared. As can be seen from this table, the theoretical and 

titrated molecular weights correlate very well at 15 % (w/v) solids. The titrated molecular weights 

are generally slightly higher than the theoretical molecular weights due to the tendency of the 

lower molecular weight oligomers (dimers, trimers, etc.) to be lost during the polymer workup. 

Step-growth polymerizations have a distribution of molecular weights[6]. High number 

average molecular weight polymers still have a substantial number of low molecular weight 

oligomers. The lower molecular weight oligomers have a much smaller particle sizes and a 

higher solubility in the precipitation solvent, methanol, than the higher molecular weight oligomers. 

Thus, the lower molecular weight oligomers can be dissolved and filtered off with the 

methanol/water/DMSO solution. This leads to a titrated molecular weight that is slightly higher 

than the theoretical molecular weight. 

However, at higher percent solids, the theoretical and titrated molecular weights do not 

correlate well and control of molecular weight is poor (Table 10). At higher concentrations (less 

DMSO), it is believed that the reactivity of the dianion is decreased by either a poorer solubility 
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Figure 25. Resonance structures of m- and p-Hydroxybenzoic acid Dianions. 
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TABLE 7. MOLECULAR WEIGHT DETERIMINATIONS OF CARBOXYL FUNCTIONALLY 

TERMINATED POLY(ARYLENE ETHER SULFONE) OLIGOMERS UTILIZING 

p-HYDROXYBENZOIC ACID AS THE ENDCAPPING REAGENT 

  

<Mn>__gm/mol 
PSF CARBOXYL TERM $$$ THEORETICAL $$ TITRATED 

Hq/Bp 50/50 1000 

Hq/Bp 50/50 2000 

Hq/Bp 50/50 5000 

Hq/Bp 50/50 9000 

Hq/Bp 50/50 10000 

Hq/Bp 50/50 14000 

Hq/Bp 50/50 15000 

Hq/Bp 50/50 16000 

1200 

2400 

5800 

9900 

10100 

14100 

15800 

17500 

[n](?) 

0.14 

0.23 

0.31 

0.33 

0.36 

0.41 

0.44 

  

(2) N-methyl-2-pyrolidone, 25°C 

Hq/Bp = Hydroquinone/Biphenol 50/50 molar ratio 
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or a greater resonance stabilization (Figure 25) or a combination of these effects. A decrease 

in the nucleophilicity of the monomer (dianion), will make it more difficult for the dianion to attack 

DCDPS. Therefore, the polymer chain may not be adequately end-capped and control of the 

molecular weight will be lost, leading to a much higher titrated molecular weight than the 

theoretically calculated molecular weight. 

Intrinsic viscosities were also determined to give a relative indication of the molecular 

weight of the poly(sulfone) oligomers. Table 7 gives the intrinsic viscosities (NMP at 25 °C) for 

a series of carboxyl terminated poly(sulfone) oligomers. As expected, with increasing theoretical 

and titrated molecular weight, the intrinsic viscosity of the oligomers synthesized at 15% (w/v) 

solids increases. However, for the higher percent solids cases, the intrinsic viscosity values do 

not correlate well with the theoretical molecular weights. This is another indication that the 

molecular weight control at high percent solids is very poor. 

The chemical composition of the poly(sulfone) oligomers was found through FT-IR and 

NMR studies. Shown in Figure 26 is the FT-IR spectrum of a 9,900 g/mole carboxyl terminated 

poly(sulfone) oligomer. The characteristic peaks of the oligomer and their chemical structural 

assignments are shown in Table 8[281]. The major peaks of interest occur at 3400-3500 cm", 

1722 and 1691 cm’ and 920 cm". The broad peak at 3400-3500 cm" is attributed to the 

hydroxyl stretching of the carboxyl end groups. The doublet, at 1722 and 1691 cm", is due to 

the carboxyl stretching of the carboxyl end groups. The doublet carboxyl stretch is caused by a 

hydrogen bonding effect or the association of the carboxyl end groups of the oligomer[280,281]. 

The peak at 920 cm’ is attributed to the hydroxyl out-of-plane bending of the carboxyl end group. 

'3C NMR of the 3,300 g/mole poly(sulfone) oligomer is shown in Figure 27. All the peaks 

are assigned to the poly(sulfone) backbone and carboxyl end groups. Both the FT-IR and NMR 

show the structural characterisics and end group nature of the polymer. However, the reactivity 
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and degree of functionality was determined by chain extending the oligomers through a melt 

acidolysis procedure. This is discussed in section 4.3. 

Since the poly(arylene ether sulfone) carboxyl terminated oligomers were utilized in the 

synthesis of segmented copolymers in a melt acidolysis procedure in which temperatures can be 

greater than 300 °C, the thermal stability of the oligomers was determined by thermogravimetric 

analysis (TGA). The oligomers were tested under isothermal conditions at 200 °C for 10 hours 

under a nitrogen atmosphere. At this temperature, it is believed that the end groups of the 

poly(sulfone) oligomer are chain extended during the melt acidolysis reaction. Therefore, if the 

thermal stability of the oligomer is adequate at 200 °C, the oligomer could be used in a melt 

acidolysis synthesis. The results are shown in Table 9. The isothermal analysis of a 1,200 

g/mole oligomer is shown in Figure 28. These results indicate that the thermal stability of the 

oligomers at 200 °C is adequate and, therefore, they can be utilized in a melt acidoylsis synthesis. 

Dynamic thermogravimetric analysis was also performed on the poly(sulfone) oligomers 

(Table 9, Figure 29). These results show that the oligomers under these conditions are stable 

up to at least 370 °C. This also indicates that their thermal stability is exceptional. 

Differential scanning calorimetry (DSC) was utilized to determine the glass transition 

temperature of the oligomers (Table 9, Figure 30). As expected, a single glass transition 

temperature is observed which increases with increasing molecular weight. 

4.2.2. Carboxyl Terminated Poly(Arylene Ether Sulfone) Oligomers Utilizing m- 

Hydroxybenzoic Acid as the Endcapping Reagent 

Although segmented copolymers have been successfully synthesized from carboxy! 

terminated poly(sulfone) oligomers, the oligomers can only be synthesized at low percent solids 

(15 % (w/v)). Therefore, a new procedure for preparing carboxyl terminated oligomers at 30 or 
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Figure 26. FT-IR spectrum of a 9,900 g/mole carboxyl terminated poly(arylene ether 
sulfone) oligomer. 
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Figure 27. ‘°C NMR of a 3.3K Carboxy! Terminated Poly(Sulfone) Oligomer. 
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Table 8. | Characteristic Poly(Arylene Ether Sulfone) FT-IR frequencies and their 

Assignments. 

FREQUENCY (cm?) ASSIGNMENT 
  

3100 - 3000 

1590 - 1580 

1330 - 1290 

1250 - 1240 

1155 - 1150 

1110 - 1100 

AROMATIC C-H STRETCHING 

AROMATIC C-C STRETCHING 

ASYMMETRIC O=S=0 STRETCHING 

ASYMMETRIC C-O-C STRETCHING 

SYMMETRIC O=S=O STRETCHING 

AROMATIC RING VIBRATION 
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45 % (w/v) was employed (Scheme 13, Section 3.6.1.2). Section 3.6.1.2 describes the synthesis 

of carboxyl terminated poly(arylene ether sulfone) oligomers at 45 % (w/v). The calculations are 

the same as section 3.6.1.1, except the volume of DMSO is one-half or two-thirds lower, and 

chlorobenzene is used as the azeotroping agent. However, the greatest change in the procedure 

is the use of m-hydroxybenzoic acid instead of the p-hydroxybenzoic acid as the endcapping 

reagent. 

As discussed in section 4.2.1, when p-hydroxybenzoic acid was utililized as the 

endcapping reagent, molecular weight control was only possible at low percent solids (15 % 

(w/v)). The dianion of m-hydroxybenzoic acid is not conjugated and, therefore, is not resonance 

stabilized (Figure 25). Consequently, the dianion is soluble enough and reactive enough at 45 

% (w/v) to be incorporated as end groups of the polymer chain and, hence, control the molecular 

weight of the oligomer. 

Intrinsic viscosities and titrated molecular weights of these polymers are given in Table 

10 and Figure 31. As can be seen from this table, the intrinsic viscosity and titrated molecular 

weight values are nearly equal to each corresponding molecular weight of poly(sulfone) carboxyl 

terminated oligomers synthesized at 15 % (w/v) solids utilizing p-hydroxybenzoic acid as the 

endcapping reagent (Table 7, Section 4.2.1). This is an indication that the oligomers synthesized 

under the 45 % (w/v) solids procedure are difunctionally terminated. Chain extended poly(arylene 

ether sulfone) polymers were synthesized to give a qualitative estimate of the degree of 

difunctionality. This is discussed in Section 4.3. 

Thermal analysis (DSC) of these oligomers was also studied (Table 10). The results are 

similar to those found for the oligomers synthesized via the "15 % (w/v) solids content" procedure. 

4.2.3 Phenyl Terminated Poly(Arylene Ether Sulfone) Oligomers 

Several non-reactive phenyl terminated poly(sulfone) oligomers were synthesized (Scheme 
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Table 9. Thermal analysis of carboxyl functionally terminated poly(arylene ether 
sulfone) oligomers utilizing p-Hydroxybenzolc acid as the endcapping 
reagent” 

  

TGA 

PSF CARBOXYL TERM <Mn> Tg(°C) ISOTHERMAL(3) DYNAMIC(4) 

Hq/Bp 50/50 1200 146 6.25 370 

Ha@/Bp 50/50 2400 157 7 370 

Hq/Bp 50/50 5800 166 7 380 

Ha/Bp 50/50 9900 178 7 400 

Ha/Bp 50/50 10100 181 7.5 400 

Hq/Bp 50/50 14100 195 8.25 435 

Ha/Bp 50/50 15800 200 8.5 450 

Ha/Bp 50/50 17500 206 9 470 

  

(1) 15% (W/V) SOLIDS 

(2) 10°C/min, No 

(3) TIME (HRS) AT 200°C BEFORE 1 WT% LOSS UNDER A No ATMOSPHERE 

(4) TEMPERATURE (°C) AT WHICH 5 WT% LOSS OCCURS UNDER A No ATMOSPHERE 

Hq/Bp = Hydroquinone/Biphenol 50/50 molar ratio 
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14) to be utlized as controls in extraction studies. The extraction studies will be described in 

detail later on in this chapter (Section 4.4). The calculations for this oligomer are described by 

Carothers equation and are similar to those discussed earlier in this chapter (Section 4.2.1), and 

in Chapter 3 (Section 3.6.1.1). In this case, a monofunctional reagent that leaves the oligomer 

with no reactive end group, 4-chlorodiphenyl sulfone, is used. 

These oligomers were characterized by the same methods employed for the carboxyl 

terminated oligomers. The results of the molecular weight determinations and thermal analysis 

are given in Table 11, Figure 32. These results correlate well with the results for the carboxy! 

oligomers. Thatis, the intrinsic viscosity and glass transition temperature increase with increasing 

molecular weight and the oligomers have excellent thermal stability. 

4.2.4 Hydroxyl Terminated Poly(Arylene Ether Sulfone) Oligomers 

Several hydroxyl terminated oligomers were synthesized as a comparison to the carboxyl 

terminated poly(sulfone) oligomers (Scheme 15). The calculations for the hydroxyl terminated 

oligomers are nearly the same as that of the carboxyl terminated oligomers, except no 

endcapping reagent is used to control the molecular weight. Instead, the molecular weight as well 

as the hydroxyl functionality of the hydroquinone/biphenol or bishenol A based poly(sulfone) 

oligomers is controlled by a calculated excess of the bisphenols, determined by Carothers 

equation[1]. Section 3.6.1.4 shows the calculations for the synthesis of a 10,000 g/mole hydroxyl 

terminated oligomer. It can be seen that the number of moles of the bisphenols, hydroquinone 

and biphenol, is greater than the moles of dichlorodiphenyl sulfone (DCDPS). At the particular 

ratios described, the molecular weight of the oligomer is limited to 10,000 g/mole with hydroxyl 

end groups. 
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Table 10. Characterization of carboxyl functionally terminated poly(arylene ether 

sulfone) oligomers with various endcapping reagents at various percent 

solids. 

  

  

<Mn>_gm/mol 

PSF-COOH THEORETICAL IITRATED %SOLIDS [nJ(1) Tg(°Cc)(2) 

Hq/Bp 50/5013) 5000 6100 30 0.23 170 

Hq/Bp 50/50 10000 10200 30 0.31 184 

Hq/Bp 50/50 15000 15500 30 0.39 201 

Hq/Bp 50/50(3) 5000 5700 45 0.23 170 

Hq/Bp 50/50 10000 9800 45 0.32 185 

Hq/Bp 50/50 15000 15300 45 0.40 203 

Hq/Bp 50/50(4) 5000 7400 30 0.28 168 

Hq/Bp 50/50 10000 13100 30 0.29 178 

Hq/Bp 50/50 15000 17300 30 0.33 187 

Hq/Bp 50/50(4) 5000 7800 45 0.35 179 

Hq/Bp 50/50 15000 17800 45 0.47 198 

(1) N-methylpyrolidone, 25°C END CAPPING REAGENTS: 

(2) 10°C/MIN, No, 2nd heating scan 
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Table 11. Characterizationof non-reactive phenyl terminated poly(arylene ether sufone) 

  

oligomers. 

<Mn> l psc(1) 

POLYSULFONE THEORETICAL [n](2) Tg 

Hq/Bp 50/50 5000 0.20 168 

Hq/Bp 50/50 10000 0.31 182 

Hq/Bp 50/50 15000 0.38 191 

  

(1) 10°C/min, No 

(2) N-methyl-2-pyrolidone, 25°C 

Hq/Bp = Hydroquinone/Biphenol 50/50 molar ratio 
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Figure 32. DSC ofa 15,000 g/mole non-reactive phenyl terminated poly(arylene ether 
sulfone) oligomer, 10 °C/min, N.. 

Chapter 4. Results and Discussion 168



Table 12. Characterization of hydroxyl functionally terminated poly(arylene ether 
sulfone) oligomers. 

  

<Mn>__gm/mol psc(1) 

PSF HYDROXYL TERM THEORETICAL TITRATED [n}(2) Tg 

Bisphenol A 1500 2000 0.13 150 

Hq@/Bp 50/50 4000 4200 0.18 161 

Hq/Bp 50/50 5000 5300 0.20 169 

Hq/Bp 50/50 7000 7500 0.26 177 

Hq/Bp 50/50 10000 10100 0.30 183 

Hq/Bp 50/50 15000 15800 0.39 197 

  

(1) 10°C/min, No 

(2) N-methyl-2-pyrolidone, 25°C 

Hq/Bp = Hydroquinone/Biphenol 50/50 molar ratio 
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These hydroxyl end groups were titrated by the same method described earlier for 

carboxyl oligomers (Section 3.6.1.1). The titrations along with intrinsic viscosity measurements 

and thermal analysis results are shown in Table 12, Figure 33. The titrated molecular weights 

are slightly higher than the calculated molecular weights. This is similar to the carboxyl oligomers 

(Section 4.2.1). Intrinsic viscosity and glass transition temperatures increase with increasing 

molecular weight. This behavior was also observed for the carboxyl and phenyl terminated 

oligomers. 

4.2.5 Acetate Terminated Poly(Arylene Ether Sulfone) Oligomers 

In a melt acidolysis reaction, acetate and carboxylic acid groups react to form an ester 

with the evolution of acetic acid. Therefore, the hydroxyl terminated oligomers had to be 

derivatized to their acetate form by acetylation with acetic anhydride[281]. The calcualtions for 

the acetylation of a 10,400 g/mole hydroxyl termianted poly(sulfone) are shown in section 3.6.1.5 

of chapter 3. Scheme 16 shows the synthetic procedure to synthesized acetate terminated 

poly(sulfone) oligomers. 

Since these oligomers were then utilzed in the synthesis of segmented copolymers in a 

melt acidolysis reaction and the acetylation reaction is well known[281,282], they were not 

isolated or characterized like the hydroxyl, phenyl or carboxyl terminated oligomers. 

4.3 Synthesis and Characterization of Chain Extended Poly(Arylene Ether Sulfone) 

Oligomers 

Both the para- and meta- carboxyl terminated poly(sulfone) oligomers were chain extended 

to polymers via a melt acidolysis procedure to determine the reactivity and degree of functionality 

of the carboxyl oligomers (Scheme 24). As can be seen from Scheme 24, only a carboxy! 
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terminated poly(sulfone) oligomer and an equimolar amount of bisphenol A diacetate are added 

to the resin kettle along with chlorobenzene, utilized as a solvent in the initial stages of the 

reaction. The temperature of the resin kettle is then heated to 140 °C for 1 hour, and then, slowly 

raised to 250 °C for an additional 2 to 4 hours under a stong flow of nitrogen to remove 

chlorobenzene and acetic acid from the reaction mixture. A strong vacuum is then applied to 

remove residual chlorobenzene and acetic acid. The polymerized product is kept at 250 °C for 

1 to 2 hours under vacuum, and then, slowly cooled to room temperature under a nitrogen bleed. 

The polymer is removed from the resin kettle and dried under vacuum at 130 °C for 24 hours. 

A more detailed discussion of the melt acidolysis procedure is described in Chapter 3 and in 

section 4.4 of this chapter. 

If the carboxyl terminated poly(sulfone) oligomers were truly difunctional, a reaction with 

an equimolar amount of a diacetate monomer will lead to a large increase in molecular weight. 

This can be determined by directly comparing the intrinsic viscosities and glass transition 

temperatures of the oligomers and chain extended polymers (Table 13, Figure 34). The intrinsic 

viscosities and glass transition temperatures of Table 13 indicate that the molecular weight of the 

chain extended polymers are considerably higher than the oligomers from which they were 

synthesized. 

In step-growth polymerizations, the degree of functionality of the starting materials, 

monomers or oligomers, must be equal to two in order to form linear, high molecular weight 

polymer. Therefore, the considerably higher molecular weights of the chain extended polymers 

suggests that the degree of functionality of the starting material, carboxyl terminated poly(sulfone) 

oligomer, is approximately equal to 2. Consequently, these oligomers were utilized to synthesize 

segmented copolymers consisting of isotropic poly(sulfone) and anisotropic poly(arylate) 

segments. The analysis of the segmented copolymers is described in the following sections. 
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Table 13. Characterization of carboxyl functionally terminated poly(arylene ether 
sulfone) chain extended polymers via melt acidolysis 

  

<Mn>_gm/mol 

PSF CARBOXYL TERM JHEORETICAL $$ JITRATED 

Hq/Bp 50/50 10000 10100 
BISPHENOLAEXTENDED’ -----  — ----- 

Hq/Bp 50/50 5000 5800 

BISPHENOL AEXTENDED* - - - - a 

Hq/Bp 50/50 1000 1200 
BISPHENOL AEXTENDED" - - - - a 

[n}(1) 

0.33 

0.95 

0.23 

0.87 

0.14 

0.94 

psc(2) 

Tg(°C) 

181 

209 

166 

205 

140 

208 

  

(1) N-methylpyrolidone, 25°C 

(2) 10°C/MIN, No, 2nd heating scan 

Hq/Bp = Hydroquinone/Biphenol 50/50 molar ratio 

* Bisphenol A diacetate chain extended polymers 
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Figure 34. DSC of a poly(sulfone) chain extended polymer utilizing a 10,100 g/mole 
carboxyl terminated poly(sulfone) oligomer. 
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4.4 Synthesis and Characterization of Poly(Arylene Ether Sulfone)-Poly(Arylate) 

Segmented Copolymers 

4.4.1 introduction 

Earlier work by Lambert[281,282,283] on the synthesis of poly(sulfone)-poly(arylate) 

segmented copolymers showed that in order ot synthesize segmented copolymers with a high 

weight fraction (greater than 25%) of polyester, a melt acidolysis technique must be employed. 

Both the solution and interfacial processes were limited to a low weight fraction of poly(arylate) 

in the polymer backbone due to the insolubility of the highly crystalline or liquid crystalline 

poly(ester) segments. 

The melt acidoylsis technique circumvented the solubility problem by conducting the 

synthesis of the segmented copolymers in the molten state. Thus, a preformed functionality 

terminated poly(arylene ether sulfone) oligomer of know molecular weight was reacted in the 

presence of ester forming monomers to form segmented isotropic-anisotropic copolymers. 

As discussed in Chapter 2, section 2.4.4.2, melt acidolysis has been employed to produce 

commerical LCPs, and a variety of academically interesting LCPs. In the melt acidolysis 

technique employed here, a solvent such as chlorobenzene was utilized in the early stages of the 

reaction to enhance mixing of the poly(arylene ether sulfone) oligomer and ester forming 

monomers. This, and other aspects of the segmented polymers will be described in the following 

sections. 
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4.4.2 Synthesis and Characterization of Poly(Arylene Ether Sulfone)-POB Segmented 

Copolymers based on Hydroxyl and Carboxyl Terminated Poly(Sulfone) Oligomers 

The synthetic reaction schemes employed for the synthesis of these segmented 

copolymers are illustrated in schemes 17 and 18. In this reaction, the hydroxyl terminated 

poly(arylene ether sulfone) oligomer was converted to its corresponding diacetate derivative in 

situ in the initial stage of the reaction in a refluxing mixture of chlorobenzene and acetic 

anhydride, with sodium acetate as a catalyst. In the reaction employing carboxyl terminated 

oligomers, only chlorobenzene was utilized as a solvent. After two hours at 140 °C, the 

temperature was raised to 200 to 220 °C by distilling off the solvent, chlorobenzene (and excess 

acetic anhydride in Scheme 17). This temperature was above the melting points of the ester 

forming monomers, and the glass transition temperature of the poly(arylene ether sulfone) 

oligomer. Thus, all starting materials were in the melt state, allowing polymerization to occur. 

| The temperature of the homogeneous mixture was maintained at 200 to 220 °C until the 

melt solidified. One reason for maintaining the temperature at 200 to 220 °C was so that the 

ester forming monomers (2,6-napthalene diacetate and p-acetoxybenzoic acid) could be 

incorporated into short chain oligomers so as to lessen the possibility of sublimation of these 

monomers at higher temperatures. Sublimation (of 2,6-napthalene diacetate) would result in a 

stoichiometric imbalance and a lowering of the final molecular weight of the polymer. An 

advantage of utlilizing p-acetoxybenzoic acid is that it has a self-limiting stoichiometry since it has 

both an acetate and carboxylic group (A-B). Thus, stoichiometric balance will not be lost if this 

monomer sublimes. However, the weight ratios of poly(sulfone) to poly(oxybenzoate) in the final 

copolymer will not correspond to the weight ratios of the feed. 

As discussed previously, the functionally terminated poly(sulfone) oligomers had good 

thermal stability at 200 °C for long periods of time, but poor thermal stability at 300 °C or higher. 
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Thus, since the melt acidolysis reaction will take place at a minimum temperature of 

approximately 200 to 220 °C, the reaction temperature was kept at this minimum until the 

homogeneous melt solidified. 

Once the melt had solidified, the temperature of the reaction mixture was raised step-wise 

throughout the course of the reaction in an effort to remain above the melting point of the growing 

polymer chain. This, of course, enhances the reactivity of the end groups of the growing 

polymeric chain since the chain ends are much more mobile in the liquid state than in the solid 

state. The final reaction temperature was typically between 300 and 325 °C. The reaction was 

allowed to continue at this temperature until the homogeneous melt began to increase in viscosity 

and solidify and, therefore, was no longer stirrable. 

The reaction equilibirium is pushed towards high molecular weight by removing the small 

molecule by-product (acetic acid) during the course of the reaction, by, at first, distillation, since 

the temperature of the process (300 °C or higher) is much greater than the boling point of acetic 

acid. A steady stream of nitrogen also enhances the removal of the acetic acid as well as 

maintaining an inert, oxygen free atmosphere. However, since this reaction, like many step- 

growth polymerizations, is an equilibrium between monomer and high molecular weight polymer, 

and a small molecule (acetic acid), a high vacuum must be applied in the final stages of the 

reaction to push the equilibrium towards high conversion (i.e., p > 0.99, Chapter 2). 

The vacuum was applied once the melt had become so viscous that it was no longer 

stirrable. This usually occured within 2 to 4 hours at 300 to 325 °C. Once the polymer had 

solidified, and a vacuum had been applied, the reaction temperature was lowered to 270 °C and 

solid-state or rubbery-state polymerization was continued for an additional 12 hours[284-287]. 

Then, the reaction temperature was slowly lowered to room temperature under a nitrogen bleed. 

Since the segmented poly(arylene ether sulfone)-poly(oxybenzoate) copolymers were 
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prepared by a melt (bulk) synthetic preparatative process, removal of the product from the resin 

kettle was difficult. This was accomplished by heating the resin kettle above the Tg of the 

poly(sulfone) segment of the copolymer (= 200 °C) and scraping the polymer off of the walls of 

the reaction flask. 

Table 14 illustrates the compositional variations of a series of poly(arylene ether sulfone)- 

poly(oxybenzoate) segmented copolymers, based on hydroxyl and carboxyl terminated 

poly(sulfone) oligomers. 

The chemical compositions of these copolymers were qualitatively studied by FT-IR. 

Figure 35 illustrates the FT-IR spectra of a 9,900 <Mn> hydroquinone/biphenol poly(sulfone) 

diacetate oligomer and a 9.9K poly(sulfone)-poly(oxybenzoate) 80/20 weight % segmented 

copolymer. Comparison of the poly(sulfone) diacetate oligomer FT-IR spectrum with the spectrum 

of the copolymer confirms, in part, the copolymer structure. The spectrum of the poly(arylene 

ether sulfone) diacetate oligomer exhibits a carbonyl stretch, arising from acetate endgroups, 

centered at 1762 cm" and the characteristic poly(sulfone) peaks (Table 8). The spectrum of the 

segmented copolymer also displays a carbonyl stretch, but it is centered at 1734 cm” and is 

caused by the carbonyl stretch of the ester bonds of the poly(oxybenzoate) segment. Thus, the 

carbonyl stretch of the acetate end groups of the poly(sulfone) oligomer is lost. This is caused 

by their reaction during the melt acidolysis polymerization [i.e., ester bond formation (1734 cm’)). 

This carbonyl stretch is in the typical region for a conjugated aromatic carbonyl ester. The 

charateristic peaks of the poly(sulfone) are also evident in the copolymer spectrum. This is an 

indication that the poly(sulfone) oligomers are not decomposing during their incorporation into the 

copolymer in the melt acidolysis reaction. 

Another interesting feature of the FT-IR spectra is the relative intensities of the carbonyl 

peaks compared to the poly(sulfone) peaks within the same polymer or copolymer. In the acetate 
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terminated poly(sulfone) oligomer spectrum, for example, the carbonyl stretching frequency peak 

is relatively small compared to the poly(ether sulfone) carbon-oxygen-carbon ether stretch at 1250 

cm’. This is to be expected, since there are only two acetate carbonyl end groups per oligomeric 

chain, while there are many ether bonds. This same result can not be stated in the case of the 

segmented copolymer spectrum. The carbonyl peak of the poly(arylate) segment is approximately 

equal in intensity to the ether stretch of the poly(sulfone) segment. This is justified by the fact 

that the weight/mole percent of the poly(ester) segment and, consequently, the number of 

carbonyl groups, is much greater in the segmented copolymer than in the acetate terminated 

poly(sulfone) oligomer. An exact comparison between the relative intensities of the two 

frequencies and, hence, an interpretation of the molecular weight of the poly(oxybenzoate) 

segment is difficult since the two stretching peaks have dissimilar extinction coefficients. 

Hence, interpretation of the FT-IR data not only assists in confirming the segmented 

copolymer structure but also provides pertinent information on the nature of the melt acidolysis 

reaction. It demonstrates that the high temperatures utilized in this synthetic preparation do not 

degrade the poly(arylene ether sulfone) or poly(oxybenzoate) segment. The relative quantities 

of each segment are also alluded to by FT-IR. 

Since it was possible that the copolymers synthesized from hydroxyl or carboxyl 

terminated poly(sulfone) oligomers and p-acetoxybenzoic acid were not truly segmented 

copolymers, as interpreted from FT-IR, but were blends of a homopolymer of poly(oxybenzoate) 

and a poly(arlyene ether sulfone) oligomer chain extended by a few repeat units of oxybenzoate, 

representative samples were placed in a soxhlet extractor with chloroform for 72 hours and dried 

to a constant weight. In most cases, very little of the original poly(arylene ether sulfone) oligomer 

was observed to be extracted by refluxing chloroform (Table 15). Moreover, the extract itself is 

often a copolymer (Figure 36), which displays the aromatic ester carbonyl stretch (1734 cm’). 
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Figure 35. FT-IR spectra of a 9.9K poly(sulfone)-poly(oxybenzoate) 80/20 weight % 
segmented copolymer and a 9.9K carboxyl terminated poly(sulfone) 
oligomer. 
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Table 14, Compostional variations of a series of poly(arylene ether sulfone)- 
poly(oxybenzoate) segmented copolymes. 

pse(’) TITRATED <Mn> WI%PSF/LCP 

Hq/Bp 50/50 17500 60/40 

Hq/Bp 50/50 17500 40/60 

Hq/Bp 50/50 15800 95/5 

Hq/Bp 50/50 15800 90/10 

Hq/Bp 50/50 15800 80/20 

Hq/Bp 50/50 9900 90/10 

Hq/Bp 50/50 9900 80/20 

Hq/Bp 50/50 5800 90/10 

Hq/Bp 50/50 5800 80/20 

PSF(2) 

Hq/Bp 50/50 4200 95/5 

Hq/Bp 50/50 4200 90/10 

Hq/Bp 50/50 4200 80/20 

Bisphenol A 5300 95/5 

  

(1) 
(2) 

Polysulfone carboxyl terminated 
Polysulfone acetate terminated 
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Similar behavior has been discovered by Economy and coworkers[130,151] for PET-POB 

segmented copolymer systems. These copolymers were also soxhlet extracted with chloroform. 

Depending upon the weight fraction of PET to POB, a certain percentage of the copolymer could 

be extracted with refluxing chloroform. The extracted material was investigated using 'H NMR 

and found to be a copolymer which was rich in the isotropic segment, PET. 

The poly(sulfone)-poly(oxybenzoate) extract had poor solubility in chloroform and more 

polar solvents such as NMP and, therefore, could not be investigated quantitatively by 'H NMR. 

Thus, it can only be assumed that the extract is a copolymer which is rich in the isotropic 

segment, PSF. Note that the extracted amount increases as the PSF content increases. This 

behavior is similar to that observed by Economy (i.e., extract rich in isotropic PET). 

Earlier results by Lambert[281-283], and those reported recently by Auman and Percec 

et al. on similar materials[51], illustrate the necessity for good agitation and the formation of a 

homogeneous mixture of the poly(sulfone) oligomer and ester forming monomers at the initial 

stages of the reaction. That is, in these investigations no mutual solvent (chlorobenzene) for both 

the oligomers and monomers was utilized, and poor agitation was employed. As a result, nearly 

all the original poly(arylene ether sulfone) oligomer could be extracted by refluxing chloroform 

(Table 16), except when the molecular weight of the poly(sulfone) oligomer was less than 2,000 

g/mole. It is believed, that when the molecular weight of the oligomer is very low, the mixing of 

the oligomer and ester forming monomers can be accomplished in the melt, since the melt 

viscosities of both the oligomer and monomers are nearly equal. However, if the oligomer has 

a much higher molecular weight, the melt viscosities of the oligomer and monomers differ greatly. 

Therefore, it is very difficult to mix, on a microscopic scale, the poly(sulfone) oligomer and ester 

forming monomers without the use of a mutual solvent in the initial stages of the reaction. The 

solvent microscopically mixes the components and, hence, reduces the risk of demixing in the 
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melt (i.e., after removal of the solvent). Thus, the extraction data of both Lambert, Percec and 

the results described here, demonstrate the necessity for good mixing (i.e., mutual solvent and/or 

good agitation) of the poly(sulfone) oligomer and ester forming monomers in the initial stages of 

the reaction. 

Another means by which the copolymers were characterized was reduced viscosity 

measurements in triflic acid to give a qualitative estimate of the copolymer molecular weights. 

The reduced viscosity values for the poly(sulfone)-poly(oxybenzoate) segmented copolymer series 

are shown in Table 17. The values for this series are all greater than 0.5 deciliter/grams (dl/g), 

indicating that the molecular weights are sufficiently high to display good mechanical and thermal 

properties. Viscosity values in this range typically signify molecular weights on the order of 

20,000 g/mole or higher. In fact, Lambert[281] demonstrated that the actual reduced viscosity 

in the limit as In(time) goes to Zero is much greater than that found experimentally. This indicates 

that if the reduced viscosity could be measured before hydrolysis of the ester bonds occurred, 

the value obtained experimentally would be much higher. 

For those copolymers which were soluble in hot NMP, intrinsic viscosity measurements 

were performed (Table 17). The intrinsic viscosity values for the copolymer are much higher than 

the values found for the corresponding poly(sulfone) oligomers (Table 7 and 13). This indicates 

a significant increase in the molecular weight of the copolymer in comparison to the 

corresponding poly(sulfone) oligomer. 

In LCP technology, the excellent mechanical properties of these materials are one of their 

greatest advantages. However, their ability to resist common organic solvents such as 

chlorinated solvents (chloroform) and dipolar aprotic solvents (NMP, DMAC, and DMSO), is 

another important characteristic. The solubility/swelling properties of the poly(arylene ether 

sulfone)-poly(oxybenzoate) segmented copolymers in various solvents gave useful information 
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Figure 36. FT-IR spectrum of the extract of the 9.9K PSF-POB 80/20 weight % 
copolymer. 
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Table 15. Extractions of a series of poly(arylene ether sulfone)-poly(oxybenzoate) 

segmented copolymers. 

  

PSF CARBOXYLTERM JITRATED <Mn> WI% PSF WI% EXTRACTED) 

Ha/Bp 50/50 

Haq/Bp 50/50 

Ha/Bp 50/50 

Ha/Bp 50/50 

Haq/Bp 50/50 

Hq/Bp 50/50 

Haq/Bp 50/50 

Ha/Bp 50/50 

Ha/Bp 50/50 

PSF ACETATE TERM 

Hq/Bp 50/50 

Ha/Bp 50/50 

Ha/Bp 50/50 

Bisphenol A 

17500 

17500 

15800 

15800 

15800 

9900 

9900 

5800 

5800 

4200 

4200 

4200 

5300 

60 

40 

95 

90 

80 

90 

80 

90 

80 

95 

90 

60 

95 

10 

23 

17 

10 

20 

11 

23 

13 

10 

  

(1) Soxhlet Extraction with CHCl for 72 hrs; Constant weight after 1 day 
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Table 16. Extractions of a series of poly(arylene ether sulfone)-poly(chioro-1,4- 
phenylene-trans-1,4-dicarboxylate) segmented copolymers. 

  

PSF <Mn> WT% PSF 

7000 25 

7000 50 

7000 75 

3700 25 

3700 50 

3100 25 

3100 50 

2300 25 

2300 50 

1400 25 

1400 50 

WT% EXTRACTED ) 

31.3 

§1.6 

87.3 

24.5 

48.4 

28.5 

64.7 

31.5 

63.5 

0.9 

44 

  

(1) Extraction with refluxing CHCl3 
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as to their solvent/environmental stress crack resistance. The solubility of these segmented 

copolymers was judged by visual observation of approximately 1 % (w/v) solution of the polymer 

in various solvents. The solvents in increasing solvating power were chloroform, NMP, refluxing 

NMP, and sulfuric acid. Tables 18 and 19 illustrate the solubility/swelling results of a series of 

poly(arylene ether sulfone)-poly(oxybenzoate) segmented copolymers with increasing 

poly(oxybenzoate) content. These tables demonstrate that as the weight fraction of 

poly(oxybenzoate) increases, a stronger solvent is required to dissolve or swell the copolymer. 

Thus, on a qualitative scale, the incorporation of even a small amount, 10 weight %, of 

poly(oxybenzoate), renders increased resistance to common organic solvents. Note that the 

swelling ratio correlates well with the weight fraction of poly(oxybenzoate). 

Since these copolymers were not readily soluble in common organic solvents, solid-state 

characterization techniques had to be employed to further elucidate the properties of these 

materials. Consequently, it was first necessary to understand the thermal behavior of these 

materials so that compression molded coherent film procedures could be developed. 

The thermal properties of the segmented poly(arylene ether sulfone)-poly(oxybenzoate) 

copolymers were determined by differential scanning calorimetry (DSC). Table 20 and Figure 37 

display the thermal properties inherent to these copolymers. The DSC scans for all segmented 

copolymers of poly(sulfone)-poly(oxybenzoate) exhibited a strong, single glass transition 

temperature (Tg) at 200 to 210 °C. This glass transition temperature is approximately equal to 

the Tg of a high molecular weight poly(arylene ether sulfone) based on a 50/50 molar ratio of 

hydroquinone to biphenol. Thus, the Tg of the copolymers was taken as the Tg of the 

poly(sulfone) segmental phase. No glass transition was observed for the poly(oxybenzoate) 

segment. Another interesting observation about the Tg of these copolymers is that it seemed to 

be relatively invariant with poly(oxybenzoate) content. This is an indication that the copolymers 

are microphase separated into poly(sulfone) and poly(oxybenzoate) domains. 

The DSC scans of these copolymers also revealed an endothermic transitions(s) (Table 
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Table 17. intrinsic and reduced viscosities of a series of poly(arylene ether sulfone)- 
poly(oxybenzoate) segmented copolymers. 

  

PSF CARBOXYLTERM IITRATED <Mn> W1% PSF [ny(") 

Haq/Bp 50/50 17500 60 ad 

Ha/Bp 50/50 17500 40 ones 

Haq/Bp 50/50 15800 95 0.57 

Hq/Bp 50/50 15800 90 0.70 

Haq/Bp 50/50 15800 80 0.55 

Ha/Bp 50/50 9900 90 0.50 

Ha/Bp 50/50 9900 80 0.60 

Ha/Bp 50/50 5800 90 0.56 

Ha/Bp 50/50 5800 80 0.61 

PSF ACETATE TERM 

Hq/Bp 50/50 4200 95 0.65 

Hq/Bp 50/50 4200 90 0.69 

Ha/Bp 50/50 4200 80 0.61 

Bisphenol A 5300 95 0.50 

  

(1) Intrinsic viscosity measured in NMP, 100°C 
Reduced viscosity measured in triflic acid, 25°C 

NOTE: AT 10 WT% POLY(OXYBENZOATE) OR HIGHER, 
VISCOSITY MEASURED IN TRIFLIC ACID 

NOTE: ABOVE 20 WT% POLY(OXYBENZOATE), THE 

COPOLYMER COULD NOT BE "DISSOLVED" IN TRIFLIC ACID 
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Table 18. Solubilities of a series of poly(arylene ether sulfone)-poly(oxybenzoate) 
segmented copolymers. 

  

SOLVENTS() 

PSF CARBOXYL TERM JITRATED<Mn> WI%PSF CHCiz NMP TRIFLIC ACID 

  

Haq/Bp 50/50 17500 60 IS IS iS) 

Haq/Bp 50/50 17500 40 IS IS IS 

Hq/Bp 50/50 15800 95 is § -- 

Ha/Bp 50/50 15800 90 IS S - 

Hq/Bp 50/50 15800 80 TS) IS S 

Haq/Bp 50/50 9900 90 Is S - 

Haq/Bp 50/50 9900 80 IS IS S 

Ha/Bp 50/50 5800 90 IS § - 

Haq/Bp 50/50 5800 80 IS Is Ss 

PSF ACETATE TERM 

Haq/Bp 50/50 4200 95 IS S - 

Ha/Bp 50/50 4200 90 Is Ss -- 

Ha/Bp 50/50 4200 80 IS IS Ss 

Bisphenol A 5300 95 IS Ss - 

(1) 1% (W/V) SOLUTION IS = INSOLUBLE S = SOLUBLE 

NOTE: NMP AT 100°C for 24 hrs, CHLOROFORM AT 25°C for 24 hrs. 

TRIFLIC ACID AT 25°C for 24 hrs. 
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Table 19. Swelling experiments performed on a series of poly(arylene ether sulfone)- 
poly(oxybenzoate) segmented copolymers. 

  

CARBOXYL PSF <Mn>PSF WI%PSF/LCP* % SWELLING(1) 

Hq/Bp 50/50 17500 60/40 400 

Hq/Bp 50/50 17500 40/60 250 

Hq/Bp 50/50 15800 95/5 1000 

Hq/Bp 50/50 15800 90/10 850 

Hq/Bp 50/50 15800 80/20 700 

Hq/Bp 50/50 9900 90/10 800 

Hq/Bp 50/50 9900 80/20 700 

Hq/Bp 50/50 5800 90/10 850 

Hq/Bp 50/50 5800 80/20 750 

CETA Pp 

Hq/Bp 50/50 4200 95/5 1100 

Hq/Bp 50/50 4200 90/10 900 

Haq/Bp 50/50 4200 80/20 800 

Bisphenol A 5300 95/5 1200 

= 

(1) % SWELLING = (SWELLING WT. - ORIGINAL WT. / ORIGINAL WT.) X 100 
SWELLING AFTER 5 DAYS IN CHCl3 
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20, Figure 37). This transition may be due to the crystalline or liquid crystalline nature of the 

poly(oxybenzoate) segment[151-155]. Several investigations have described the low temperature 

endothermic transitions of poly(oxybenzoate) [151,155,156]. Economy et 

al.[143,151,153,155,157], has described these transitions in the greatest detail and has concluded 

that the endothermic transition observed at 325 to 350 °C, is caused by the formation of a highly 

ordered smectic phase. It is also known as a crystal to plastic crystal phase transition[152]. The 

evidence that this endothermic transition is actually a crystal to liquid crystalline transition, and 

not a crystal to crystal transition, is due in part to the fact that above 350 °C but below 500 °C 

(Tm > 500 °C), poly(oxybenzoate) can be sintered to form thin films. However, this transition 

could be crystal to crystal (i.e., melting and recrystallization), allowing the polymer to be fused into 

the form of a film. Hence, a crystal to crystal or plastic crystal transition is most likely, since 

compression, extrusion and injection-molding techniques, typically utilized for nematic LCPs 

(Vectra™, Xydar™), cannot be utilized for poly(oxybenzoate). 

The semi-crystalline or liquid crystalline nature of the copolymers was further investigated 

by wide-angle X-ray scattering (WAXS) and optical microscopy. Figures 38 and 39 are WAXS 

patterns of a 15.8K poly(arylene ether sulfone) oligomer and a 15.8K poly(sulfone)- 

poly(oxybenzoate) 80-20 weight % copolymer. The WAXS pattern for the copolymer displays 

sharp, distinct lines or rings, indicating that the material is semi-crystalline, while the poly(sulfone) 

oligomer exhibits only a very diffuse region indicative of an all amorphous material. The 

copolymers also display the diffuse region associated with the amorphous poly(sulfone) segment. 

Several of the poly(sulfone) oligomer WAXS patterns display sharp lines or points. This is caused 

by residual salt (KCI), which was not completely extracted during the precipitation process. In 

conclusion, the WAXS patterns of the poly(arylene ether sulfone)-poly(oxybenzoate) segmented 

copolymers further substantiates their semi-crystalline morphology. 
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Transition temperatures of a series of poly(arylene ether sulfone): 

  

Table 20. 

poly(oxybenzoate) segmented copolymers. 

psc°c)(1) 
PSF(2) <Mn> WI% PSF/LCP Tgi Tm1 Tm2 TGA* 

Hq/Bp 50/50 17500 80/20 205 319 370 450 

Hq/Bp 50/50 17500 60/40 218 326 375 460 

Hq/Bp 50/50 17500 40/60 217 320 370 465 

Hq/Bp 50/50 15800 95/5 200 - - 440 

Hq/Bp 50/50 15800 90/10 209 303 - 460 

Hq/Bp 50/50 15800 80/20 214 322 - 470 

Hq/Bp 50/50 9900 90/10 209 300 - 470 

Hq/Bp 50/50 9900 80/20 206 303 - 455 

Hq/Bp 50/50 5800 90/10 188 299 - 450 

Hq/Bp 50/50 5800 80/20 197 302 - 470 

psF(3) 

Hq/Bp 50/50 4200 95/5 203 —- . 440 

Hq/Bp 50/50 4200 90/10 202 - - 430 

Hq/Bp 50/50 4200 80/20 197 300 - 455 

Bisphenol A 5300 95/5 185 - - 450 

  

(1) 2nd or 3rd heating scan, 10°C/min., No 
Tm1 and Tmo represent endothermic transitions 

(2) Polysulfone carboxyl terminated 

(3) Polysulfone acetate terminated 

. Temperature at which 5 WT% loss occurs under a nitrogen atmosphere 
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Figure 37. DSC of a 17.5K poly(sulfone)-poly(oxybenzoate) 60/40 weight percent 
segmented copolymer, 10 °C/min, N.. 
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To establish whether a liquid crystalline morphology existed for these copolymers, hot 

stage optical microscopy was performed. Semi-crystalline polymers when viewed through cross 

polarizers in an optical microscope will exhibit light and dark textures. The light, birefringent 

morphology is caused by a depolarization of the polarized light by the crystallites. Since 

amorphous, isotropic domains do not contain ordered planes of polymeric chains, they do not 

depolarize the polarized light and, consequently, can appear as a dark, opaque texture in the 

polarized light optical microscope. Optical micrographs of a 15.8K poly(arylene ether sulfone)- 

poly(oxybenzoate) 80-20 weight percent segmented copolymer displays this type of texture 

(Figure 40). Figure 40 is an optical micrograph taken at ambient temperature at a 240x 

magnification. Figure 41 exhibits the same texture at the same magnification as Figure 40, but 

at a temperature of 330°C. This is above the endothermic transition of the copolymer, signifying 

that residual order is occurring within the copolymer. Upon further heating to 350 °C, the 

birefringence disappears, indicating that the residual order or possibly liquid crystalline order is 

no longer present and, therefore, the copolymer is in the isotropic state. Figure 42 displays the 

optical micrograph of the copolymer upon slow-cooling from 350 °C to room temperature (20 

°C/min.). This micrograph exhibits basically the same morphological texture as that of the virgin 

sample (Figure 40). 

Although evidence may possibly indicate that the poly(sulfone)-poly(oxybenzoate) 

segmented copolymers prepared by the melt acidoylsis technique are liquid crystalline, the texture 

of the liquid crystalline phase is difficult to distinguish. Thus, since no single combination of 

characterization techniques absolutely confirms the existence of liquid crystallinity, it is difficult to 

remark on the true morphological nature of these copolymers. High temperature X-ray analysis 

would be required to absolutely confirm liquid crystallinity. 
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Figure 38. Wide Angle X-ray Scattering Pattern of a 15.8K poly(sulfone) carboxyl 

terminated oligomer. 
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Figure 39. WAXS pattern of a 15.8K PSF-POB 80-20 wt % segmented copolymer. 
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Figure 40. Optical micrograph of a 15.8K PSF-POB 80-20 wt% copolymer, room 

temperature (240x). 
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The thermal behavior of the poly(arylene ether sulfone)-poly(oxybenzoate) segmented 

copolymers was also investigated by thermogravimetric analysis (TGA). Dynamic 

thermogravimetric analysis scans were run at 20 °C/min under a nitrogen atmosphere. Table 20 

and Figure 43 indicate that these materials typically have a 5 wt% loss at a temperature of 450°C. 

From these results, it can be concluded that the copolymers exhibit an increase in thermal 

stability as the weight fraction of the poly(oxybenzoate) segment rises. This is as expected, since 

it is well-known that liquid crystalline poly(ester)s have excellent thermal staibilty[137,159,162] due 

to their rigid all aromatic structure. 

Liquid crystalline polymers also exhibit a low degree of distortion in the range of their use 

temperatures. Dimensional stability can be elucidated from measurement of the coefficient of 

thermal expansion (CTE). The CTE of the poly(sulfone)-poly(oxybenzoate) segmented 

copolymers was determined by thermal mechanical analysis (TMA). The CTE values are shown 

in Table 21. Figure 44 displays the TMA curve of the third heating scan for a 9.9K poly(sulfone)- 

poly(oxybenzoate) 80-20 weight % copolymer. The CTE values reported here are somewhat 

higher than typically observed for commercial LCPs. 

The CTE values of commercial LCPs are determined on extruded or injection molded 

films. This leads to materials with a high degree of orientation. The high degree of orientation 

of the polymeric chains causes LCPs to not only have high tensile properties, but low coefficients 

of thermal expansion. The segmented copolymers evaluated in this study, were prepared from 

compression molded films. Compression molding leads to little or no orientation in the polymeric 

film. Hence, higher CTE values for the segmented copolymers were observed. In fact, the CTE 

of a compression molded sample of VECTRA™ was determined, and found to have a CTE 

approximately four times greater than highly oriented injection-molded and extruded grades of 

VECTRA™. Therefore, if a polymer is not highly oriented, even a well-known commercial LCP, 
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Figure 41. Optical micrograph of a 15.8K PSF-POB 80-20 wt% copolymer, 330 °C(a) and 

350 °C(b) (240x). 
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Figure 42. Optical micrograph of a 15.8K PSF-POB 80-20 wt% copolymer taken at room 

temperature after slow cooling (20 °C/min) from 350 °C 
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Figure 43. Dynamic thermogravimetric analysis of a 15.8K poly(sulfone)- 
poly(oxybenzoate) 80-20 wt% segmented copolymer. 
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Table 21. Coefficient of thermal expansion of a_ series of poly(arylate)- 

poly(oxybenzoate) segmented copolymers. 

  

PSF CARBOXYLTERM JITRATED <Mn> WI%PSE CTE(°C1) x 10°5 

Ha/Bp 50/50 17500 60 

' Hq/Bp 50/50 17500 40 

Hq/Bp 50/50 15800 95 

Ha/Bp 50/50 15800 90 

Hq/Bp 50/50 15800 80 

UDEL™ PSF — 100 

VECTRA™ LCP -- 0 

VECTRA™ LCP ne 0 

4.2 

5.4 

6.0 

6.1 

5.5 

§.5 

1.1° 

4.4°° 

  

. EXTRUDED GRADE OF VECTRA™ LCP 
MODERN PLASTICS ENCYCLOPEDIA, 63, 591, (1987) 

** COMPRESSION MOLDED VECTRA™ LCP 
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Figure 44. Thermal mechanical analysis of a 9.9K PSF-POB 80-20 wt% copolymer (third 
heating scan, 10 °C/min.) 
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the material will exhibit an inflated CTE and be perceived as having poor dimensional stability. 

Another point which must be recognized is that these copolymers are composed of at least 

60 wt% poly(sulfone). Poly(sulfone)s are amorphous engineering thermoplastics and, accordingly, 

have CTE values much higher than commercial LCPs. 

These two factors result in the compression molded poly(sulfone)-poly(oxybenzoate) 

segmented copolymers having coefficients of thermal expansion which are intermediate of those 

of LCPs and commercial poly(sulfone)s, but leaning towards the CTE of poly(sulfone)s. 

As mentioned previously, highly oriented films and fibers of LCPs have excellent tensile 

properties. Thus, the stress-strain properties of several segmented copolymers were determined 

using an Instron tensile tester. Figure 45 displays the results for several segmented copolymers 

along with a 17.5K poly(arylene ether sulfone) oligomer. The stress-strain analysis for these 

polymers was performed without the use of an extensometer. Therefore, the stress-strain 

properties cannot be compared quantitatively, but can be related on a qualitative basis. From the 

stress-strain curves depicted in Figure 45, it appears that the poly(sulfone)-poly(oxybenzoate) 

segmented copolymers have approximately the same tensile strength and moduli as UDEL and 

the 17.5K poly(sulfone) oligomer. The same conclusion can be deduced from these results as 

was stated previously for the coefficient of thermal expansion of the segmented copolymers. That 

is, since these materials are unoriented compression molded films consisting of a high weight 

fraction of poly(arylen ether sulfone), the tensile strength and moduli should be, and are, 

approximately equal to UDEL. 

The segmented copolymers reported here were often difficult to characterize by solution 

methods due to their poor solubility in common organic solvents. One solid-state method which 
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Figure 45. Stress-strain analysis of several segmented copolymers along with a 

carboxy! terminated 17.5K poly (sulfone) oligomer. 
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can indirectly and approximately determine the molecular weight of a polymer is stress-strain 

analysis. From the results reported here, it can be concluded that the segmented copolymers 

have a molecular weight which is greater than the critical entanglement molecular weight 

(approximately 15,000 to 20,000 g/mole for poly(arylene ether sulfone)s)[7, 17]. 

Semi-crystalline polymers typically have low elongation at break. Crystallites within a 

polymeric material act as crosslinking points and cause restrictions to chain motion. Semi- 

crystalline polymers which have a glass transition temperature that is well above room 

temperature usually do not yield. This is also caused by restrictions of chain motion or an 

insufficient relaxation time due to a high strain rate utilized in the experiment. The segmented 

copolymers are comprised of highly crystalline poly(oxybenzoate) segments and a high glass 

transition, amorphous poly(sulfone). Hence, these segmented copolymers do not yield, and have 

relatively low elongation at break in comparison to UDEL and the 17.5K PSF oligomer. 

The results described above indicate that high molecular weight poly(arylene ether 

sulfone)- poly(oxybenzoate) segmented copolymers can be synthesized via a one pot melt 

acidolysis technique utilizing chlorobenzene as a solvent in the initial stages of the reaction to 

improve mixing of the poly(sulfone) oligomer and ester forming monomers. 

It has been possible to prepare well-defined hydroxyl, acetate and carboxyl terminated 

poly(arylene ether sulfone) oligomers of controlled molecular weight. These end groups enable 

the isotropic poly(sulfone) to be incorporated nearly quantitatively into an aromatic, liquid 

crystalline poly(oxybenzoate). The quantitative incorporation of these oligomers was proven by 

use of several indirect methods, including: extraction studies, intrinsic viscosity measurements, 

thermal (DSC) and mechanical (stress-strain) analysis. The resulting copolymers have improved 

solvent resistance, and coefficients of thermal expansion lower than poly(sulfone) homopolymers, 

and appear, possibly to be, liquid crystalline from a combination of DSC and optical microscopy 
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measurements above 10 weight % of the poly(oxybenzoate) segment. These materials are also 

melt processable, unlike the homopolymer of oxybenzoate [130, 146, 162]. 

It was found, however, that a weight fraction of more than 40% of the poly(oxybenzoate) 

segments in the copolymer would cause the material to become insoluble and infusible. 

Therefore, several other poly(arylate) systems were investigated to further improve the melt 

processability of the segmented copolymer systems. 

4.4.3 Synthesis and Characterization of Poly(Arylene Ether Sulfone)-Poly(Biphenol 

Terephthalate)-Poly(Oxybenzoate) Segmented Terpolymers 

The synthetic reaction scheme employed for the synthesis of these segmented 

terpolymers is illustrated in Scheme 20. In this reaction, the carboxyl terminated poly(aryiene 

ether sulfone) oligomer, and ester forming monomers (biphenol diacetate, terephthalic acid and 

p-acetoxybenzoic acid) were added to the flask along with chlorobenzene. The mixture was 

heated to reflux (140 °C). After all of the oligomer, biphenol diacetate, and p-acetoxybenzoic acid 

had dissolved, the temperature was raised to 200 to 220 °C and the chlorobenzene was slowly 

distilled off. Unlike the previous reaction, the preparation of these terpolymers was not a 

homogeneous melt, but a slurry of melted poly(sulfone) oligomer, biphenol diacetate and p- 

acetoxybenzoic acid, and solid terephthalic acid. This slurry mixture is quite similar to the 

preparation of terpolymers of biphenol, terephthalic acid and p-hydroxybenzoic acid known as 

Xydar™, which is described in the literature [157, 201]. 

To lessen the possibility of sublimation and degradation of this monomer at higher 

temperatures, the temperature was maintained at 200 to 220 °C until the solid terephthalic acid 

was incorporated into oligomers. Sublimation and/or degradation of terephthalic acid would result 

in a stoichiometric imbalance in the reactants and a lowering of the final molecular weight of the 
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terpolymer. The incorporation of the terephthalic acid into oligomers was determined by visual 

inspection of the reaction melt. Once no terephthalic acid could be seen visually (i.e., 

homogenation of the reaction melt), it was assumed that it had reacted to form dimers, trimers, 

etc.. This typically occurred within one hour. 

As discussed in the previous section on the synthesis of poly(sulfone)-poly(oxybenzoate) 

copolymers, it was determined through TGA analysis that maintaining the reaction temperature 

at a minimum (200-220 °C) would lessen the possibility of the degradation of the poly(sulfone) 

oligomer. Hence, even after the terephthalic acid had been incorporated into short chain 

oligomers, the temperature was maintained for several hours at 200 to 220 °C until the now 

homogenous melt solidified. 

Once the meit had solidified, the temperature of the reaction mixture was raised stepwise 

throughout the course of the reaction in an effort to remain above the melting point of the growing 

chain. While this was occurring, acetic acid was distilled off with the aid of a strong flow of 

nitrogen (Section 4.2.2). The final reaction temperature was typically between 300 and 350 °C. 

The reaction was allowed to continue at this temperature until the homogeneous melt began to 

increase in viscosity and solidify. A strong vacuum was then placed on the system. The behavior 

of the reaction mixture is quite similar to the copolymers described in the previous section 

(Section 4.2.2). The reaction was then solid-state polymerized under high vacuum for an 

additional 12 hours at 270 °C. 

After the reaction was completed, the terpolymer was removed from the resin kettle by 

heating the flask above the Tg of the poly(sulfone) segment of the terpolymer (200 °C), and 

scraping the material from the walls of the kettle. 

Table 22 displays the compositional variations of a series of poly(arylene ether sulfone)- 

poly(biphenol terephthalate)-poly(oxybenzoate terephthalate)-poly(oxybenzoate) terpolymers. 
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The chemical compositions of these copolymers were qualitatively studied by FT-IR. 

Figures 46 and 47 illustrate the FT-IR spectra of a 15.8K poly(arylene ether sulfone)-poly(biphenol 

terephthalate)-poly(oxybenzoate) 60-40 weight % segmented terpolymer and a 15.8K carboxyl 

terminated poly(sulfone) oligomer. As was observed for the poly(sulfone)-poly(oxybenzoate) 

copolymers, these terpolymers exhibit an ester carbonyl stretch at 1734 cm" which is caused by 

the ester bonds of the poly(ester) segments. These materials also display the characteristic 

peaks of the poly(sulfone) segment, indicating that the poly(sulfone) carboxyl terminated oligomer 

is not decomposing during the melt acidolysis procedure. 

Like the poly(sulfone)-poly(oxybenzoate) copolymer, the poly(sulfone)-poly(biphenol 

terephthalate)-poly(oxybenzoate) terpolymers exhibit a large increase in the intensity of the 

carbonyl stretching frequency peak in relation to the poly(ether sulfone) ether stretching at 1250 

cm. This is caused by a large increase in the number of carbonyl ester groups present in the 

backbone of the terpolymer in comparison to the poly(sulfone) carboxyl terminated oligomer, 

which only has two carbonyl groups per chain (1720 cm’). 

Representative samples of these materials were soxhlet extracted with chloroform for 72 

hours and dried to a constant weight (Table 23). Only insignificant amounts of the original 

poly(sulfone) oligomer could be extracted by refluxing chloroform. In fact, the extract is a 

terpolymer which displays the ester carbonyl stretch (Figure 48). Thus, it can be concluded that 

the poly(arylene ether sulfone)-poly(biphenol terephthalate)-poly(oxybenzoate) terpolymers are 

true segmented polymers and not blends of a homopolymer, poly(sulfone), and a copolymer, 

poly(biphenol terephthalate)-poly(oxybenzoate). 

Solubility and swelling experiments were also performed on these terpolymers to 

determined their resistance to common organic solvents (Tables 24 and 25). As expected, with 

increasing amounts of the rigid copoly(arylate), a stronger solvent is required to dissolve or swell 
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the terpolymer. In fact, the swelling ratio correlates well with the weight fraction of copoly(arylate). 

For those terpolymers which were soluble in hot NMP, intrinsic viscosities were determined 

(Table 26). The intrinsic viscosity values are greater than 0.5 di/g. This is well above the values 

determined for the carboxy! terminated poly(sulfone) oligomers (Table 7). Thus, it can be 

concluded that these materials exhibit a large increase in molecular weight in relation to the 

corresponding poly(sulfone) oligomer. 

Like the poly(sulfone)-poly(oxybenzoate) segmented copolymers previously described, 

these macromolecules were not readily soluble in common organic solvents. Consequently, solid- 

state characterization techniques had to be employed to further investigate the physical and 

mechanical properties of these materials. 

Thermal properties were determined by DSC. Table 27 and Figure 49 illustrate the 

thermal transition behavior of the terpolymers. DSC of these segmented terpolymers exhibit a 

strong, single glass transition temperature (Tg) at 200 to 210 °C, indicative of the poly(sulfone) 

segment. The Tg of these terpolymers was also unchanged by the compositional ratios of 

poly(sulfone) to poly(arylate) segment. This was also observed for the PSF-POB copolymers (i.e., 

microphase separation). 

Unlike the PSF-POB copolymers, these macromolecules do not exhibit an endothermic 

transition in the DSC (Figure 49). DSC scans were run from room temperature up to 450 °C at 

various heating and cooling rates. The melting transition for the copoly(arylate), poly(biphenol 

terephthalate)-poly(oxybenzoate), is 421 °C. 

Nevertheless, no observable endothermic transition was detected. However, since these 

materials displayed excellent solvent resistance, it was believed that they had a semi-crystalline 

or liquid crystalline morphology. Subsequent investigation by wide angle X-ray scattering (WAXS) 

indicated that the terpolymers had a semi-crystalline morphology (Figure 50), but optical 

microscopy and more intricate DSC measurements could not establish if the semi-crystallinity 

observed by WAXS was caused by 3-dimensional crystalline order or 2- or 1- dimensional liquid 
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Table 22. Compositional variations of a series of poly(arylene ether sulfone)- 
poly(oxybenzoate)-poly(biphenol terephthalate) segmented copolymers. 

  

PSF (1) TITRATED <Mn> WT%PSF/POB-PBT 

Hq/Bp 50/50 17500 80/20 

Hq/Bp 50/50 17500 60/40 

Hq/Bp 50/50 15800 80/20 

Hq/Bp 50/50 15800 60/40 

Hq/Bp 50/50 9900 80/20 

Hq/Bp 50/50 9900 60/40 

Hq/Bp 50/50 5800 80/20 

  

(1) Polysulfone carboxyl terminated 
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Figure 46. FT-IR spectrum of a 15.8K poly(sulfone)-poly(biphenol terephthalate)- 
poly(oxybenzoate) 60-40 weight % segmented terpolymer. 
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Figure 47. FT-IR spectrum of a carboxyl! terminated 15.8K poly(sulfone) oligomer. 
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TABLE 23. EXTRACTIONS OF A SERIES OF POLY(ARYLENE ETHER SULFONE)- 
POLY(OXYBENZOATE) - POLY(BIPHENOL TEREPHTHALTE) 

  

SEGMENTED COPOLYMERS 

PSF CARBOXYLTERM JITBATED <Mn> WI%PSE WI%EXTRACTED() 

Haq/Bp 50/50 17500 80 14 

Hq/Bp 50/50 17500 60 9 

Ha/Bp 50/50 15800 80 13 

Ha/Bp 50/50 15800 60 10 

Ha/Bp 50/50 9900 . 80 12 

Hq/Bp 50/50 9900 60 7 

Ha/Bp 50/50 5800 80 9 
  

(1) Soxhlet Extraction with CHCl3 for 72 hrs; Constant weight after 1 day 
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Figure 48. FT-IR spectrum of the extract of a soxhlet extracted 15.8K poly(sulfone)- 
poly(biphenol terephthalate)-poly(oxybenzoate) 60-40 wt% terpolymer. 
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Table 24. Solubilities of a series of poly(arylene ether sulfone)-poly(oxybenzoate)- 
poly(biphenol terephthalate) segmetned copolymers. 

  

SOLVENTS() 

PSF CARBOXYLTERM JITRATED<Mn> WI%PSF CHCig NMP TRIFLIC ACID 

  

Hq/Bp 50/50 17500 80 is $s s 

Ha/Bp 50/50 17500 60 is Is IS 

Ha/Bp 50/50 15800 80 is $s Ss 

Hq/Bp 50/50 15800 60 is Is IS 

Ha/Bp 50/50 9900 80 Is § Ss 

Ha/Bp 50/50 9900 60 Is Is IS 

Ha/Bp 50/50 5800 80 is Is s 

(1) 1% (W/V) SOLUTION IS=INSOLUBLE § S=SOLUBLE 

NOTE: NMP AT 100°C for 24 hrs, CHLOROFORM AT 25°C for 24 hrs. 
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TABLE 25. SWELLING EXPERIMENTS PERFORMED ON A SERIES OF 
POLY(ARYLENE ETHER SULFONE) - POLY(OXYBENZOATE) - 
POLY(BIPHENOL TEREPHTHALATE) SEGMENTED COPOLYMERS 

  

CARBOXYL PSF <Mn> PSF WI% PSF/LCP % SWELLING(’) 

Haq/Bp 50/50 17500 80/20 500 

Hq/Bp 50/50 17500 60/40 250 

Hq/Bp 50/50 15800 80/20 550 

Hq/Bp 50/50 15800 60/40 300 

Hq/Bp 50/50 9900 80/20 §00 

Hq/Bp 50/50 9900 60/40 200 

Hq/Bp 50/50 5800 80/20 500 

(1) % SWELLING = (SWELLING WT. - ORIGINAL WT. / ORIGINAL WT.) X 100 
SWELLING AFTER 5 DAYS IN CHClg3 

Chapter 4. Results and Discussion 217



crystalline order. 

Thermogravimetric analysis indicates that the terpolymers are stable up to 460 °C in a 

nitrogen atmosphere (Table 27, Figure 51). This is near or slightly above the melting transition 

of the copoly(arylate). Hence, it is believed that the poly(sulfone)-poly(biphenol terephthalate)- 

poly(oxybenzoate) terpolymers have a semi-crystalline morphology, but due to their limited 

thermal stability, it is difficult to provide an exact definition of the dimensionality. 

Not withstanding, these materials could be compression molded into coherent, creasible 

films at temperatures below 350 °C, since the weight fraction of isotropic, amorphous 

poly(sulfone) was greater than or equal to 60 %. Thus, the terpolymers have improved melt flow 

properties in comparison to the copoly(arylate) LCPs of biphenol terephthalate and oxybenzoate 

(i.e., Xydar™). 

The compression molded films were tested for their dimensional stability by measuring the 

coefficient of thermal expansion (CTE) utilizing a thermal mechanical analyzer (TMA). The results 

are described in Table 28, and indicate that the degree of distortion is intermediate of the 

commercial poly(sulfone) UDEL™, and the LCP Xydar”™ (poly(biphenol terephthalate)- 

poly(oxybenzoate)), but leans towards the CTE of UDEL™. This behavior was also observed for 

the PSF-POB copolymers and it is suspected that this condition is caused by the use of 

unoriented compression molded films and a high weight fraction of amorphous poly(sulfone). 

Overall, these materials exhibit improved solvent resistance, coefficients of thermal 

expansion, melt processability and appear, from WAXS experiments, to have at least a semi- 

crystalline morphology. However, above a weight fraction of 40 % poly(biphenol terephthalate)- 

poly(oxybenzoate), the terpolymers became insoluble and infusible. 
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Table 26. Intrinsic viscosities of a series of poly(arylene ether sulfone)- 

poly(oxybenzoate)-poly(biphenol terephthalate) segmented copolymers 

  

PSF CARBOXYL TERM ‘JITRATED <Mn> WT% PSF 

Hq@/Bp ‘50/50 17500 80 

Hq/Bp ‘50/50 17500 60 

Hq/Bp 50/50 15800 80 

Hq/Bp 50/50 15800 60 

Hq/Bp 50/50 9900 80 

Hq/Bp 50/50 9900 60 

Ha/Bp 50/50 5800 80 

[nj (1) 

0.57 

  

(1) Intrinsic viscosity measured in NMP, 100°C 

NOTE: ABOVE 20 WT% POB-PBT, THE COPOLYMER 
COULD NOT BE “DISSOLVED" IN TRIFLIC ACID 
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TABLE 27. THERMAL ANALYSIS OF A SERIES OF 
POLY(ARYLENE ETHER SULFONE) - 
POLY(OXYBENZOATE)-POLY(BIPHENOL TEREPHTHALATE) 

  

SEGMENTED COPOLYMERS 

psc(°c)(1) 
Pse (2) <Mn> WT% PSF/LCP Tg Tm TGA(3) 

Hq/Bp 50/50 17500 80/20 214 - 460 

Hq/Bp 50/50 17500 60/40 217 - 460 

Hq/Bp 50/50 15800 80/20 214 - 420 

Hq/Bp 50/50 15800 60/40 210 - 440 

Hq/Bp 50/50 9900 80/20 212 - 455 

Hq/Bp 50/50 9900 60/40 209 . 450 

Hq/Bp 50/50 5800 80/20 205 ° 450 

  

(1) 
(2) 
(3) 

2nd or 3rd heating scan, 10°C/min., No 

Polysulfone carboxy! terminated 
Temperature at which 5 WT% loss occurs under a No atmosphere 
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Figure 49. DSCofa17.5K poly(sulfone)-poly(oxybenzoate)-poly(biphenol terephthalate) 
60-40 wt% terpolymer. 
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Figure 50. WAXS pattern of a 9.9K PSF-POB-PBT 80-20 wt% terpolymer. 
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4.4.4 Synthesis and Characterization of Poly (Arylene Ether Sulfone) -Poly (Arylate) 

Segmented Polymers Utilizing "Kinking" Components 

In the previous two segmented isotropic poly(sulfone)-anisotropic poly(arylate) copolymer 

systems, poly(oxybenzoate) or poly(biphenol terephthalate)-poly(oxybenzoate) were utilized as 

the anisotropic segment. These macromolecules were chosen as the poly(ester) moieties due 

to the observation that homopolymers and many copolymers incorporating these structures are 

known to be highly crystalline and liquid crystalline (203, 206, 232, 233]. However, it was difficult 

to prove unequivocally that copolymers incorporating these structures along with an isotropic, 

amorphous poly(sulfone) were liquid crystalline due to the high melting transitions of 

poly(oxybenzoate) and poly(biphenol terephthalate)-poly(oxybenzoate). 

One method which can lower the melting point and the liquid crystalline endothermic 

transition(s) without lessening thermal stability is the use of a kinking component (Figures 17 and 

18, Chapter 2). One such kinking component is m-acetoxybenzoic acid. The synthetic reaction 

scheme employing m-acetoxybenzoic acid is given in Scheme 26. In this reaction, a carboxy] 

terminated poly(arylene ether sulfone) oligomer, a stoichiometric amount of a diacetate (2,6- 

napthalene diacetate), p-acetoxybenzoic acid and the kinking component, m-acetoxybenzoic acid, 

were added to the resin kettle along with chlorobenzene. The reaction temperature was slowly 

raised from a refluxing temperature of 140 °C to 325 °C, under a strong flow of nitrogen, over the 

course of several hours. A strong vacuum was then applied and the polymer was cooled to 270 

°C and solid-state polymerized for several hours and then cooled to room temperature. The 

polymer was then removed from the resin kettle. This melt acidolysis procedure is described in 

much greater detail in Chapter 3 and Chapter 4.4.3 and 4.2.2. Table 29 displays the 

compostional variations of a series of poly(arylene ether sulfone)-poly(1,4-oxybenzoate)-poly(1 ,3- 

oxybenzoate) segmented copolymers. 
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Since these polymers were prepared to study the effect of the additional kinking 

component on the melting transition, the thermal properties were first determined. Table 29 and 

Figure 52 illustrate the DSC thermal transitions of the poly(sulfone)-poly(1,4-oxybenzoate)- 

poly(1,3-oxybenzoate) copolymers. Like the poly(sulfone)-poly(1,4-oxybenzoate) segmented 

copolymers, these macromolecules exhibited a single glass transition temperature, caused by the 

poly(sulfone) segment, centered at approximately 200 to 210 °C. An endothermic transition was 

also observed at approximately 300 °C, which was broader and centered at a lower temperature 

than for the poly(sulfone)-poly(1,4-oxybenzoate) copolymers. This is expected, since the meta 

isomer of acetoxybenzoic acid act as "kinks" in the polymer chain. These "kinks" disrupt the 

packing of the chains and cause the polymer crystallites to form more imperfect crystals. This 

reduces and broadens the endothermic transition(s). Even though the endothermic transition was 

reduced to 300 °C when the weight fraction of poly(1,4-oxybenzoate)-poly(1,3-oxybenzoate) was 

above 40 %, the copolymers could not be compression molded into coherent films. 

There are many types of kinking components. Some of these are displayed in Figures 17 

and 18. It can be seen that many of these kinking components are dihydroxy (diacetate) or 

dicarboxylic acid monomers. Hence, one must synthesize a polymer which consists of a 

stoichiometric amount of diacetate and dicarboxylic acid. Several problems arise from these 

reactions, including, sublimation of the diacetate and dicarboxylic acid, and possible degradation 

of the acid. Hence, the list of useful components was narrowed to the A-B acetoxy-carboxylic 

acid monomers. It was found that the monomer, 4(4-acetoxyphenoxy)benzoic acid, could be 

easily synthesized to high yields (Chapter 3). The characterization of this monomer is described 

in detail by Waehamad[288}. 

Thus, a series of poly(sulfone)-poly(arylate) copolymers utilizing 4(4-acetoxyphenoxy) 

benzoic acid as the kinking component were synthesized (Table 30). The actual polymers 
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Figure 51. Dynamic thermogravimetric analysis of a 15.8K poly(sulfone)- 
poly(oxybenzoate)-poly(biphenol terephthalate) 80-20 wt% terpolymer. 
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Table 28. Coefficient of thermal expansion of a series of poly(arylene ether sufone)- 
poly(oxybenzoate)-poly(biphenol terephthalate) segmented copolymers 

  

PSF CARBOXYLTERM JITRATED <Mn> WI% PSE CTE(°C"1)x 105 

Ha/Bp 50/50 17500 80 5.7 

Ha/Bp 50/50 17500 60 5.1 

Ha/Bp 50/50 15800 80 47 

Ha/Bp 50/50 15800 60 5.1 

Ha/Bp 50/50 9900 80 4.9 

Hq/Bp 50/50 9900 60 5.2 

UDEL™ PSF -—-- 100 5.5 

XYDAR™ LCP aon 0 1.2° 
  

* — EXTRUDED GRADE OF XYDAR™ LCP 
MODERN PLASTICS ENCYCLOPEDIA, 65, 600 (1989). 
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Table 29. Transition Temperatures of a series of Poly(Arylene Ether Sulfone) - Poly(1- 

Oxy-4-Benzoate)-Poly(1-Oxy-3-Benzoate) Segmented Copolymers 

psc(°c)(1) 
PSE (2) <Mn> W1% PSF/LCP p-ABA/m-ABA* Tg Tm 

Hq/Bp 50/50 17500 80/20 © 85/15 214 310 

Hq/Bp 50/50 17500 60/40 70/30 217 303 

Hq/Bp 50/50 14100 80/20 85/15 200 308 

Hq/Bp 50/50 14100 60/40 70/30 206 297 

Hq/Bp 50/50 14100 80/20 60/40 203 306 

Hq/Bp 50/50 9900 60/40 70/30 209 310 

Hq/Bp 50/50 5800 80/20 70/30 205 303 

(1) 2nd or 3rd heating scan, 10°C/min., No 

(2) Polysulfone carboxy! terminated 

° Mole ratio of p-Acetoxybenzoic acid to m-Acetoxybenzoic acid 
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consisted of a carboxyl terminated poly(arylene ether sulfone) oligomer, a stoichiometric amount 

of 2,6-naphthalene diacetate, and a 50/50 molar ratio of p-acetoxybenzoic acid/4(4- 

acetoxyphenoxy)benzoic acid. The terpolymers were synthesized via a melt acidolysis procedure 

formally described earlier in Chapters 3 and 4. 

However, one observation of the melt acidolysis reatcion that was not discussed 

previously, is the rate at which the melt solidifies at 200-220 °C. From observations of the melt 

acidolysis reaction, it was determined that the rate of solidification depended greatly upon the 

weight fraction and molecular weight of the poly(arylene ether sulfone) oligomer that was being 

employed in the copolymerization reaction. That is, with a higher weight fraction or lower 

molecular weight poly(sulfone) oligomer, the time needed for solidification increased 

proportionally. For example, in the series of poly(sulfone)-poly(oxybenzoate)- 

poly(oxyphenoxybenzoate) segmented copolymers utilizing 10K poly(sulfone) carboxyl terminated 

oligomers at various weight ratios to the poly(arylate) segment, it was observed that a copolymer 

with 10 weight % poly(sulfone) solidified after 2 hours at 200-220 °C. However, a copolymer with 

30 weight % poly(sulfone) solidified after 3.5 hours, while a 50 weight % poly(sulfone) copolymer 

solidified after 5 hours. This behavior was also observed for the 17.5 and 1K poly(sulfone)-POB- 

POPB segmented copolymer series (Table 31). 

There are two possible reasons which could cause this behavior. From a synthetic point 

of view, as the weight fraction of poly(sulfone) oligomer increases or the molecular weight 

decreases, the number of functional end groups increases. It is likely that the reactivity of these 

end groups is not as great as the reactivity of that of the carboxylic acid groups associated with 

the ester forming monomers. Thus, with a higher mole % of carboxylic acid end groups 

associated with the poly(sulfone) oligomer, a longer reaction time is needed for the molecular 

weight of the copolymer to increase to the point where the material solidifies. 
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Figure 52. DSCofa14.1K poly(sulfone)-poly(1-oxy-4-benzoate)-poly(1-oxy-3-benzoate) 
60-40 wt% terpolymer. 
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Table 30. Compositional Variations of a Series of Poly(arylene ether sulfone)- 

Poly(Oxybenzoate)-Poly(Oxyphenoxybenzoate) Segmented Copolymers 

  

POLYSULFONE IITRATED <Mn> 

Hq/Bp 

Hq/Bp 

Hq/Bp 

Hq/Bp 

Hq/Bp 

Hq/Bp 

Hq/Bp 

Hq/Bp 

Haq/Bp 

Hq/Bp 

Hq/Bp 

Hq/Bp 

Hq/Bp 

Hq/Bp 

50/50 

50/50 

50/50 

50/50 

50/50 

50/50 

50/50 

50/50 

50/50 

50/50 

50/50 

50/50 

50/50 

50/50 

LCOP(50/50)* 

17500 

17500 

17500 

17500 

17500 

15100 

10100 

10100 

10100 

9900 

5800 

1200 

1200 

1200 

W1%_ PSF/LOP 

90/10 

75/25 

50/50 

25/75 

10/90 

25/75 

50/50 

30/70 

10/90 

50/50 

50/50 

50/50 

30/70 

10/90 

  

* POLY(OXYBENZOATE)-POLY(OXYPHENOXYBENZOATE) 50-50 MOLE% 

(1) 2nd or 3rd heating scan, 10°C/min, No 
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This behavior could also be explained by a crystallization phenomenon. Statistically, as 

the weight fraction of poly(sulfone) increases or the molecular weight decreases, the length of the 

poly(arylate) segment will decrease. Consequently, it will become increasingly more difficult for 

the poly(arylate) segment to crystallize and, therefore, the time before crystalliztion (solidification) 

occurs will increase. 

Table 30 illustrates the compositional variations for a series of poly(arylene ether sulfone)- 

poly(oxybenzoate)-poly(oxyphenoxybenzoate) segmented terpolymers. As can be seen from 

Table 30, unlike the other poly(sulfone)-poly(arylate) segmented copolymers described earlier, 

these terpolymers can be synthesized utilizing a much broader range of compositions. That is, 

molecular weight of carboxyl terminated poly(sulfone) was diverse, from 1,200 g/mole to 17,500 

g/mole, and, more significantly, the weight fraction of poly(sulfone) to poly(arylate) could be varied 

from 10 weight % poly(oxybenzoate)-poly(oxyphenoxybenzoate) to as high as 90 weight % POB- 

POPB. Additionally, the terpolymers were compression moldable over the entire compositional 

range. This is significant, since the segmented polymers previously described were only 

compression moldable when the weight fraction of poly(arylate) was less than 40 %. 

The reaction to prepare these copolymers, and their chemcial compositions, was 

qualitatively studied by FT-IR. The FT-IR spectrum of a 10.1K poly(sulfone)-poly(oxybenzoate)- 

poly(oxyphenoxybenzoate) 50-50 weight % segmented terpolymer is shown in Figure 53. The 

terpolymers exhibit an ester carbonyl stretch at 1734 cm" due to the aromatic ester bonds of the 

POB-POPB segments. This indicates that melt acidolysis occurred between the poly(sulfone) 

oligomer and ester forming monomers, and that the poly(sulfone) oligomer was not decomposed 

during the high temperature melt polymerization. 

Another indirect method to determine whether the terpolymers were actually polymers or 

physical blends of a chain extended poly(sulfone) and a homopoly(ester) of POB-POPB, was 
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TABLE 31. MELT SOLIDIFICATION INVESTIGATIONS OF A SERIES OF 
POLY(ARYLENE ETHER SULFONE) - POLY(OXYBENZOATE) - 
POLY(OXYPHENOXYBENZOATE) SEGMENTED COPOLYMERS 

  

POLYSULFONE JITRATED <Mn> WI%PSF/LCP TIME) 

Hq/Bp 50/50 17500 90/10 6 

Hq/Bp 50/50 17500 75/25 5 

Hq/Bp 50/50 17500 50/50 3.5 

Hq/Bp 50/50 17500 25/75 2 

Hq/Bp 50/50 17500 10/90 1 

Hq/Bp 50/50 10100 50/50 5 

Hq/Bp 50/50 10100 30/70 3.5 

Hq/Bp 50/50 10100 10/90 2 

Hq/Bp 50/50 1200 50/50 8 

Hq/Bp 50/50 1200 30/70 5.5 

Hq/Bp 50/50 1200 10/90 4 

LCP(50/50)* see ---- 1 

  

* POLY(OXYBENZOATE)-POLY(OXYPHENOXYBENZOATE) 50-50 MOLE% 

(1) Time required for solidification of the melt at 200-220°C 
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soxhlet extraction. Use of a solvent which will dissolve unreacted poly(sulfone) oligomers and 

the ester forming monomers provides an excellent method, although indirect, of determining the 

reactivity and degree of incorporation of the oligomer into the terpolymer. Table 32 illustrates the 

results of soxhlet extraction with chloroform. Only very small quantities of the original 

poly(sulfone) oligomer could be extracted by refluxing chloroform. The extract (Figure 54) is 

actually a polymer which displays the ester carbonyl stretch (1734 cm") and not the carbonyl 

stretch of an aromatic carboxylic acid (i.e., 1720 cm", the carboxyl end groups of the 

poly(sulfone) oligomer) and, as indicated previously, is believed to be a copolymer rich in the 

isotropic phase, poly(sulfone), as described by Economy et. al.[130,151]. 

Solubility and swelling experiments were also performed on the PSF-POB-POPB 

terpolymers to assess their resistance to common organic solvents. The results shown in Tables 

33 and 34, indicate that a stronger solvent is required as the weight fraction of copoly(arylate) 

increases. This is expected, since increasing the weight fraction of poly(ester) increases the 

rigidity of the polymer backbone and, therefore, its resistance to organic solvents. Only strong 

acids such as sulfuric acid or phenolic derivatives will dissolve the terpolymers when the 

concentration of poly(oxybenzoate)-poly(oxyphenoxybenzZoate) is greater than 10 weight %. 

These solvents do not actually dissolve the polymer, but hydrolyze the ester bonds. This 

decreases the molecular weight of polymer which creates a perceived increase in solubility. Note 

that the swelling of these materials also correlates well with the weight fraction of POB-POPB. 

That is, with increasing copoly(arylate), swelling decreases. 

To further prove that truly segmented isotropic-anisotropic polymers had been synthesized, 

and that difunctionality of the poly(arylene ether sulfone) is a necessity to form high molecular 

weight macromolecules, control experiments were designed in which non-reactive phenyl 

terminated poly(sulfone) oligomers and ester forming monomers were ‘synthesized’ via a melt 
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Table 32. Extractions of a series of poly(arylene ether sulfone)-poly(oxybenzoate)- 
poly(oxyphenoxybenzoate) segmented copolymers 

  

PSF CARBOXYLTERM (IITRATED <Mn> WI%PSF W1% EXTRACTED() 

Hq/Bp 50/50 17500 90 19 

Ha/Bp 50/50 17500 75 13 

Ha/Bp 50/50 17500 50 9 

Ha/Bp 50/50 17500 25 7 

Ha/Bp 50/50 17500 10 2 

Ha/Bp 50/50 15100 25 6 

Ha/Bp 50/50 10100 : 50 8 

Ha/Bp 50/50 10100 30 5 

Ha/Bp 50/50 10100 10 3 

Hq/Bp 50/50 9900 50 8 

Hq/Bp 50/50 5800 50 7 

Hq/Bp 50/50 1200 50 9 

Hq/Bp 50/50 1200 30 4 

Hq/Bp 50/50 1200 10 3 
  

(1) Soxhlet Extraction with CHCI3 for 72 hrs; Constant weight after 1 day 
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Table 33. Solubilities of a series of poly(arylene ether sulfone)-poly(oxybenzoate)- 
poly(oxyphenoxybenzoate) segmented copolymers 

  

SOLVENTS() 

PSF CARBOXYLTERM JITRATED<Mn> WT%PSF CHCly NMP TRIFLIC ACID 

  

Ha/Bp 50/50 17500 90 Is Is Ss 

Hq/Bp 50/50 17500 75 Is Is Ss 

Hq/Bp 50/50 17500 50 Is Is IS 

Hq/Bp 50/50 17500 25 Is Is Is 

Ha/Bp 50/50 17500 10 Is is Is 

Ha/Bp 50/50 15100 25 is Is IS 

Hq/Bp 50/50 10100 50 Is Is IS 

Ha/Bp 50/50 10100 30 Is Is IS 

Ha/Bp 50/50 10100 10 Is Is IS 

Ha/Bp 50/50 9900 50 is Is IS 

Ha/Bp 50/50 5800 50 Is Is IS 

Ha/Bp 50/50 1200 50 is Is IS 

Ha/Bp 50/50 1200 30 is Is IS 

Ha/Bp 50/50 1200 10 Is Is Is 

(1) 1% (W/V) SOLUTION IS= INSOLUBLE § S=SOLUBLE 

NOTE: NMP AT 100°C for 24 hrs, CHLOROFORM AT 25°C for 24 hrs. 
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Table 34. Swelling experiments performed on a series of poly(arylene ether sulfone)- 

poly(oxybenzoate)-poly(oxyphenoxybenzoate) segmented copolymers 

  

CARBOXYL TERM PSF <Mn>PSF WT% PSF/LCP* 

Hq/Bp 

Hq/Bp 

Hq/Bp 

Hq/Bp 

Hq/Bp 

Hq/Bp 

Haq/Bp 

Hq/Bp 

Hq/Bp 

Hq/Bp 

Hq/Bp 

Hq/Bp 

Hq/Bp 

Hq/Bp 

* POLY(OXYBENZOATE)-POLY (OXYPHENOXYBENZOATE) 50-50 MOLE% 

(1) % SWELLING = (SWELLING WT. - ORIGINAL WT. / ORIGINAL WT.) X 100 

50/50 

50/50 

50/50 

50/50 

50/50 

50/50 

§0/50 

50/50 

50/50 

50/50 

50/50 

50/50 

50/50 

50/50 

50/50° 

17500 

17500 

17500 

17500 

17500 

15100 

10100 

10100 

10100 

9900 

5800 

1200 

1200 

SWELLING AFTER 5 DAYS IN CHClg 
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acidolysis reaction (Scheme 30). Extraction of representative samples in a soxhiet with refluxing 

chloroform for 72 hours and drying to a constant weight shows the nearly quantitative loss of all 

the poly(sulfone) oligomer originally charged in the "reaction" (Table 35). This, along with the 

results of Tables 15, 23, and 32, demonstrates the need to use highly difunctionally terminated 

poly(sulfone) oligomers, and gives further proof that the macromolecules are truly segmented 

copolymers and not physical blends of a chain extended poly(sulfone) and a homo- or 

copoly(arylate). 

Unlike the co- or terpolymers described previously, DSC scans of the PSF-POB-POPB 

terpolymers indicated one or two glass transition temperatures depending upon the weight fraction 

of poly(arylene ether sulfone) to poly(arylate) (Table 36). The poly(arylate) glass transition 

temperature appears at or near 120 °C, whereas, the glass transition for the poly(arylene ether 

sulfone) appears at a temperature which is dependent upon the molecular weight and the weight 

fraction of the poly(sulfone) oligomer incorporated into the terpolymer. For example, in the 1K 

PSF-POB-POPB 10-90 weight % terpolymer (Figure 55), the glass transition temperature for the 

poly(sulfone), PSF, segment is 178 °C, whereas, the 30/70 weight % terpolymer has a PSF Tg 

of 180 °C and the 50/50 weight % copolymer has a 196 °C PSF Tg. Thus, the glass transition 

temperature associated with the PSF segment increases with increasing weight fraction of PSF 

incorporated into the terpolymer. From the glass transition temperatures of the carboxyl 

terminated poly(sulfone) oligomers synthesized in this study (Table 9), the molecular weight of 

the PSF segments in these terpolymers can be qualitatively approximated as being 10K for the 

1K PSF-POB-POPB 10-90 weight % terpolymer, 10K for the 30-70 wt % terpolymer, and 15K for 

the 50-50 wt % terpolymer. This is only an approximation, since it is difficult to decouple the 

effect of crystallinity of the copoly(arylate) segment on the glass transition of the PSF segment. 

The glass transition temperature of the PSF segment associated with the 10K and 
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Table 35. Extractions of non-reactive phenyl terminated poly(arylene ether sulfone) 
oligomers and poly(oxybenzoate)-poly(oxyphenoxybenzoate). physical blends 

PHENYL TERM PSF JHEORECTICAL<Mn> WI% PSE PSF WT% EXTRACTED(1) 

Hq/Bp 50/50 5000 10 8 

Hq/Bp 50/50 10000 10 8 

Hq/Bp 50/50 15000 10 9 

  

(1) WT% OF PHENYL TERMINATED POLYSULFONE EXTRACTED 

Soxhlet Extraction with CHCl for 72 hrs; Constant weight after 1 day 
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Transition temperatures of a series of poly(arylene ether sulfone)- 

  

Table 9°. poly(oxybenzoate)-poly(oxyphenoxybenzoate) segmented copolymers 

psc(°c)(1) 
POLYSULFONE <Mn> WT% PSF/LCP Toy Tg2 Tm 

Hq/Bp 50/50 17500 90/10 . 203 . 

Hq/Bp 50/50 17500 75/25 122 205 312 

Hq/Bp 50/50 17500 50/50 123 201 318 

Hq/Bp 50/50 17500 25/75 122 202 315 

Hq/Bp 50/50 17500 10/90 123 - 313 

Hq/Bp 50/50 15100 25/75 124 203 310 

Hq/Bp 50/50 10100 50/50 128 199 307 

Hq/Bp 50/50 10100 30/70 127 202 309 

Hq/Bp 50/50 10100 10/90 128 (203 308 

Ha/Bp 50/50 9900 50/50 127 203 309 

Hq/Bp 50/50 5800 50/50 128 190 306 

Hq/Bp 50/50 1200 50/50 - 196 . 

Hq/Bp 50/50 1200 30/70 - 180 284 

Hq/Bp 50/50 1200 10/90 130 178 298 

LCP(50/50)* ---- wee 120 - 309 

UDEL™ ---- ---- - 190 - 
  

* POLY(OXYBENZOATE)-POLY(OXYPHENOXYBENZOATE) 50-50 MOLE% 
(1) 2nd or 3rd heating scan, 10°C/min, No 
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copolymer series are close to that of a high molecular weight 50/50 hydroquinone/biphenol 

poly(arylene ether sulfone). Thus, the molecular weight of the PSF segments in the terpolymer 

must be above or close to the critical molecular weight for entanglement of polymeric chains (i.e., 

the Tg along with other properties do not dramatically change with molecular weight (Figure 56)). 

This seems quite reasonable, since it is only necessary for two 10K or 17.5K PSF oligomeric 

segments to couple with one another to form a high molecular weight poly(sulfone) segment. 

The endothermic transition temperatures of the segmented terpolymers behave similarly. 

For example, the endothermic transition is 298 °C in the 1K PSF-POB-POPB 30/70 weight % 

terpolymer, while the 50/50 weight % polymer exhibits no endotherm. This indicates that the 

length of the copoly(arylate) segment decreases with increasing weight fraction of PSF 

incorporated into the polymer backbone. However, for the 10K and 17.5K copolymer series, the 

endothermic transition remains approximately equal to the endothermic transition for the 

homocopoly(arylate), indicating that the length of the copoly(arylate) segment in these terpolymers 

is above the critical molecular weight of entanglements. Thus, it can be concluded that the 10K 

and 17.5K copolymer series are more blocky in nature, whereas, the 1K copolymer series is more 

‘segmental like’. 

To further elucidate the microstructure of these materials, dynamic mechanical thermal 

analysis (DMTA) was performed. Table 37 gives the glass transition temperatures obtained from 

the tan delta curve damping peak. The tan delta curve measures the amount of relaxation or 

motion of the chain that occurs at the glass transition temperature. That is, below this 

temperature, only motions of a group or groups can occur along the backbone of the chain. 

However, at the Tg of the polymer, motion of the entire chain occurs, and thus, a large relaxation 

can be observed. Consequently, at a frequency of 1 Hz, the motion of the entire chain occurs 

at approximately the Tg observed by DSC. The tan delta curve damping peak can, therefore, be 
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related to the glass transition temperature of the polymer. Accordingly, the glass transition 

temperatures observed by DMTA correlate well with the glass transition temperatures observed 

by DSC. Also, with increasing weight fraction of PSF or copoly(arylate)(Figure 57), the size of 

the damping peak that corresponds to the PSF segment or copoly(arylate) increases. This is 

expected, since the size of the damping peak of the tan delta curve is related to the amount of 

relaxation of the polymer chain. Thus, as the number of polymeric segments, or weight fraction 

of PSF or copoly(arylate) increases, the degree of relaxation of these chains increases, causing 

an increase in the size of the damping peak. 

Additionally, it can be observed that as the weight fraction of PSF or the molecular weight 

of the PSF segment increases, the temperature range of the glassy plateau broadens. Since the 

PSF segment is amorphous, and has a higher glass transition temperature than the 

copoly(arylate), it would be anticipated that a higher fraction of PSF incorporated into the polymer 

would cause the glassy plateau to broaden, since at a temperature between the Tg of the 

copoly(arylate) and the Tg of the poly(sulfone), the poly(sulfone) segments are still in the glassy 

phase. Thus, since the PSF segments of the polymer are not in motion, no relaxation of the 

poly(sulfone) is occuring. Hence, the modulus above the Tg of the copoly(arylate) of the 

terpolymer up to the Tg of the PSF segment, is higher than the modulus found for 

poly(oxybenzoate)-poly(oxyphenoxybenzoate)(Figure58). 

Crystallites can act as cross-linking points. A polymer which is highly crystalline or liquid 

crystalline will have a higher rubbery modulus than a polymer which is only slightly crystalline or 

amorphous. This is exhibited in the DMTA curves of the compression molded commercial LCP 

of Vectra™, the poly(oxybenzoate)-poly(oxphenoxybenzoate) copoly(arylate) and the poly(sulfone)- 

copoly(arylate) terpolymers (Figures 57, 58, 59), when compared to the DMTA curve of UDEL”™ 

(Figure 60). 
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TABLE 37. DYNAMIC MECHANICAL THERMAL ANALYSIS OF A SERIES OF 
POLY(ARYLENE ETHER SULFONE)-POLY(OXYBENZOATE)- 
POLY(OXYPHENOXYBENZOATE) SEGMENTED COPOLYMERS 

  

  

DMTA(2) 
PSF (1) <Mn> WT% PSF/LCP* Tg LCP* Ig PSF 

Hq/Bp 50/50 17500 90/10 133 209 

Hq/Bp 50/50 17500 75/25 133 210 

Hq/Bp 50/50 17500 50/50 130 210 

Hq/Bp 50/50 17500 25/75 132 205 

Hq/Bp 50/50 17500 10/90 130 205 

Hq/Bp 50/50 10100 50/50 136 203 

Hq/Bp 50/50 10100 30/70 140 213 

Hq/Bp 50/50 10100 10/90 135 212 

Hq/Bp 50/50 1200 §0/50 136 194 

Hq/Bp 50/50 1200 30/70 133 186 

Hq/Bp 50/50 1200 10/90 140 175 

LCP(50/50)* cee lt ee 134 “+ 

UDEL ™ see we eee --- 193 

VECTRA™ see lt ee 105 -- 

(1) Polysulfone carboxyl terminated 

(2) Tan delta curve damping peak 
. Poly(oxybenzoate)-poly(oxyphenoxybenzoate) 50-50 mole% 
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Above the Tg of the poly(sulfone) segment, the rubbery modulus of the terpolymers is less 

than the rubbery modulus observed for the poly(oxybenzoate)-poly(oxyphenoxybenzoate) 

copoly(arylate). Similar behavior was observed by Economy et al. [130, 153] for systems 

composed of semi-flexible poly(ethylene terephthalate) and rigid rod poly(oxybenzoate) segments. 

As discussed previously (Section 2.4.2), it is believed that the flexible coil segments of 

poly(ethylene terephalate) interfere with the ability of the rigid rod segments of poly(oxybenzoate) 

to orient into crystallizable domains. Hence, these materials cannot be oriented as well as other 

LCPs and, therefore, have poorer tensile properties than Xydar™ and Vectra™ LCPs. The 

segmented copolymers synthesized in this study, are composed of an amorphous, flexible, 

random poly(sulfone) coil, and an anisotropic copoly(arylate) rigid rod. It is suspected, therefore, 

that the flexible coil segments of the poly(sulfone) interfere with the ability of the 

poly(oxybenzoate)-poly(oxyphenoxybenzoate) rigid rod segments to orient into crystalline or liquid 

crystalline domains. Consequently, these materials exhibit a rubbery modulus which is 1.25 

decades less than the poly(oxybenzoate)-poly(oxyphenoxybenzoate) poly(arylate). In fact, the 

rubbery modulus decreases with an increasing weight fraction of poly(sulfone). 

Typically, semi-crystalline materials exhibit a broad decline in the modulus above their 

glass transition temperature caused by the melting of imperfect crystallites. This behavior is also 

observed by the terpolymers synthesized in this study (Figure 57). Note that with increasing 

weight fraction of poly(sulfone), the decline in modulus becomes augmented. This is caused by 

the same mechanism which prompted a decline in the rubbery modulus plateau. Namely, the 

flexible coil poly(sulfone) segments disrupt the packing, and thereto, the crystallization of the 

poly(oxybenzoate)-poly(oxyphenoxybenzoate) segments. Thus, with increasing weight fraction 

of PSF, more and more imperfect crystallites form, which leads to a more abrupt decline in the 

rubbery modulus. The behavior is proven by comparison of DSC scans of the poly(oxybenzoate)- 
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poly(oxphenoxybenzoate) copoly(arylate) and the 1K PSF-POB-POPB segmented terpolymers 

(Figures 55 and 61). A qualitative comparison of the enthalpies of melting indicates a marked 

decrease in crystallinity as the weight fraction of POB-POPB decreases from 100% for the 

copoly(arylate) to 90 weight % for the 1K PSF-POB-POPB 10/90 weight % terpolymer to 70 

weight % for the 1K PSF-POB-POPB 30/70 weight % terpolymer. 

Thermal behavior of these terpolymers also included analysis by TGA to determine 

thermal stability (Table 38 and Figure 62). Typically, these materials show good thermal stability, 

with a 5 % weight loss at 500 °C under a nitrogen atmosphere. 

Thermal mechanical analysis (TMA) was utilized to determine the coefficients of thermal 

expansion of the terpolymers (Table 39). The macromolecules, like the segmented copolymers 

characterized previously, have CTE values which are less than the commercial poly(sulfone) 

UDEL™, but, which are greater than compression molded Vectra™. This is caused by two factors: 

the use of unoriented compression molded films, and the incorporation of isotropic, amorphous 

poly(sulfone) into the backbone of an anisotropic poly(arylate). Thus, this segmented polymer 

cannot be as highly oriented as an LCP and, accordingly, exhibits inferior dimensional stability. 

Note that the CTE values decrease with increasing weight fraction of POB-POPB. 

Morphological behavior was also studied by wide angle X-ray scattering measurements 

(Figure 63). As expected, the patterns exhibit the typical sharp rings associated with a semi- 

crystalline polymer. Figure 63 displays the WAXS pattern for a 10.1K poly(sulfone)- 

poly(oxybenzoate)-poly(oxyphenoxybenzoate) 50-50 weight % terpolymer. It exhibits a high 

degree of orientation. That is, rather than the typical sharp rings, the WAXS pattern displays 

points or spots, which is typical of a material which has a higher order of orientation. This 

behavior is most likely caused by an artifact of the compression molding technique utilized to 

press thin films for WAXS measurements, since reproducing this behavior was difficult (Figure63). 
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Figure 61. DSC of Poly(Oxybenzoate)-Poly(Oxyphenoxybenzoate) 50-50 mole %. 
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Since both WAXS measurements and DSC could not conclusively demonstrate that the 

poly(sulfone)-poly(oxybenzoate)-poly(oxyphenoxybenzoate) terpolymers were liquid crystalline, 

optical microscopy was employed. Because of difficulties in forming very thin films for the optical 

microscope by compression molding, solution cast films of several terpolymers were prepared. 

As discussed earlier, the terpolymers were only "soluble" in strong acids such as triflic acid, and 

phenolic derivatives such as pentaflorophenol. Therefore, a 10.1K PSF-POB-POPB 50-50 weight 

% segmented terpolymer was "dissolved" in a 10 % solution of pentafluorophenol, and then 

placed on a glass slide and dried in a vacuum oven at 70 °C for 24 hours. A clear, colorless film 

formed, which was removed from the glass slide and placed in an optical microscope under 

cross-polarizers. Figure 64 is an optical micrograph taken at room temperature. Unexpectedly, 

this micrograph exhibits the morphology of an amorphous, isotropic polymer. The temperature 

was then raised, and at 260 °C, the polymer began to crystallize, forming a spherulitic texture 

(Figure 64). The temperature of the hot stage was then raised above the endothermic transition 

(307 °C by DSC) to 330 °C. At this point, the spherulitic texture began to disappear. This 

indicates that the polymer was melting, reforming into the isotropic state (Figure 65). Upon 

cooling, the polymer recrystallized and a spherulitic texture was formed, similar to Figure 64(b). 

Several heating and cooling scans produced the same effects. Several other terpolymers were 

"dissolved" and displayed similar behavior in the optical microscope. 

Consequently, it can be concluded that dissolution of the segmented polymer leads to the 

formation of an isotropic solution, which remains upon evaporation of the solvent, but upon 

heating the film, the segmented polymer crystallizes to form a spherulitic semi- crystalline 

morphology. The spherulites then melt when the film is heated above the endotherm observed 

by DSC. 
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TABLE 38. THERMAL GRAVIMETRIC ANALYSIS OF A SERIES OF 

POLY(ARYLENE ETHER SULFONE)-POLY(OXYBENZOATE)- 

POLY(OXYPHENOXYBENZOATE) SEGMENTED COPOLYMERS 

PSE (1) <Mn> WT% PSF/LCP* IGA(2) 

Hq/Bp 50/50 17500 90/10 480 

Hq/Bp 50/50 17500 75/25 470 

Hq/Bp 50/50 17500 §0/50 480 

Hq/Bp 50/50 17500 25/75 500 

Hq/Bp 50/50 17500 10/90 520 

Hq/Bp 50/50 10100 50/50 470 

Hq/Bp 50/50 10100 30/70 480 

Hq/Bp 50/50 10100 10/90 500 

Hq/Bp 50/50 1200 50/50 480 

Hq/Bp 50/50 1200 30/70 500 

Hq/Bp 50/50 1200 10/90 520 

LCP(50/50)* eee we eee 540 

  

(1) 
(2) 
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Figure 62. TGA analysis of a 1.2K PSF-POB-POPB 50-50 wt% terpolymer. 
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Table 39. 

  

PSF CARBOXYLTERM JITRATED <Mn> WI% PSF CTE(°C"1)x 10°5 

Hq/Bp 50/50 

Hq/Bp 50/50 

Ha/Bp 50/50 

Ha/Bp 50/50 

Hq/Bp 50/50 

Hq/Bp 50/50 

Ha/Bp 50/50 

Hq/Bp 50/50 

Ha/Bp 50/50 

Haq/Bp 50/50 

Ha/Bp 50/50 

LCOP(50/50)# 

UDEL™ PSF 

VECTRA™ LCP* 

VECTRA™ LCP** 

17500 

17500 

17500 

17500 

17500 

10100 

10100 

10100 

1200 

1200 

1200 

90 

75 

50 

25 

10 

50 

30 

10 

50 

30 

10 

0 

100 

5.8 

5.4 

5.4 

5.1 

§.2 

5.4 

4.9 

4.6 

5.7 

5.0 

4.9 

4.2 

5.5 

1.1 

4.4 

  

* EXTRUDED GRADE OF VECTRA™ LCP 
MODERN PLASTICS ENCYCLOPEDIA, 63, 591, (1987) 

** COMPRESSION MOLDED VECTRA™ LCP 

# = ~~ Poly(oxybenzoate)-poly(oxyphenoxybenzoate) 50-50 mole% 
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Coefficient of thermal expansion of a series of poly(arylene ether sulfone)- 
poly(oxybenzoate)-poly(oxyphenoxybenzoate) segmented copolymers. 
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Figure 63. WAXS pattern of a 10.1K PSF-POB-POPB 50-50 wt% terpolymer. 
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Since the terpolymers form a semi-crystalline morphology from solution cast films, 

compression molded films were also investigated by optical microscopy. Figures 66 and 67 show 

the optical micrographs of a segmented terpolymer, Vectra” LCP, and poly(oxybenzoate)- 

poly(oxyphenoxybenzoate) under cross polarizers at 320X magnification, at room temperature and 

above their respective endothermic transitions. As can be observed from Figures 66 and 67, the 

segmented terpolymer displays a morphology/texture which is quite similar to the copoly(arylate) 

and Vectra™, except both birefringent and dark textures exist. Upon heating the three samples 

above their endothermic transitions, small changes in the texture of the optical micrograph pattern 

can be observed, but the ordered birefringence persists, even after several hours at 330 °C 

(Figures 68 and 69). In fact, rotation of the polarizer causes larger alterations in the appearence 

of the ordered morphological texture above the endothermic transition of the terpolymer (Figures 

70 and 71). 

Semi-crystalline polymers will exhibit an ordered, birefringent spherulitic texture below their 

melting transition, but form isotropic, dark textures above their Tm. Since the terpolymers display 

residual order, it is most likely caused by liquid crystallinity. However, absolute confirmation of 

the exact texture (i.e. nematic, smectic) was difficult due to the thickness of the films (1-2 mils) 

and the high molecular weight of the terpolymer, copoly(arylate), and Vectra™ investigated in this 

study. Economy et al. [151, 158, 159] have also found that the liquid crystalline texture of high 

molecular weight, high melting LCPs is difficult to confirm. Investigations of low molecular weight 

poly(oxybenzoate) (Figures 72 and 73) have shown that at a degree of polymerization (DP) of 13, 

poly(oxybenzoate) displays a nematic texture. At a higher degree of polmerization, the texture 

of the LCP is difficult to distinguish, but the polymer displays residual order above the 

endothermic transition, similar to the texture displayed by Vectra”, poly(oxybenzoate)- 

poly(oxphenoxybenzoate), and the segmented terpolymers. 
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a 
Figure 64. Optical micrographs of a solution cast film of a 10.1K PSF-POB-POPB 50-50 

wt% segmented terpolymer at room temperature (a) and 260 °C (b) (320X). 
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Figure 65. Optical micrograph of a 10.1K PSF-POB-POPB 50-50 wt% terpolymer at 330 

°C (320x). 
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Figure 66. Optical micrographs of Vectra” (a), and Poly(Oxybenzoate)- 

Poly(Oxyphenoxybenzoate) 50-50 mole % (b) at room temperature (320x). 
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Figure 67. 

  
Optical micrograph of a 10.1K PSF-POB-POPB 50-50 wt% terpolymer at room 

temperature (320x) 
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To further elucidate the liquid crystalline texture of the terpolymers, stress-strain 

measurements on unoriented samples were also performed. Figure 74 shows the stress-strain 

behavior of two segmented terpolymers (10K PSF-POB-POPB 10-90 wt% and 10K PSF-POB- 

POPB 50-50 wt%). As can be seen from this graph, at a low weight fraction of poly(sulfone), the 

modulus approaches that of the homopolymer of poly(oxybenzoate)-poly(oxphenoxybenzoate) 

(Figure 75, Table 40). However, as the weight fraction of poly(sulfone) increases to 50 %, the 

modulus and tensile strength decreases to nearly that of commercial UDEL™ (Table 40). Similar 

behavior is also observed for a series of 1K PSF-POB-POPB segmented terpolymers. In both 

series of terpolymers, the strain at break with poly(sulfone) content increases, indicating an 

improvement in the ductility as a function of poly(sulfone) weight fraction. 

The stress-strain behavior is another indication that segmented polymers of poly(sulfone)- 

poly(arylate)s can be synthesize with improved properties that can be controlled by the ratio of 

poly(sulfone) to poly(arylate), to obtain higher modulus materials (i.e., low weight fraction 

poly(sulfone)), or materials with lower modulus (i.e., high PSF weight fraction), but improved strain 

at break, and possibly, improved compressive strength. 

Also, it should be noted that these measurements were performed on unoriented samples 

and, therefore, higher tensile properties of the homopoly(arylate) and the segmented terpolymers 

may be realized if orientation by extrusion or other methods is performed. Nevertheless, the 

homopoly(arylate) has a tensile strength and modulus similar to that of known unoriented liquid 

crystalline poly(arylate)s (Tables 4 and 5). Hence, if oriented, the segmented polymers may also 

show very high tensile properties. Tensile strength for the terpolymers is close to that of 

commercial UDEL™. Since these materials are less crystalline or liquid crystalline than 

poly(oxybenzoate)-poly(oxyphenoxybenzoate), orientation maybe required to realize high tensile 

properties. 
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Figure 68. Optical micrographs of Vectra™ (a), and POB-POPB (b) above their Tm’s 

(320x). 
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Figure 69. Optical micrograph of a 10.1K PSF-POB-POPB 50-50 wt% terpolymer above 

its Tm (320x). 
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Figure 70. Optical micrograph of a POB-POPB 50-50 mole %, rotated 45°, left (a) and 

right (b) (320x). 
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Figure 71. Optical micrograph of a 10.1 K PSF-POB-POPB 50-50 wt% terpolymer rotated 

45°, left (320x) 
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Optical Micrograph of Poly(Oxybenzoate), DP=13 [158]. Figure 72. 

269 Chapter 4. Results and Discussion



a tak RD Cte? aE I.. “AIP D 4 8 be ea A 6 . e Ke 

% ~ Oy ¥ Ryay A eel es Cees 8G at DEN con ap aes AP tae AR heed 
APES TLC SIS sh Dye) 
Fad ah nate a aye 
bd ete. a oS". Da a gta ra 

x nw eat 7 

| Par be P 
>, 

     
a! Ps 

S 5 ‘ ve Seow 
t a? * 7} ¥y 

  

Figure 73. Optical Micrograph of Poly(Oxybenzoate), DP=100 [158]. 
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Poly(Sulfone)- 

  

Table 40. Modulus and Tensile strength of a_ series of 
Poly(Oxybenzoate)-Poly(Oxyphenoxybenzoate) Terpolymers. 

Tensile Strength Tensile Modulus 

PSF-LCP (psi)(1) (psi) x 10-3 

Udel P1700 10200 + 1000 335 + 21 

1KPSF 10-90 11700 + 1200 400 + 25 

1KPSF 30-70 11300 + 1200 365 + 24 

10KPSF 10-90 11000 + 1100 480 + 32 

10KPSF 30-70 11100 + 1300 440 + 30 

10KPSF 50-50 10500 + 1300 365 + 23 

POB-POPB 50-50 19900 + 1600 450 + 31 

  

(1) Pounds per square inch (psi) values can be converted to megapascals 
(MP) by multiplying by 6.89 x 10-3 
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Chapter 5. Conclusions 

The basic premise which has guided this thesis research was to synthesize isotropic- 

anisotropic segmented copolymers where the isotropic phase is based upon a thermoxidatively 

stable, ductile poly(arylene ether sulfone), while the anisotropic segment is based upon a rigid 

LCP poly(ester) moiety. Poly(oxybenzoate), poly(oxybenzoate)-poly(biphenol terephthalate), and 

poly(oxybenzoate)-poly(oxyphenoxybenzoate), were chosen as the poly(ester) moieties due to 

the observation that homo- or statistical copolymers incorporating these structures show both 

crystallinity and liquid crystallinity. 

Carboxyl functionally terminated poly(arylene ether sulfone) oligomers of controlled 

molecular weight were synthesized via nucleophilic aromatic substitution step-growth 

polymerization utilizing meta- and p-hydroxybenzoic acid as the molecular weight and end group 

controlling reagent. In particular, it was discovered that the meta isomer was much more useful 

than the para derivative. That is, high concentration (eg. 45% w/v) could be utilized to prepare 

highly functionalized, controlled molecular weight oligomers. The subsequent functionalized 

poly(arylene ether sulfone)s were copolymerized with ester forming monomers such as p- 

acetoxybenzoic acid, 4-(4-acetoxyphenoxybenzoic acid), and terephthalic acid and biphenol 

diacetate, via a melt acidolysis procedure. Successful, high molecular weight polymers were 
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generated using chlorobenzene as a solvent in the first stage of the reaction followed by melt 

acidolysis at temperatures as high as 300 to 350 °C, to form the liquid crystalline poly(arylate) 

segment. The resulting copolymer compositions and segment sizes were investigated as to their 

thermal, mechanical and optical properties. 

The segmented copolymers of poly(arylene ether sulfone) and poly(oxybenzoate) were 

found to have improved solvent resistance, thermoxidative and dimensional stability, when 

compared to the commercial poly(arylene either sulfone), UDEL™. Optical microcopy and 

differential thermal analysis showed the presence of an ordered microstructure, possibly liquid 

crystalline. These materials were successfully compression molded to afford tough, coherent 

films. Extraction investigations showed a high percentage of segmented copolymer was 

generated. Swelling characteristics were also noted and were observed to decrease as a function 

of the poly(oxybenzoate) LCP concentration. It was found, however, that incorporation of a 

weight fraction of poly(oxybenzoate) of greater than 40 % led to macromolecules which were 

incompressible. 

Poly(arylene ether sulfone)-poly(oxybenzoate)-poly(biphenol terephthalate) terpolymers 

were then synthesized in which the poly(arylate) segment was incorporated at levels greater than 

40 weight percent. These materials were found to have improved solvent resistance, 

thermoxidative and dimensional stability. Extraction investigations showed that a high percentage 

of segmented terpolymer was generated. Also, these materials could be compression molded 

into tough, coherent films. However, DSC and optical microscopy gave inconclusive evidence 

as to whether the ordered microstructure consisted of liquid crystalline phases. Like the 

poly(sulfone)-poly(oxybenzoate) segmented copolymers, these terpolymers could not be 

compression molded into coherent films when the weight fraction of poly(arylate) was greater than 

40 %. 
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Consequently, poly(sulfone)-poly(oxybenzoate)-poly(oxyphenoxybenzoate) terpolymers 

were synthesized and were found to be compression moldable over a wide compositional range 

of poly(sulfone) to poly(arylate), and at various poly(sulfone) segment sizes. Like the segmented 

polymers previously described, these segmented terpolymers were found to have improved 

solvent resistance, thermoxidative and dimensional stability. Extraction studies showed that a 

high percentage of segmented terpolymer was generated. Swelling characteristics were also 

investigated and a vast improvement was observed as the weight fraction of poly(arylate) 

segment increased. Stress-strain behavior of these macromolecules was also investigated. An 

increase in the modulus as well as the tensile strength was observed as the weight fraction of 

poly(arylate) increased. Liquid crystalline behavior was detected by both DSC and optical 

microscopy. 

In conclusion, high molecular weight poly(arylene ether sulfone)- poly(arylate) segmented 

multi-block polymers were synthesized with improved solvent/swelling resistance, thermoxidative 

and dimensional stability, and higher modulus and tensile strength, when compared to commercial 

homopoly(sulfone)s such as UDEL™ and Victrex™. However, use of poly(oxybenzoate) or 

poly(oxbenzoate)-poly(biphenol terephalate) as the poly(arylate) segment of the copolymer was 

limited to less than 50 weight percent due to the high melting transition(s) of these poly(arylate)s. 

This led to segmented copolymers that were incompressible and infusible. Another LCP system 

poly(oxybenzoate)-poly(oxphenoxybenzoate), was investigated and was found to have a much 

lower endothermic transition (310 °C). Poly(sulfone)-poly(arylate) polymers incorporating this 

structure could be generated over a much broader compositional range with vastly improved 

processability and improvements in the properties mentioned above. 

Chapter 5. 276



Chapter 6. Future Work 

Many questions were answered by this dissertation work, but many questions still remain. 

Many suggestions were made or alluded to throughout the text about these unanswered 

questions, but reiteration of these and other suggestions will be proposed here. 

The solvent resistance of many of the poly(arylene ether sulfone)-poly(arylate) segmented 

copolymers was implied by their qualitative insolubility in various solvents. A more quantitative 

investigation of these copolymers in terms of solvent resistance and environmental stress crack 

resistance (ESCR) would be useful. Solvent resistance in polymeric materials is becoming 

increasingly more important as polymers find newer and more diversified uses. 

Liquid crystallinity was inferred from DSC and hot stage optical microscopy but not clearly 

determined in several of the melt acidolysis prepared polymers. More detailed DSC 

measurements involving annealing and quenching studies would prove beneficial. High 

temperature X-ray analysis would also lead to a better understanding of the morphology. 

The overall goal of this dissertation study was to synthesize poly(sulfone)-poly(arylate) 

polymers with liquid crystalline or anisotropic properties, associated with the poly(arylate) 

segments, while the poly(sulfone) segments provided an overall balance to the mechanical 
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properties, not found in liquid crystalline polymers. Measurement of mechanical properties on 

unoriented samples showed an increase in modulus and tensile strength. However, to better 

elucidate the liquid crystalline properties of these macromolecules, the mechanical properties 

must be measured on oriented films or fibers. Hence, the rheological properties of these 

materials must also be investigated. Compressive properties, which may be improved by the 

amorphous poly(sulfone) segment, must also be determined. 
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